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The spin-polarized electronic structure of iron octaethylporphyrin (FeOEP) molecules adsorbed
on a pristine and on a ¢(2x2) oxygen-reconstructed Co(100) surface has been analyzed by means
of spin-polarized photoemission spectroscopy (SPPES) and first-principles density functional
theory with on-site Coulomb repulsion (DFT+U) calculations with and without Van der Waals
corrections. The aim is to examine the magnetic exchange mechanism between the FeOEP
molecules and the Co(100) substrate in the presence or absence of the oxygen mediator. The
results demonstrate that the magnetic coupling from the ferromagnetic substrate to the adsorbed
FeOEP molecules is ferromagnetic, while the coupling is antiferromagnetic for the FEOEP on
¢(2x2)0O/Co(100) system. Spin-resolved partial densities of states extracted from ab initio
DFT+U modeling are in fairly good comparison with the electronic spectral densities seen in
angle-integrated SPPES energy dispersion curves for submonolayer coverages of FeOEP.
Through combined analysis of these spectra and theoretical results, we determine that
hybridization of 2p orbitals of N and O with Co 3d orbitals facilitates indirect magnetic exchange
interactions between Fe and Co, while a direct Fe-Co interaction involving the Fe d,* orbital is
also found for FeOEP on Co. It is observed through SPPES that the spin polarization of the
photoemission-visible molecular overlayers decreases to zero as coverage is increased beyond
the submonolayer regime, indicating that only interfacial magnetic coupling is at work. Micro-
spot low energy electron diffraction and low energy electron microscopy were performed to
characterize the physical order of the molecular coverage, revealing that FeOEP structural
domains are orders of magnitude greater in size on ¢(2x2)O/Co(100) than on clean Co(100),

which coincides with reduced scattering from disorder and sharper features seen in SPPES.
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1. INTRODUCTION

The magnetic exchange properties of transition metal (TM) centers in TM complexes
depend directly on the competition between d-d electron correlation in the open d-shell and the
degree of hybridization between localized d and delocalized non-d orbital states [1]. Recent
studies of TM-centered molecules with non-zero magnetic moments on TM substrates [2] have
highlighted the role of p-d interfacial hybridization [3,4] through its implications on spin-carrier
transport [5,6]. A detailed description of the magnetic and electronic properties and how they
carry through an interface is, however, complicated by the fact that hybridization can occur not
only between TMs of the molecules through ligand-based states, but also between any of the
molecule’s TM or ligand-based states and those of the substrate [7,8], yielding a combination
and competition of direct versus indirect magnetic exchange.

A notable case where interfacial hybridization has been predicted to have a dramatic
influence on the magnetic exchange of a TM complex is that of a metal-porphyrin adsorbed on a
ferromagnetic substrate. Results of recent DFT+U (density functional theory with additional on-
site Coulomb repulsion U term) calculations predicted that Fe-porphyrin (FeP) adsorbed on
ferromagnetic Co(100) assumes a ferromagnetic S=1 configuration due to indirect hybridization
of the substrate Co e, electrons to unpaired Fe e, electrons through N p, orbitals [8,9]. DFT+U
results also predict that FeP adsorbed atop a single bridging oxygen to ferromagnetic Co(100)
assumes an antiferromagnetic S=3/2 configuration due to indirect hybridization of Fe and Co
mediated by O p, orbitals [10]. Experimental evidence supporting this interpretation is based on
X-ray magnetic circular dichroism spectroscopy studies [8,10,12,13] which confirm the element-
specific local magnetic moments predicted by DFT+U for Fe and Co. The experimental

technique, however, cannot elucidate the exchange mechanism through hybrid states directly.



Meanwhile, a similar TM-centered molecule/ferromagnet interface, Co-phthalocyanine (CoPc)
adsorbed to a ferromagnetic Fe(110) substrate, was studied via spin-polarized scanning tunneling
microscopy and DFT-based calculations [14]. The energy-dependant spin information at
extracted thereby was reported to suggest the existence of a spin-split interfacial hybrid state
even though the total magnetic moment on the molecule calculated by DFT is zero. Notably, a
different interpretation of the vanishing of the Co local moment has recently been given in terms
of a Kondo screening [15].

While it has been anticipated by many that interfacial p-d hybridization dominates the
exchange and resultant magnetic properties at the interface of TM-centered molecules with
ferromagnets, quantitative evidence for this, resolving the spin- and orbital-dependent electronic
interactions which define the exchange mechanism(s) at work, is desired. The opposing
interpretations for the CoPc adsorption to Fe(110) exemplify a need to consider inspection of
orbital hybridizations at low binding energies as directly as possible for clarification. For these
reasons, we have investigated the spin-resolved occupied electronic structure of FeOEP layers
adsorbed on a clean Co(100) and on a ¢(2x2) oxygen reconstructed Co(100) surface using spin-
polarized photoemission spectroscopy (SPPES) and compared directly with the spin resolved
partial densities of states derived from DFT+U calculations; low energy electron diffraction
(LEED) and low energy electron microscopy (LEEM) were used to confirm the physical order of
the substrates and adsorption layers as congruent with the local physical structures used in the
calculations.

SPPES reveals that the induced spin polarization between molecules and substrate is only
present in the molecular sub-monolayer range for both FeOEP adsorptions on the Co(100) and

0O/Co(100) substrates. We further show that the ground state of the FEOEP molecules on the



ferromagnetic Co(100) is affected by hybridization to the substrate, with LS multiplicity
determined by electron correlation and ligand field effects. Our results demonstrate that the spin-
polarized photoemission spectra are well explained by DFT+U theory, and suggest that the
hybridization of molecular orbitals with substrate states carrying non-zero magnetization is
affected by the presence of an exchange layer, oxygen in this case, which reverses the sign of
electron spin polarization and the resulting magnetic moment. Van der Waals (VdW) correction
terms, whose influence we assessed by performing calculations with and without such
corrections, are found to give rise to a more complex behavior. We find their influence to be very
small for FeP on O/Co(001), but considerable for FeP adsorption on the metallic Co substrate,

however, without improving the agreement with measured SPPES spectra.

II. EXPERIMENTAL AND CALCULATION DETAILS

All experiments were carried out in ultrahigh vacuum (p < 2x1071° mbar) at the National
Synchrotron Light Source (NSLS) beamline USUA. Thick epitaxial Co layers (~ 10 ML) were
grown via electron beam evaporation on a clean Cu(100) single crystal surface, prepared by
repeated Ar~ sputtering and annealing cycles. Low-energy electron microscopy (LEEM) and
micro-spot (spot size of 2um) low-energy electron diffraction (u-LEED) as well as valence-band
photoemission spectroscopy were used to characterize the growth of Co(100) films on Cu(100)
and the c(2x2) oxygen reconstruction on the Co(100) surface [16]. After room temperature
deposition, the Co films were annealed at 450 K for 5 min to reduce the surface roughness. Sharp
¢(2x2) reconstructions were observed after dosing the clean Co(100) surface with approximately
4 L of O at room temperate [1 Langmuir (L) ~ 10 Torr sec], followed by annealing at 400 K

for 5 min. FeOEP films [Cs3sHyFe(I[)Ny] were grown in situ at 490 K from Fe'-



octaethylporphyrin chloride [C3sH44ClFe(III)N4] powder using a Knudsen cell onto a substrate
held at room temperature following previously reported procedures [3,4,8,11]. It has previously
been predicted by DFT+U convergence studies and shown by X-ray absorption spectroscopy that
chlorine detaches from the Fe coordination center of Fem-octaethylporphyrin chloride at some
point during the adsorption process, yielding only FEOEP at the surface [8]. Such detaching of
the axial ligand has been detected, too, in STM studies [17]. The thickness of the FeOEP
molecules was estimated by a combination of LEEM images, work function variations, and
suppression of the substrate emission in the photoemission spectra, as well as growth time
following prior reports vide supra. The induced spin polarization of the FEOEP molecules on
clean and oxygen covered Co layers was studied by spin-polarized photoemission spectroscopy
(SPPES) [18,19]. The photoelectron spectra were collected with a commercial Omicron electron
energy analyzer (EA120) equipped with a 30keV mini-Mott polarimeter for spin analysis. The
electron energy analyzer was set at high magnification with + 8° angular acceptance, allowing
the incident photon flux to be reduced during the measurement so as to minimize beam damage
to the molecules. All spectra shown were measured at room temperature with the photoelectrons
collected at surface normal using s-polarized incident photons of energy hv = 29 eV. After each
deposition of a chosen coverage, the sample was magnetized by applying a current pulse
(corresponding to ~300 Oe of magnetic field) through small Helmholtz coils surrounding the
sample and oriented along the Co(100) easy axis, in plane along the [110] direction.

The  spin-polarized electronic  structures of the FeOEP/Co(100) and
FeOEP/c(2x2)0O/Co(100) heterostructures were modeled using the first-principles DFT+U
approach, in which the strong on-site d-d electron correlation on the Fe atom is taken into

account by the additional on-site Coulomb repulsion U and exchange J terms; in the present



calculations these were chosen as 4 eV and 1 eV, respectively. These values were previously
shown to provide a good description of equilibrium properties and spin state of gas phase, ligated
TM porphyrins [9,20,21]. The full-potential, plane wave code VASP [22] was used as it is has
been shown to be particularly suited for studying extended magnetic systems on a metallic
substrate [23]. The calculations were carried out both with and without inclusion of VAW
correction terms [24,25]. A kinetic energy cut-off of 400 eV was used for the plane-waves in the
basis set. We performed full geometric optimizations of the porphyrin molecules, including their
distance to and positions on the surface, together with a full relaxation of the top substrate layers.
Three atomic layers modeled the metallic substrate, whereas the oxidized surface was modeled
with an additional c(2x2) oxygen layer. To reduce the computational effort, the peripheral ethyl
end groups were replaced by hydrogen atoms. Reciprocal space sampling was performed using
2x2x2 Monkhorst-Pack k-points. For the DFT part of the functional we employed the

generalized-gradient approximation within the Perdew-Burke-Ernzerhof parameterization [26].

III. RESULTS AND DISCUSSION
A. Electronic and atomic structure: PES and u-LEED results

The evolution of the valence band spectra with increasing coverage of the FeOEP
molecules is shown in Fig. 1. The electron dispersion curves on the top panel refer to adsorption
of FeOEP on the clean Co metal substrate, while those on the bottom show the result of
adsorption on the c¢(2x2)O/Co(100) heterostructure with estimated coverage reported in
monolayers (ML).

The bottom spectrum of Fig. 1(a) is typical of a thick Co layer. The Cu substrate emission
is fully suppressed and the spectrum is dominated by Co 3d emission extending to about 3 eV

below the Fermi level. Upon oxygen exposure (Fig. 1(b), bottom spectrum) the Co 3d emission



close to Er is only weakly modified while the O 2p o states appear at higher binding energies
(about 6 eV).

For FeOEP exposures in the sub-monolayer region, the spectra for the two different
substrates are quite dissimilar. On both substrates, new spectral density appears around 3 and 7.5
eV binding energy (see vertical bars), similar to reports of Fe-Pc adsorptions [27] yet distinct
from the oxygen 2p photoemission intensity at 6 eV. Further, in this sub-monolayer coverage,
although the emission at 3 eV is very weak, a broad feature centered at 3.1 eV is formed in the
case of the FeOEP adsorption on the Co(100) while it clearly separates into two distinct features
at 2.4 and 3.3 eV on the oxygen treated surface. Moreover, the FEOEP/Co(100) spectral feature
at 7.8 eV binding energy is at a distinctly higher binding energy than in the case of the FeOEP
adsorption on the ¢(2x2)O at 6.9 eV. At >1 ML coverage, the o-based feature around 7.5 eV for
both substrates shifts toward lower binding energy. The orbital overlap between the nitrogen and
carbon of the FeOEP pyrrole rings with the substrate oxygen photoemission intensity suggests an
exchange pathway, beyond the e,* bonding, between the molecules and the substrate. These
different features are a first clue in understanding the exchange reversal mechanism between the
FeOEP on the two substrates.

Correspondingly important differences are observed also in the u-LEED. Figure 2 shows
the w-LEED patterns obtained from approximately 1ML of FeOEP deposited on a clean
Co/Cu(100) surface [Fig. 2(a)] and on the c(2x2) O/Co(100) [Fig. 2(b)]. On the clean metal,
weak halos around the (00) spot as well as around the 1x1-Co spots suggest presence of a high
degree of disorder. The film appears to be strongly textured with the formation of small domains,
perhaps of few tens of nanometers in size, exhibiting short-range ordering of molecules, but

lacking long-range order.



The situation is very different in the case of adsorption of sub-monolayer coverages of
FeOEP molecules on the oxygen covered surface (Fig. 2b). In this case the u-LEED pattern is
considerably sharper indicating a much higher degree of ordering. This diffraction pattern
resembles the ¢(5V2xV2)R45° superstructure. Now the domains must be of several hundred
nanometers, with the inter-molecular spacing (i.e., Fe — Fe distance) of 1.77 = 0.1 nm. This
behavior, which is due to an enhanced self-assembly, has been observed also in STM
measurements of MnTPPCI1 molecules on a O/Co/Cu(100) surface [28].

For coverages above a monolayer, new emission features start to appear in the
photoemission spectra which eventually develop into distinct peaks at 1.5, 3, 4.5 and 7.2 eV
binding energy respectively at the 20 ML coverage. Interestingly, the double peak feature in the
submonolayer spectra of the oxygen covered substrate merge into a single broad feature for
coverages larger than 1 ML. On account of the surface-sensitivity of our measurement, this is a
first indication that the top-most Fe-porphyrin molecules are no longer interacting with the Co

through O 2p states.

B. Spin-resolved valence-band photoemission spectra
Greater insight into the interfacial electronic structure is obtained from the spin-resolved
photoemission spectra displayed in Figures 3 and 4, with direct relationship to the spin-integrated
spectra shown in Figure 1. The filled up-triangles (A) indicate emission from majority-spin
electrons and filled down-triangles (V) from minority-spin electrons. As mentioned above, the
SPPES studies were conducted with a large angular acceptance in order to minimize the incident

photon flux and therefore the UV beam damage of the molecules. Under these angle-integrated



conditions the photoemission intensity can be interpreted as a quantity proportional to the spin-
resolved DOS.

The top spin-resolved spectra are for the Co substrate, clean (Fig. 3) or oxygen covered
(Fig. 4). In both cases the spectra are highly spin polarized and indicative of a Co layer well
magnetized exhibiting a single ferromagnetic domain. The oxygenated surface has an overall
lower spin-polarization as one would expect.

Upon adsorption of a submonolayer of FEOEP on the clean metal (Fig. 3), a new feature
emerging at around 3 eV is nearly all confined in the spin-up curve. This feature is very weak
and broad, extending over more than 1 eV. Although not clearly resolved in the spectra, this
feature is possibly composed of two states (marked with 1 arrows), the broadening being a
combination of strong hybridization and photoelectron scattering from disorder. A minority
counterpart for these states can be seen in a small feature at approximately 1 eV in the minority
spectrum (| arrow). For comparison, we refer to the calculated Fe PDOS of the FeP/Co(001)
(Fig. 5). All three Fe spectral lines observed in the SPPES are seen in the calculated PDOS. The
only main difference seems to be an overall shift of about 0.2 eV between the experimentally
derived and calculated results; overall the agreement is very good.

Increasing the FeOEP coverage, the feature at ~3 eV becomes even broader and, most
importantly, loses its spin polarization. The remaining spin polarization is largely due to the
underlying Co layer, which is now near the limit of depth sensitivity in a UV photoemission
experiment at ~3 ML coverage. The disappearance of the spin polarization in the FeOEP
molecules is a clear indication that the magnetic ordering in the absorbed molecular layer is

strictly induced by direct interaction of the molecules with the ferromagnetic substrate and is not



able to self-support upon a second molecular layer. Indeed, the bottom spectrum is for a thick
FeOEP layer where the photoelectron spin polarization is null.

The case of FeOEP deposition on the c(2x2)O/Co(100) is shown in Fig. 4. As noted
above, the atomic ordering is improved in this case and all spectral features are sharper.
Comparing the two spin resolved spectra for submonolayer coverage in the two cases, one can
clearly appreciate that there are major differences in the FEOEP molecules absorbed on the clean
versus the oxygenated surface. The increased complexity is due to the oxygen mediated
interaction which results in a greater distribution of the Fe states over a larger energy range in an
overall antiparallel magnetic coupling. Indeed four distinct features are now distinguishable in
the minority spin spectrum and three in the majority spin spectrum (see Fig. 4 1 and | arrows).
This suggests that the spin-down states are more populated than the spin up states, indicating an
antiferromagnetic exchange coupling with the Co surface. Such antiferromagnetic exchange
coupling was already unambiguously detected by element-selective XMCD measurements [10].
An antiferromagnetic coupling is also given by our DFT+U calculation, discussed below. The
calculated Fe-DOS has indeed five main features in this energy region. The energy positions for
FeP on oxygen-covered Co are however not as well reproduced, in particular for the higher

binding energy features.

In the case of an oxygen-reconstructed substrate, the magnetic exchange is again limited
to the very first layer and has essentially disappeared already in the second layer, just as in the
previous case. The u-LEED and thickness-dependent SPPES results for both cases collectively
show that the spin-polarized electronic structure of the overlayer is manifested more clearly

when the molecular adsorptions are homogeneous in chemical and physical character; further,

10



that the spin polarization of the molecular states exists only for molecules in range of electron
transfer with the substrate. We should therefore classify the relevant magnetic exchange in either
system as driven by interfacial hybridization between the molecule and the substrate and nothing

more (e.g., long range dipole-dipole coupling).

C. Theoretical calculations

To clarify the origins of the observed magnetic and electronic interaction between FeOEP
and the Co substrate, we performed first-principle DFT+U calculations. From the DFT+U
calculations for free-standing Fe-porphyrin (FeP) molecules similar to the ones studied here, we
found that a U value of 4 eV applied to the Fe atom and exchange interaction Jex =1 eV provided
good results [9, 20, 21]. The computational method is similar to that reported in Ref. [8], to
which the reader is referred for details. In the present simulations, however, we have performed a
complete structural relaxation of all molecular atomic distances, the c¢(2x2) reconstructed oxygen
atoms, as well as the top layer Co atoms, and the calculations were performed with and without
VdW corrections [24, 25].

To start with, we consider FeP on the metallic Co substrate. Previous DFT+U
calculations showed the molecule in the gas phase displays an intermediate spin S=1, with a
ground state configuration corresponding to 3A2g state [9]. Performing DFT+U calculations
without VAW corrections for FeP adsorbed on Co we obtain the same intermediate spin S=1,
which is coupled ferromagnetically to the spin of the Co surface atoms. However, if we perform
precisely the same calculations with VAW corrections, we obtain a high-spin S=2 for FeP
adsorbed on Co. Figure 5 shows the spin-resolved partial densities of states (PDOS), computed

with DFT+U approach without VAW corrections for ferromagnetic (FM) alignment between Co
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and Fe moments at an optimal Co and Fe distance of 3.52 A. Performing the same optimization
with VAW corrections leads to a much stronger Fe — Co bonding at a much shorter distance of
2.41 A. The spin-resolved PDOS for this situation is shown in Fig. A3 and discussed in
Appendix 1. As we observed that inclusion of the VAW correction worsens the agreement with
experiment, we discuss first results of the DFT+U calculation without such correction.

Figure 5 illustrates that there exists hybridization between Fe 3d and N 2p states; specifically,
between 3dx2_y2, and 3d; (d, is the result of hybridizing dy, and dy,) states with N 2p, states as
projections on the orbital character show [21]. Moreover, the calculation of Wende et al. [8] has
shown that these N 2p hybridized peaks follow the Fe 3d spin polarization when Fe coupling
changes from FM to AFM. Although the Fe-Co distance of 3.52 A is considerably large for
direct overlap between Co 3d and Fe 3d states, we find a clear interaction of the Fe d,” state with
the Co As (|) state at 0.5 eV below Eg, which leads to strong broadening of the d,* orbital. This
broadening of the d,* orbital was not observed by Wende et al., likely because they did not
perform a complete geometrical relaxation of the atomic distances. A small N-Co hybridization
can be observed at 2.4 eV binding energy. This shows that there is a strong chemical binding of
molecules to Co substrate through N p, orbitals, as proposed in Ref. [8]. The computed atomic
spin moments are 2.08 ug on Fe -0.026 ug on each of the nitrogen atoms, giving a total spin S~1
on the molecule.

The peak structures in the spin-resolved PES at the submonolayer coverage of Fig. 3 can
be compared directly to the DFT+U partial DOS in Fig. 5. The measured data show the
appearance of two broad peaks at about 2.6 eV and 3.7 eV in the spin-majority spectrum. These
peaks compare well with a computed spin-up Fe 3d peaks at 2.4 and 3.7 eV binding energies

(denoted by vertical bars). In the minority-spin photoemission spectrum a small peak develops at
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1.5 eV binding energy. This peak corresponds well with an Fe 3d peak due to the d,, orbital
presented at 1.3 eV binding energy (Fig. 4). DFT+U theory predicts a small and broadened spin-
down DOS due to the hybridized d,” orbital at about 0.7 eV binding energy. This might be
reflected in the broadening of the low-energy minority-spin emission peak appearing in the
measured data.

The overall agreement between DFT+U calculated and measured SPPES peak positions
is nonetheless reasonably good. Counterintuitively, the agreement between calculated and
measured spin-polarized densities is lost when the VAW correction is included; this is discussed
in more detail in Appendix 1. Further, as the peak positions predicted by the common DFT
approach in the generalized gradient approximation (i.e., U=0) differ substantially [9, 27] from
those obtained with the DFT+U method it can be concluded that the latter approach predicts an
electronic structure of adsorbed metalloporphyrins that corroborates with experiments.

Next, we consider adsorption of iron porphyrin on the oxygen c(2x2) reconstructed
Co(001) surface. In the present DFT+U calculations a full geometrical optimization of the FeP
on the oxygen reconstructed c(2x2) surface was performed. In this case we do not find a notable
difference between calculations with or without VAW corrections. In the previous study [10]
only bonding of Co to Fe through a single oxygen atom on top of the Co atom was considered,
whereas here the full c(2x2) oxygen reconstruction was treated. We find that the structural
optimization has a clear effect on the oxygen positions. As is illustrated in Fig. 7, several oxygen
atoms beneath the porphyrin molecule move out of their c¢(2x2) adsorption positions. In
particular, the oxygen atom underneath the central Fe ion of the metalloporphyrin moves up,
which signals an increased bonding of this oxygen to the iron in the free out-of-plane ligand

position. The Fe-O distance is 2.08 A. The computed magnetic moment on the Fe in FeP is in
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this configuration -3.99 ug, with -0.06 ug on each of the nitrogens and 0.05 ug on the underlying
oxygen atom. Hence, the molecule’s spin is approximately 2, implying that the spin of FeP
(without apical Cl ligand) has switched from intermediate S=1 in the gas phase to high-spin S=2
upon adsorption on O/Co(001). The adsorbed oxygen atoms on the clean surface of Co have an
induced moment of ~0.18 ug per O-atom. Moreover, the spin on the FeP is coupled antiparallel
to the spin on the Co atoms. An antiparallel coupling has been reported previously [10]. As
pointed out [10], this coupling can be attributed to an indirect exchange coupling between Fe and
Co spins, mediated by the bridging oxygen atom.

The computed partial DOS is shown in Fig. 6 (shown are the spin-resolved PDOSs
computed without VAW correction). The positions of the spin-polarized DOS peaks can be
compared to the spin-polarized photoemission data in Fig. 4. In the measured spin-minority
spectrum a peak develops with a binding energy of about 1.4 eV for submonolayer coverage.
This peak compares well with the Fe-3d peak present in the computed partial DOS at 1 eV
binding energy. Other new structures appear in both the measured spin-minority and majority
spectra at about 2.4 eV binding energy. These peaks correspond to Fe and N related DOS
features that are present in both spin channels at about 2 to 2.5 eV binding energy. The next
features in the measured photoemission spectra appear at 3.5 eV binding energy, again, in both
spin channels. These structures find their theoretical counterparts in Fe and N partial DOS peaks
appearing between 3.5 and 4.2 eV in both spin channels. Also, a stronger increase of the spin-
polarized photoemission signal can be seen in the data at about 5 eV, which is at the lower end of
the measured spectra. A similar upturn of the signals, notably, is not detected for FeOEP on
Co(100) (see Fig. 3). This upturn could be explained by the presence of deep-lying Fe 3d states

at 5 to 6 eV binding energy for the oxygen reconstructed surface, which are not present for FeP

14



on the Co(001) surface. DFT+U theory also predicts a spin-majority Fe 3d peak just below the
Fermi energy, but identification of this feature is difficult due to the reducing effect of the Fermi
edge on the spectra at binding energies less than 0.5 eV. The agreement between the SPPES peak
positions and calculated peaks is overall not as good for FEOEP on oxygen reconstructed Co as it
is for FEOEP on Co. A reason for this might be that in the measurement some FeOEP molecules

could exist at adsorption sites other than the iron-atop-oxygen location.

IV. CONCLUSIONS

By means of spin-resolved photoemission spectroscopy we have directly probed the spin-
polarized occupied electronic structure of Fe-porphyrin (FeOEP) molecules on a metallic and on
an oxygen-reconstructed Co(100) surface. For all the molecular coverages studied we found that
the induced spin polarization is only in the sub-monolayer region. For FeOEP, a ferromagnetic
(FM) exchange coupling to Co(100) was identified. Through comparison with results from
DFT+U calculations an antiferromagnetic (AFM) exchange coupling to O/Co(100) was
identified, consistent with earlier measurements [10]. The spin-polarized photoemission of
FeOEP/Co/Cu suggest FM coupling due to presence of a minority band peak at 1.5 eV and2-9
eV and majority band peaks at 2.6 eV and 3.7 eV below Er. The position of these peaks is
relatively well explained by DFT+U calculations, albeit that the peaks in the PDOS calculation
are shifted by up to 0.4 eV (mostly by 0.2 eV) in comparison to the measured data. This good
agreement substantiates the need for including the Coulomb U to attain the proper electronic
structure description of Fe-porphyrins. We find furthermore that inclusion of VAW corrections

surprisingly worsens the correspondence with measured SPPES spectra.

15



The spin-polarized photoemission of FeOEP/O/Co/Cu suggest AFM coupling due to the
presence of minority band peaks at 2.4 eV and 3.3 eV and majority band peaks at 2.3 eV and 3.2
eV below Er. A prominent minority band peak also appears at 1.4 eV below Er. The energy
positions of these measured peaks compare relatively well to peak structures in the DFT+U
computed PDOS for FeP on O/Co(001). For FeP/O/Co(001) there also exist shifts in the
computed energies as compared to the measured energy positions of up to 0.5 eV. The overall
agreement between spin-polarized photoemission experiment and DFT+U theory can
nonetheless be regarded as fairly good. Our investigations exemplify that the exchange

mechanism is considerably different in the cases of AFM coupling and FM coupling.
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APPENDIX 1
In general, Van der Waals corrections [14, 29, 30] are expected to improve the
description of metal-organic molecules adsorbed on surfaces. For CoPc on an Fe(110) surface, a
considerable shortening of the molecule-surface distance due to VAW corrections was reported

[14]. Our results of DFT+U +VdW calculations are summarized in the following.
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Including VAW corrections we find, too, that the FeP molecule is drawn closer to the top
Co layer (Fe — Co distance of 2.41 A) but additionally that the molecule’s geometry becomes
bent with the Fe ion being displaced toward the surface out of the macrocyclic plane; the Fe — N
bondlengths are 2.12 A. The optimized molecular geometry is shown in Fig. Al. The
calculations predict the iron porphyrin and Co surface to be strongly ferromagnetically coupled.
In addition to the stronger coupling with the Co surface, the FeP molecule is found to be in the
high-spin state, S=2 (with projected atomic moments of 3.7 ug on Fe and 0.05 ug on each of the
nitrogen atoms). The ab initio computed high-spin state would imply that iron porphyrin would
switch from intermediate S=1 spin in the gas phase to high spin on the Co surface. The computed
magnetization density is shown in Fig. A2. The magnetization densities on the Fe and nitrogen
atoms are parallel, in contrast to what was calculated previously for free FeP or for FeP adsorbed
on Co with DFT+U without VAW terms [8]. A possible way to verify experimentally which spin
polarization direction is actually realized on the nitrogens would be to employ element-selective
XMCD measurements.

The calculated spin- and atom- resolved DOS is shown in Fig. A3. The main positions of
Fe 3d DOS peaks are highlighted by the vertical bars. The calculated Fe 3d positions differ
substantially from those computed without VAW terms (Fig. 5): a strong Fe-3d peak is present in
the spin-majority channel at -1.2 eV and another significant peak in the spin-minority channel at
-4 eV. Notably, these structures are not present in the measured SPPES spectra (Fig. 3) and,
altogether, there is practically no correspondence between the computed and measured peak
positions. The VAW corrections evidently lead to a much stronger binding of the FeP molecule to
the surface, but, as the thus-obtained spin-polarized PDOSs do not correspond with the SPPES

data, the effect appears to be too strong. A tendency of VAW corrections to exaggerate the

17



bonding has been reported previously [25]. Our results obviously do not alleviate the need for
VAW corrections, but rather pinpoint that further improvements of VAW DFT functionals are to

be sought.
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FIGURE CAPTIONS
FIG. 1. (color online). Top Panel (a): Spin-integrated energy dispersion curves of 10-15 ML
Co/Cu(100) as a function of FeOEP coverage. Bottom Panel (b): Spin-integrated energy

dispersion curves of O/Co/Cu(100) as a function of FeOEP coverage.

FIG. 2. (Color online). u-LEED patterns recorded at 16 eV from ~ 1 ML FeOEP deposited on

Co/Cu(100) (a) and O/Co/Cu(100) (b).

FIG. 3. (Color online). Spin-resolved spectra of Co/Cu(100) as a function of FeOEP coverage.
The filled up-triangles (A) correspond to the emission from the majority spin direction and the

filled down-triangles (') to the minority spin direction of the cobalt thin film.

FIG. 4. (Color online). Spin-resolved spectra of O/Co/Cu(100) as a function of FeOEP coverage.
The filled up-triangles (A) correspond to the emission from the majority spin direction and the

filled down-triangles (V) to the minority spin direction of the Co(100) thin film.

FIG. 5. (Color online). The DFT+U calculated spin-resolved partial DOS of FeP/Co(001),
shown for ferromagnetic alignment of Co and Fe spins. Positive partial DOS corresponds to
majority Co(001) spin, and negative corresponds to the minority spin. Van der Waals correction
terms are not included in the calculation. The densities of Fe 3d (—), N 2p (), and Co 3d (—)

orbitals are drawn. Vertical bars indicate regions of density discussed in the text.
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FIG. 6. (Color online). The DFT+U calculated spin-resolved partial DOS of FeP on c(2x2)
oxygen reconstructed Co(001), shown for an antiferromagnetic alignment of Co and Fe spins.
Positive partial DOS corresponds to Co(001) majority spin, negative corresponds to the minority
spin. The densities of Fe 3d (—), N 2p (), O 2p (—), and Co 3d (—) orbitals are drawn. Vertical
bars indicate regions of density discussed in the text. Van der Waals correction terms are not

included in the calculation.

FIG. 7. (Color online). The structurally optimized geometry of iron porphyrin on a c(2x2)
oxygen reconstructed Co(001) surface. Co and Fe atoms are denoted by the larger (color online:
brown) balls, oxygen atoms are depicted by the smaller (color online: red) balls. Note the upward
displacement of the oxygen atom under the Fe center of the porphyrin molecule, caused by apical

ligand formation to the Fe center.

FIG. Al. (Color online). Fully relaxed geometry of the Fe porphyrin molecule on Co(001),
computed with the DFT+U method and inclusion of Van der Waals corrections. Note the bend
conformation with the Fe atom displaced out of the macrocyclic plane. (color online: Green)
spheres depict hydrogens, (color online: blue) nitrogens, (color online: dark gray) carbons, (color

online: red) iron and (color online: purple) spheres depict cobalt atoms.

FIG. A2. (Color online). Computed magnetization density of the same system. The (color online:

yellow) isosurfaces represent positive magnetization direction.
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FIG. A3. (Color online). The spin-resolved partial DOS of FeP/Co(001), computed with the
DFT+U formalism and inclusion of Van der Waals correction terms. The spin-resolved densities
of Fe 3d (—), N 2p (), and Co 3d (—) orbitals are shown. Vertical bars indicate the peak

positions of the Fe 3d DOS (below 4 eV).
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FIG. 5.
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FIG. 6.
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FIG. 7.
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FIG. A3
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