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Metal–Organic Hybrid Interface States of A Ferromagnet/
Organic Semiconductor Hybrid Junction as Basis For 
Engineering Spin Injection in Organic Spintronics
Electrons in organic semiconductors (OSC) possess remarkably long spin 
relaxation times. Hybrid spintronic devices that combine OSC with fer-
romagnetic (FM) substrates are therefore expected to provide a route to 
devices with improved and new functionalities. A crucial role is played by 
the FM-OSC interface which governs the spin injection into the OSC. Using 
spin-resolved photoelectron spectroscopy and ab initio calculations we study 
here such possible injection channels in metal phthalocyanines (MPc). We 
report the first direct observation of the successful engineering of different 
spin-selective hybrid interface states at the Fermi level of a FM-OSC hybrid 
junction only by changing the central metal atom of a MPc. Our results 
demonstrate that tailoring the chemical interaction at the FM-OSC interface 
is a promising way to modify the spin injection channels and thus the spin 
injection capability.
1. Introduction

A major challenge today is the development of semiconductor-
based logical units with magnetic-based data storage units. 
The focus has turned in the last few years to ferromagnetic-
organic semiconductors (FM-OSC) hybrid systems, which are 
considered to be particularly promising,[1–5] because very long 
spin-relaxation times were determined in OSC.[1,6–9] However, 
in spite of these promising features the crucial spin injection 
from a spin-polarized metallic contact into the OSC is still not 
understood. In Figure 1 this problem is illustrated in a pictorial 
model (without dipole effects).
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For most effective electrical charge 
injection in a real organic device the 
injection barrier, i.e. the energy difference 
Φp/Φn between the highest occupied/
unoccupied molecular orbital HOMO/
LUMO and the Fermi level (EF) must be 
overcome (Figure 1a). Thus one has to 
apply a bias voltage of the same magni-
tude which can shift the HOMO/LUMO 
to EF. The dilemma is, that this ohmic-
like contact enables charge injection at the 
interface but not necessarily a spin polar-
ized injection (Figure 1b). The reason 
for this is the so-called conductance 
mismatch problem, which was originally 
developed for inorganic semiconductors 
in contact with metallic ferromagnets.[10] 
Because of the much lower conductance 
(high resistance) of the semiconductor, 
or, here, the OSC compared to the highly conductive ferromag-
netic metal contacts (low resistance) the spin properties of the 
interface should be dominated by the majority/minority resist-
ance of the OSC itself, as in a pristine non-magnetic OSC the 
spin-up/down resistances are normally equal. One possibility 
to solve this dilemma is having a resistance at the interface, 
e.g., for the minority spin, which is distinctly higher than the 
resistance of the OSC itself, and a slightly lower resistance 
for the majority carriers. This can be achieved by inserting an 
additional tunnelling barrier (inorganic or organic) as a spin 
selective resistance, acting as a spin filter[5] (Figure 1c). On 
account of the spin dependent high resistance of such a tunnel 
barrier, there is a small probability of spin-polarized electrons 
injected into the OSC at the interface losing their spin infor-
mation by returning back into the FM. However, the fact that 
successful spin injection in organic spin valves was reported 
without using a tunnelling barrier and for only a few millivolts 
bias voltage,[3] shows that the behavior of OSC at the OSC/FM 
interface cannot be explained within the conventional model 
used for inorganic semiconductors. The exceptional nature of 
OSC molecules and their manifold binding mechanisms obvi-
ously complicate the spin selective properties at the OSC/FM 
interface. Conversely, exactly this manifold of binding mecha-
nisms, not available in pure inorganic devices, opens up pos-
sibilities to tailor the spin injection in a novel way. Here we 
will further develop a promising method based on the mole
cule specific chemical interaction with a ferromagnetic spin 
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Figure 1.  Pictorial model of the energy level alignment and the density of states (DOS) at the FM-OSC monolayer. a) Injection barrier formed at an 
idealized interface between a spin-polarized (due to exchange splitting) ferromagnetic metal (FM) substrate and an organic semiconductor (OSC) 
neglecting any chemical interaction and dipole effects: For effective electrical charge injection without any voltage applied, the injection barrier Φp/Φn 
for holes/electrons must be overcome because this process is spin-undiscriminating;. b) By applying a bias voltage, an ohmic like behavior of the 
interface can be achieved. However, due to the conductance mismatch caused by the spin undiscriminating high bulk resistance there is a vanishing 
spin injection into the OSC. c) Tunneling barrier approach: inserting a highly resistive spin-selective tunnel barrier (light blue) at the FM/OSC interface 
which acts as a spin filter. d) Hybrid interface states (HIS) approach: DOS modification and spin-split states at EF induced by chemisorption creates 
new spin-polarized states at EF which can couple in a resonant tunnelling process (rt) to a second OSC 2 (big circles) with suitable charge transport 
levels. Such an interface engineering can conserve the spin polarization, and in combination with a second appropriate organic molecule in the sub­
sequent layers can overcome the conductance mismatch obstacle. The actual formation of such HIS is demonstrated here by our experimental data 
for the FM-OSC interface with OSC = MPcs.
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injection contact recently suggested,[11–15] i.e., the approach of 
utilizing hybrid interface states (HIS) (Figure 1d). As The HIS 
are formed from the formerly pure molecular levels and elec-
tronic states of the metal by chemical interaction a true hybrid-
ization is present. This modification at the interface results 
in a different density of states (DOS) broadening (depending 
on the strength of the hybridization) for the individual levels 
and, importantly, spin splitting. These effects can create spin-
dependent channels at EF in the first monolayer (ML) of the 
OSC itself, as shown in Figure 1d. Thus the first ML of the 
OSC behaves as a spin filter. For an optimized spin injection 
into the subsequent layer of such a FM-OSC device, the second 
layer has to couple with the HIS in a spin conserving way. A 
possibility to achieve this could be to choose another OSC with 
an electron affinity near the work function of the OSC-FM 
interface. In such case resonant tunneling (rt) could occur 
which can conserve the spin polarization also in the second and 
subsequent layers of the organic/metallic device (Figure 1d).  
Hence, chemically induced HIS offer a strategy to tune spin 
selectively the spin-polarized DOS at EF in combination with 
appropriate molecules used for the second layer/bulk and lays 
out the opportunity to engineer the spin injection efficiency at 
the FM-OSC interface.

Metal phthalocyanines are regarded as suitable OSC mate-
rials.[2] The potential of MPcs with open shell configuration of 
the central metal ion in combination with FM substrates was 
recently shown by two-photon photoemission spectroscopy 
(2PPE). There, not only a very high spin injection efficiency was 
determined for hot electrons, but also a spin diffusion length 
as long as 12.6 ± 3.4 nm.[16] Furthermore, a spin-polarized elec-
tronic resonance was recently identified at the center of an also 
open shell CoPc molecule which originated from an induced 
© 2012 WILEY-VCH Verlag990 wileyonlinelibrary.com
ferromagnetic exchange coupling of the CoPc and FM sub-
strate.[17,18] Hence, such MPcs represent prototypical systems 
on which the spin-selective FM-OSC interface interaction can 
be studied. Here we have chosen CuPc, CoPc, and FePc with 
essential differences in the molecular frontier orbitals with 
respect to their open shell occupation sequence and intrinsic 
spin configuration.[19–21] All three π-conjugated molecules are 
p-type semiconductors having the same planar molecular struc-
ture and point symmetry (D4h).[22] The central metal ion in 
FePc has a formal d-occupation of d6, CoPc of d7, whereas CuPc 
has d9. This difference is expected to govern the MPc’s specific 
electronic behavior at a FM-OSC interface. It also determines 
the electronic coupling to the second layer which, however, is 
not discussed in this paper.

As FM substrate we chose Co. The spin-dependent density 
of states (DOS) around EF is well known from spin-resolved 
photoelectron spectroscopy and band calculations.[23,24] By pre-
paring only 20 ML thick Co films on a Cu(001) single crystal 
a slightly tetragonal compressed face centered cubic structure 
(fcc) can be prepared.[25] Using short magnetic pulses in situ, 
the Co surface can be magnetized in-plane along the [110] 
direction. A combination of experimental spin-resolved and 
spin-integrated photoemission spectroscopy and computational 
techniques (DFT+U) was employed to unveil the electronic and 
chemical properties of the FM-OSC interface.

2. Ultraviolet Photoelectron Spectroscopy (UPS)

Photoelectron spectroscopy is a powerful method to extract gen-
eral information about the electronic changes at FM-OSC inter-
faces such as the HIS formation as well as the formation and 
 GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 989–997
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Figure 2.  Difference UPS spectra of He II measurements of the CuPc/Co (left), CoPc/Co (center), and FePc/Co interface (right), taken at different film 
thicknesses going from the submonolayer to the multilayer range. The new hybrid states near the Fermi level EF have their maximum intensity around 
1 ML and vanish for a multilayer coverage. All spectra were normalized at a point 2 eV below EF. This point was chosen because in this region detailed 
structures in the DOS of the pristine OSC and the bare cobalt surface (shown in grey color) were not expected.
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magnitude of surface dipoles Δ which occur in such a system 
affecting the SB height at the interface.

Using He I radiation (21.2 eV) enabled us to quickly inves-
tigate the development of the initial configuration of the DOS 
as a function of the OSC coverage at the FM-OSC interface. On 
account of different photoionization cross-sections for p-orbitals 
of carbon and nitrogen and d-orbitals of the metal atom[26] and 
the additional use of He II radiation (40.8 eV) we can estimate 
the dominating elemental contribution in the experimental 
DOS.

Referring to the known HOMO structure of the OSC bulk, 
we detect for all three molecules a comparable maximum size 
of the surface dipole Δ (0.9 eV, 0.9 eV, and 1.0 eV for CuPc, 
CoPc, and FePc, respectively) at the bulk-multilayer level with 
its dipole moment pointing to the molecule. According to 
the model in Figure 1a an injection barrier Φp (Φn) of 1.0 eV 
(0.9 eV) for CuPc, 0.8 eV (1.3 eV) for CoPc, and 0.8 eV (0.8 eV) 
for FePc creates the unfavorable situation for injecting spin 
carriers as described in Figure 1a. The same applies for the 
LUMO. One might infer from these data that all three MPcs 
are unsuitable candidates for spin-injection from Co. However, 
as indicated above, it will be shown now, that a chemical reac-
tion between the surface metal atoms and the OSC forming 
new hybrid states between metal and molecule indeed drasti-
cally changes the spin-selective injection channels at EF of such 
a FM-OSC interface. The first indication for the existence of 
HIS is the appearance of additional structures in the experi-
mentally observed DOS at EF which was recorded by generating 
difference spectra (IMPc/Co–ICo):

As the OSC thickness increases, the emission from the Co 
substrate typically becomes suppressed and the spectrum con-
tinuously changes towards that of the OSC. In our case the 
decrease of the Co spectrum doesn’t change continuously as 
expected for a simple superposition of the two components 
spectra OSC and Co. The intensity at the maximum of the 
pure Co intensity at about 0.9 eV below the Fermi level is rap-
idly suppressed by the incrementally grown OSC contrary to a 
much slower decrease for the density directly at the Fermi level. 
© 2012 WILEY-VCH Verlag GAdv. Funct. Mater. 2012, 22, 989–997
To obtain a more detailed understanding of this behavior, we 
generated difference spectra (IMPc/Co–ICo), shown in Figure 2, to 
identify modifications like gap states induced by the chemical 
interaction of the OSC with the Co.

For all three MPcs there are differences in the vanishing 
cobalt part near the Fermi level in the He II spectra indicating 
a new gap state with a peak maximum around 0.4 eV below 
EF. This gap state increases in intensity up to a nominal film 
thickness of around 1 ML and disappears for larger coverages. 
In case of FePc the structure is very broad extending to 0.9 eV 
below EF. For CuPc the structure is much sharper, i.e., this 
DOS structure is energetically more localized than in the case 
of FePc. This is expected for MOs weakly interacting with the 
Co surface. CoPc takes an intermediate position.

In principle the appearance of such an interface structure 
could be explained by several models: In case of a physisorp-
tion of the MPc molecules on the Co surface by integer charge 
transfer (ICT), in case of very weak interaction by resonance of 
the molecular states with the metal continuum states,[27] or in 
case of chemisorption of the MPcs by a strong chemical interac-
tion forming hybrid interface states between the metal and the 
OSC. The first two mechanisms could explain the appearance 
of a new gap state, but none of them causes the molecular level 
to split energetically into different spin-polarized states. This is 
much different in case of a chemically induced rehybridization 
of the Co substrate orbitals and the OSC MOs forming new 
chemical bonds, i.e., HIS.[28] As we will show below, in case of 
the MPc/Co interface (M = Cu, Fe, Co) a splitting into different 
spin-polarized states takes place indicating a strong rehybridi-
zation and therefore the formation of spin-polarized HIS.

3. Spin-Polarized Ultraviolet Photoelectron  
Spectroscopy (SP-UPS)

To unravel the spin character of the HIS, SP-UPS measure-
ments were performed using He I radiation. The main results 
are shown in Figure 3. There is a remarkably different behavior 
mbH & Co. KGaA, Weinheim 991wileyonlinelibrary.com
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Figure 3.  Left: Spin-resolved He I UPS spectra recorded for the spin-up (black) and spin-down (red) DOS of the valence band region around EF for 
the pure Co(001) surface a), and a 0.4 nm thin layer of b) CuPc, c) CoPc, and d) FePc on Co(001) in comparison with Right: the spin-resolved total 
density of states (sp-total DOS) for the molecules and the substrate from DFT-GGA+U calculations for chemisorption. For better comparability with 
the experimental data the energy scale is stretched by a factor of 1.4 and in the region of the Fermi level the total DOS curve was convolved by a Fermi 
function (original curve shape of the DOS at EF is shown in translucent color). Comparable substructures in the experimental and the theoretical 
DOS are indicated by A, B, and spin corresponding colors. Because the contribution of metal or nitrogen DOS alter the experimentally received DOS 
through differences in their photoemission cross-sections, substructures with mainly metal contribution are highlighted by red bars and substructures 
dominated by the nitrogen DOS by green bars. All the main substructures (A,B) are in resonance with corresponding DOS structures of the cobalt 
substrate (indicated by an asterisks and color in a) right).
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of the experimental SP-UPS spectra of CuPc, CoPc, and FePc 
near EF. The appearance of new substructures especially in the 
spin-up channel which cannot be assigned to pristine Co rule 
out that the only modification of the SP-UPS spectra is a simple 
superposition of the spectra of the substrate and the adsorbed 
molecules. Because of the hard-to-estimate intensity assigned to 
the Co in the spectra an advanced analysis by difference spectra, 
as for the UPS spectra shown above, is not meaningful.

Here only the new substructures will be discussed. As can 
be seen in Figure 3b, in case of CuPc there is a spin-down 
(minority spin) dominated DOS localized between EF and 
0.25 eV below, i.e., we see spin-polarization at the Fermi level. 
There are additional spin-up (majority spin) substructures A 
at 0.4 eV and B at 1.5 eV, not present in spin-up data of the 
pure Co surface (Figure 3a). For CoPc (Figure 3c) there is only 
a weak spin-down polarization at EF extending down to 0.4 eV. 
This small polarization is caused by the differences in the slopes 
of the Fermi distributions of spin-up and spin-down DOS 
decreasing toward EF. Additional spin-up substructures around 
0.5, and 1.0 and 1.7 eV (the latter not shown here) are found 
in the experimental spectra which also have no counterpart in 
the bare Co spectrum. For FePc (Figure 3d) the situation at EF 
is very similar to CoPc, i.e., there is effectively no difference in 
the slopes of the Fermi distribution reductions and therefore 
only a weak spin-down polarization at EF. The additional spin-
up substructures are A at 0.6 eV and B at 1.1 eV which are also 
not present in pure Co. This means that for CoPc and FePc the 
total amount of the polarization at and just below EF is clearly 
reduced compared to the native Co substrate. These observa-
tions fit with the results of the spin-integrated UPS difference 
spectra mentioned above and strongly indicate the formation of 
spin-polarized HIS around EF for all three MPcs with particu-
larly higher spin down polarization for CuPc directly at EF in 
contrast to CoPc and FePc.

Comparing the spin-resolved total DOS from DFT-GGA+U 
calculations at chemisorption geometry in the right parts 
of Figure 3 with the experimental data, we note a very good 
agreement. Observed intensity differences can be explained 
by the known elemental differences in the photoemission 
© 2012 WILEY-VCH Verlag GmAdv. Funct. Mater. 2012, 22, 989–997

Figure 4.  Spin-resolved He I UPS spectra of the valence band region for t
affected taking residual Co DOS into account, because of the absence of s
remarkable band splitting of δ = 0.3 eV (theoretical δtheo = 0.28 eV) for CuPc
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cross-sections using He I radiation.[26] Looking at the calcu-
lated DOS at the Fermi level itself, the character of the organic 
layer has changed from a semiconducting to a metallic behavior 
especially for FePc with a DOS peak for both spin directions 
which is cut at its maximum by EF. The stronger interaction of 
FePc with Co found in the calculations is reflected by the much 
broader HIS-DOS also causing a weaker energy separation of 
the HIS states and therefore spin-polarization as in the case of 
CuPc with a weaker interaction and less broadened but spin-
polarized HIS. The calculated spin-resolved total DOS of CoPc 
is relatively structureless indicating a strong interaction and 
rehybridization with the cobalt substrate. For CuPc and CoPc 
the spin-up total DOS at and just below EF is dominated by 
contributions from the nitrogen atoms in contrast to the spin-
down total DOS where the central metal contribution is much 
more pronounced. In case of FePc the distribution between 
metal and the nitrogen contribution is more balanced. Obvi-
ously, of the three studied MPcs, CuPc has an exposed posi-
tion by its pronounced spin-down polarization at EF. Looking 
at the Co substrate signal itself, the spin structure modification 
through other chemisorption processes, e.g., the reaction with 
oxygen quickly blurs the spin-structure differences resulting in 
a strongly vanishing signal intensity with no additional DOS 
intensity.[24] This also applies for the well-known spin-down 
polarized surface state found at the bare Co surface.[29] Contra-
rily, in our data particularly the spin-up DOS near EF and 1 eV 
below show strong additional new components. Thus, the spin-
related modification of the DOS shown in Figure 3 can only 
be explained by chemisorption and therefore the formation of 
differently broadened and spin-split HIS.

To corroborate the chemisorption-induced effect of spin split-
ting, an additional region between 9 eV to 4 eV below EF of the 
valence band was inspected which is structureless in case of the 
clean native Co surface. As one can see in Figure 4, a remark-
able band splitting for the spin-up- and down-DOS around 
7.5 eV below EF of δ = 0.3 eV for CuPc, δ = 0.1 eV for CoPc 
and δ = 0.2 eV for FePc can be identified. Obviously there are 
also some small differences in the experimental spin-resolved 
DOS itself which in addition highlight the strong effects near 
bH & Co. KGaA, Weinheim 993wileyonlinelibrary.com
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EF. Both effects, the band splitting with δtheo = 0.28 eV for CuPc, 
δtheo = 0.08 eV for CoPc and δtheo = 0.12 eV for FePc and the 
structural differences are also seen in the calculations (not 
shown).

Furthermore in this region no structural differences and 
especially no spin-resolved band splitting can be found in 
the experimental spectra for a layer thickness of bulk-like 
behavior. The calculated spin-up vs. spin-down DOS for 
the single molecule (Figure 5 below) and the physisorbed 
state (Supporting Information) indicate no band splitting or 
spin-dependent structures in this region. However, in the 
© 2012 WILEY-VCH Verlag Gwileyonlinelibrary.com

Figure 5.  Spin and atom resolved density of states (sp-DOS) calculated wit
on Co(001) in a bridged position shown in c). The energy scale is stretched
insets show the relaxed adsorption geometry of the molecules on the Co su
plane whereas the phenyl rings of CuPc are drawn by up to 0.03 nm toward t
atoms. For all three molecules the H atoms are pointing away from the surfa
magnetization density is dominated by the iron and cobalt central atom at 
present on carbon and nitrogen atoms of the phenyl rings, which is created
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chemisorbed state the experimentally observed splittings as 
well as the differences in the spin-up and spin-down struc-
ture can be recognized in the calculated sp-DOS. Thus the 
observed experimental modifications strongly indicate the 
central metal dependent formation of different spin-split HIS 
induced by the different strengths of the interaction with the 
Co substrate. In the following we will show by means of the 
comparison of the calculated spin- and atom- resolved DOS 
that the differences in the appearance of the molecule specific 
HIS are mainly induced by the nature of the frontier orbitals 
of the central metal atom.
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 989–997
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Figure 6.  XPS spectra for the Cu 2p3/2 core levels of CuPc as a function 
of the layer thickness on Co (001). The peak dominating the spectrum at 
higher coverage has a binding energy of 935.0 eV and can be attributed to 
a divalent Cu II state.[32] There is only one peak for the submonolayer cov­
erage (0.2 nm) which is attributed to a monovalent Cu I state, centered 
at 932.9 eV binding energy and located 2.1 eV below the Cu II state. The 
copper spectra were normalized to the same height in order to highlight 
changes in the line shape. For purpose of clearer visibility a 5-point flat­
tening (red) of the raw data (grey) is also shown.
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4. Density-Functional Theory-Calculations 
(DFT+U)

To unveil the origin of the intricate dissimilarities observed 
between the three FM-OSC interfaces the calculated spin- and 
atom resolved DOS of free CuPc, CoPc, and FePc molecules as 
well as for the FM-OSC interface for chemisorbed molecules 
on the cobalt surface are shown in Figure 5. Chemisorption is 
computed to be the energetically more stable adsorption state. 
Furthermore, from calculations of the physisorbed state (Sup-
porting Information (SI)) it could be seen that there are no new 
HIS observable for CuPc, in contrast to the experimental data, 
implying a chemisorption interaction occurring at the MPc/Co 
interface.

As shown in Figure 5c the chemisorption position of the TM 
ion on the Co surface is a bridging position between two Co 
atoms. This applies for all three molecules and is accompanied 
by a further modification of the molecular structure.

In case of CuPc, the Cu atom has now moved out of the 
molecular plane at an average distance of 0.226 nm from the 
surface. There is no sign for direct bonds between the Cu or 
the nitrogen atoms and the Co surface. The obviously dis-
tinctive hybridization of the phenyl ring system compared 
to the nitrogen distorts the molecule causing the hydrogen 
atoms to point away from the surface and the central copper 
atom to move slightly out from the formerly planar molecule 
plane.

This strong interaction is also indicated by the strong broad-
ening of the carbon LDOS in the calculations as well as in the 
experimental data by an additional shoulder in the C1s core-
level spectra found for the low coverage regime (SI) and the 
absence of similar structures in the N1s-core level. These dif-
ferences in the interaction of the outer phenyl ring system and 
the inner center part of the metal organic complex is reflected 
by the much narrower pyrrolic nitrogen and Cu LDOS localized 
down to 2 eV below EF creating the spin off-set for CuPc shown 
in Figure 3b. The Cu LDOS at EF is truly a result of rehybridiza-
tion. The interaction of the Cu atom with the outer phenyl part 
of the molecule via in-plane oriented MOs with nitrogen con-
tribution results in a massive shift of the formerly unoccupied 
antibonding Cu state 0.7 eV above EF (mainly dx2-y2 weighted 
state) to just below EF. Thus the formerly open shell situation 
of CuPc with S = 1/2 and the single spin located in the b1g-state 
(the dx2-y2 contribution) is now switched to S = 0. This is cor-
roborated by the existence of a second monovalent Cu I spe-
cies centered at 932.9 eV binding energy in the spectra of the 
Cu 2p3/2 core level corresponding to a now completely filled 3d 
orbital in the initial state of the Cu for small coverages as shown 
in Figure 6. This also confirms a vanishing magnetic moment. 
The in-plane character of the dx2-y2 is not favorable for π-type 
interaction. This additionally explains the deviation of the Cu 
atom from the molecular plane as described above.

For CoPc the Co(CoPc)-Co(substrate) distance is 0.229 nm. 
The molecule is not as distorted as in the case of CuPc. The 
central metal atom is located in the molecular plane such as 
it is in the free molecule. Nevertheless the hydrogen atoms 
point away from the surface. Together with a strong distortion 
of the first Co substrate layer this indicates a strong interaction 
of the phenyl ring system including the nitrogen atoms and 
© 2012 WILEY-VCH Verlag GAdv. Funct. Mater. 2012, 22, 989–997
the central metal atom. The reason for this is a strong hybrid-
ization of all three out-of-plane d-orbitals (dz2, dxz, dyz) of the 
central metal Co atom; the former equivalence of dxz and dyz 
is now lifted. As in FePc (see below) and in contrast to CuPc, 
the nitrogen atoms of CoPc are partly forming bonds and all of 
them are deeply involved in the interaction with the cobalt sur-
face. This interaction can be associated with the strongly shifted 
peak of the CoPc N1s core level (ΔE = 1.1 eV) only observed in 
XPS at low coverage (SI). Changes in the core level state of the 
Co central atom could not be observed because of the substrate 
signal of the Co substrate dominating the core level spectra at 
low coverage. CoPc couples ferromagnetically to Co (Figure 5d). 
Whereas in the free CoPc molecule we have S = 1/2 (i.e., μ = 
1.004 μB being mainly localized in a dz2 dominated state), the 
magnetic moment is now reduced to 0.515 μB. The moment 
on the Co central atom is 0.669 μB. There are small negative 
moments on the carbons and small positive moments on N, in 
line with a previous report.[17] Concomitant to the interaction 
of the molecule with the substrate, a strong broadening of the 
mbH & Co. KGaA, Weinheim 995wileyonlinelibrary.com
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whole LDOS in the calculations can be seen. The π-interaction 
of the phenyl ring system is reflected by an additional struc-
ture in the C1s core level spectra for the low coverage regime. 
This is in line with the very strong rehybridization reaction of 
the three out-of-plane d-orbitals (dz2, dxz, dyz) of the cobalt cen-
tral atom dominating the electronic interaction of the CoPc/Co 
interface.

For FePc the Fe-Co distance of 0.224 nm is comparable to 
the one found for Cu-Co of CuPc on Co. Different from Cu in 
CuPc (and in part from CoPc), a reduction of the Fe metal atom 
was not found for FePc, which has a spin S = 1 for both, the free 
and chemisorbed molecule. Furthermore, for FePc the deviation 
from the ideal molecular plane is much lower than for CuPc 
and comparable with the one found for CoPc. This indicates 
a similar role of the phenyl rings for the interaction of FePc 
with cobalt as in CoPc. The hybridization of the phenyl rings 
with the Co generates broadening of the carbon LDOS up to 
EF. This is also observable by a broadening in the C1s core-level 
spectra of the FePc-Co interface (suppl. info). As for CoPc there 
are also bonds between the pyrrolic nitrogen atoms and the Co 
surface. The peak of the FePc N1s core level (ΔE = 0.84 eV) only 
observed in XPS at low coverage is also strongly shifted, with 
a shift comparable to that found in CoPc (SI). These relatively 
large shifts for both N1 core levels in CoPc and FePc cannot 
be understood in terms of a site-specific screening effect due 
to image charge screening at the interface with typical values 
in the range of 0.1–0.4 eV.[30] The behavior of the nitrogen-Co 
interaction underlines the important role of the metal atom 
because the pyrrolic nitrogen is the binding element between 
the organic ring and the central metal atom. The role of the 
nitrogens is also highlighted in the magnetization density plot  
of FePc shown for the energetically favored ferromagnetic coup
ling (J = 0.110 eV) with the Co surface in Figure 5d, leading to 
a magnetic moment (3d orbitals) of 1.94 μB. The magnetization 
density distribution dominated by ferromagnetic coupling of 
the iron central atom changes into an antiferromagnetic coup
ling order located in the molecular plane and on the pyrrolic 
nitrogen atoms coordinating the iron atom. A second antifer-
romagnetic coupling is found at the ligand phenyl-ring side. A 
magnetic coupling to the surface mediated by nitrogens atoms 
was previously found for iron porphyrin molecules on Co.[31]

5. Conclusions

State-of-the-art DFT+U calculations in combination with UPS 
and XPS photoelectron spectroscopy as well as spin-resolved 
UPS measurements directly demonstrate the formation of new 
hybrid interface states (HIS), induced by chemisorption of CuPc, 
CoPc, and FePc at the Co surface. The correlation between ab 
initio calculations and experimental data unveils the crucial role 
of the partially occupied frontier d-orbitals of the central metal 
atom and their symmetry in the formation of metallic behavior 
with spin-polarized interface states at and near the Fermi level. 
Whereas FePc and CoPc have only weakly spin-polarized levels 
at EF, CuPc shows strong spin-polarization directly at the Fermi 
level. On the other hand, salient differences in the interaction of 
the central metal atom and the FM lead to a vanishing magnetic 
moment in case of CuPc and a strong ferromagnetic coupling 
© 2012 WILEY-VCH Verlag Gwileyonlinelibrary.com
in case of CoPc with a magnetic moment of 0.515 μB and FePc 
with a magnetic moment of 1.94 μB. The difference between 
CoPc and FePc on the one hand, and CuPc on the other, is the 
symmetry of the d-orbital(s) which mostly constitute the singly 
occupied molecular orbitals (SOMO) of the open shell MPc’s 
and are massively involved in the hybridization: Whereas CoPc 
and FePc have strong contributions of orbitals perpendicular 
to the molecular plane which favors π-type interaction with the 
d-orbitals of the substrate (bridged position), CuPc has only a 
weak interaction through an in-plane d-orbital (dx2-y2). All this 
demonstrates that by changing the transition metal atom in 
this organo-metallic molecule the magnetic behaviour and, in 
particular, the spin-polarization at the Fermi level itself can be 
modified successfully in the first monolayer of such inorganic/
organic hybrid structures by hybrid interface states. In a second 
step, these spin polarized HIS can couple to the bulk states 
of the following layers of an appropriate second organic mol-
ecule by a tunneling process which then can conserve the spin 
polarization. Thus, tuning spin-selectively the DOS at EF by 
chemisorption induced HIS creates very advantageous condi-
tions for subsequent spin injection into the next organic layers 
if they consist of appropriately chosen molecules. In future 
studies it has to be investigated whether the symmetry of the 
involved metal d-orbitals of the metal–organic OSC plays this 
dominant role not only in phthalocyanines but also in other 
metal–organics. Such a finding would consequently be highly 
important for spintronic applications of organic semiconductors 
as it provides an appealing way of engineering spin-selective 
injection channels at the OSC-FM interface.

6. Experimental Section
All experiments were performed in-situ in an ultrahigh vacuum system with 
a base pressure below 5 · 10−10 mbar. Spin-integrated spectra were recorded 
with a Specs Phoibos 150 analyzer, spin-resolved data with a Scienta R4000 
equipped with a Mott detector. The Co thin films were epitaxially grown 
on a Cu(001) single crystal. The Cu substrates were prepared by repeated 
cycles of Ar-ion bombardment and subsequent annealing procedures to 
obtain an oxygen and carbon free substrate. Subsequently the Co layer 
was deposited by using a commercial e-beam evaporator (Omicron 
EFM3) and a deposition rate of 0.05 nm min−1. The layer thickness of 
the Co substrate was 10 ML. The MPc thin films were deposited in situ 
on the freshly prepared Co-film. The deposition of the organic films and 
the Co were monitored with an integrated quartz crystal microbalance 
calibrated with scanning force microscopy measurements. The deposition 
rates for the MPc were determined to be around 0.4 nm min−1.  
Because of the required high purity of the interface, the chemical purity 
of all layers was checked by means of X-ray photoemission spectroscopy 
(XPS). To avoid any oxidation of the Co substrate the XPS analysis was 
additionally supported by checking the absence of any oxygen typical 
structures which would be visible already in a very early stage of surface 
oxidation. For the multilayer films a homogeneous growth was checked 
by monitoring the relationship of the core level intensity for the Co 2p3/2 
signal of the substrate and the carbon C1s signal of the OSC.

Our calculations are based on the density-functional theory +U 
(DFT+U) approach, in which strong Coulomb interactions occurring 
within the open 3d-shell of the TM ion are captured by the supplemented 
Coulomb and exchange constants U and J. In the present calculations 
U and J were taken to be 4 eV and 1 eV, respectively. These values 
were shown to provide the correct spin state for free and absorbed 
metalloporphyrins, in contrast to standard DFT calculations in the 
commonly used generalized gradient approximation (GGA).[12,33] 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 989–997
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