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ABSTRACT

We propose a method to grow metal tetraphenyl porphyrin (MTPP) molecular layers where a long-range structural and magnetic order can be
achieved simultaneously and at room temperature by a proper treatment of the ferromagnetic substrate. We focus in particular on the oxygen-
passivated Fe(001)-p(1� 1)O surface, where MTPP molecules (with M¼Co and Ni) arrange by forming square commensurate overlayers.
Spin-resolved photoemission detects a clear spin-splitting of CoTPP electronic states, while no magnetic response is obtained from NiTPP, as
expected from the electronic configuration of the respective free molecules. We link these observations to the decoupling action of oxygen at the
interface, whose effect is to enhance the molecular diffusivity and tune the electronic interaction with the substrate electronic structure.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5109750

Engineering and manipulating ordered arrays of spins is one of
the goals of current spintronic research. Once created, an ordered layer
of magnetic moments can be used to encode and elaborate informa-
tion. Given the small size of molecules and relying on their chemical
stability, a relatively high information density can be obtained with a
potentially negligible energy consumption, provided that a reliable
method is found to address each molecule individually for writing/
reading.1–7 Porphyrins—heterocyclic compounds where four pyrrole
units are arranged to form a macrocycle—are ideal candidates for this
kind of application: the planar structure of the macrocycle and the
possibility of tuning the chemical nature of the peripheral groups
makes it possible to organize such molecules on flat substrates in an
ordered fashion,8 while the possibility of hosting a metallic ion at the
center with unpaired 3d electrons ensures the presence of localized
magnetic moments.9,10 When chemical reactions occur within those
molecules, specific molecular arrangements are induced and both the
electronic and magnetic properties are significantly affected. Tuning
these properties in view of obtaining a regular assembly of magnetic
units is one of the main goals of magnetochemistry.11,12 Magnetic
ordering at room temperature (RT) and without the need of external
magnetic fields is obtained by choosing a ferromagnetic substrate13,14

and stems either from the direct exchange between the unpaired elec-
trons of the molecule and the substrate electronic states or from indi-
rect superexchange mediated by the N ligands.9,15 However, the choice
of using traditional magnetic substrates, such as transition metals

(TMs), is usually precluded by the poor morphological quality and
structural integrity of the molecular layers, due to the strong chemical
interaction with the surface.16,17 As a result, the magnetic behavior of
both the molecules and the surface (magnetic moments, exchange inter-
action, and surface anisotropy) is affected.18,19 Although such a strong
interaction might be an advantage in some cases, especially when spin
transport across the molecule/metal interface is involved,20,21 long range
ordering is possible only by achieving a certain degree of decoupling
with the substrate, as shown for molecular deposition on low-
interacting, nonmagnetic substrates such as noble metals.22–24 We iden-
tify in the passivation of the surface a viable strategy for tuning the
molecular coupling.25,26 Some earlier attempts are acknowledged, where
ultrathin oxides27–29 or graphene30–32 were specifically used to change
the nature of the interaction between the molecules and the substrate to
indirect superexchange mediated by the interlayer. For most of these
systems, however, scarce structural information about the molecular
layers is reported.

In this letter, we report an investigation on the magnetic ordering
of Co and Ni tetraphenyl porphyrins (MTPP, with M¼Co and Ni,
respectively) on Fe(001). Surface passivation is obtained by dosing O
atoms. This procedure forms a monolayer-thick rock salt oxide (formal
1:1 stoichiometry) where O atoms occupy the fourfold hollow sites in
between the Fe atoms, resulting in a p(1� 1)O superstructure. After
surface passivation, the Fe substrate shows an improved morphology33

and enhanced magnetic moments.34 We already demonstrated the
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effectiveness of Fe(001) surface passivation in promoting the long range
assembling of a number of molecular species, such as C60 molecules25

and nonmagnetic Zn tetraphenyl porphyrins (ZnTPP). For the latter,
taken as representative of low-interacting MTPP having no free coordi-
nation sites, we detected the formation of a wetting layer with a (5� 5)
periodicity, characterized by an electronic structure similar to that of
free-standing molecules.17,35,36 These results depict a regime of “partial
decoupling” with the substrate, characterized by the absence of strong
hybridization, which might nevertheless support non-negligible interac-
tions such as those of an exchange type, leading to a ferromagnetic
ordering of MTPP magnetic moments. Conversely, the strong interac-
tion between ZnTPP and bare Fe(001) is reflected in (i) a loss of the sur-
face order [due to a reduced mobility of the molecules in contact with
the substrate and linked to the absence of a low energy electron diffrac-
tion (LEED) pattern] and (ii) a quenching of those photoemission
features related to the tetrapyrrole ring (see below for more details).17,36

Molecular deposition was performed in a ultrahigh vacuum
system (base pressure as low as 10�8Pa) equipped with dedicated
chambers for the substrate preparation and the deposition of the
organic layers.37 The Fe(001)-p(1� 1)O substrate was prepared by
first depositing a thick (about 500nm) Fe layer on top of MgO(001)
and subsequently dosing 30 L [1 langmuir (L)¼ 10�6Torr�s] of molec-
ular oxygen with the surface kept at 450 �C. Excess oxygen was finally
removed by flash-heating up to 700 �C. MTPP molecules were evapo-
rated from a BN crucible held at about 300 �C and their flux [kept at
about 0.3 molecular layers (ML) per minute] was monitored by means
of a quartz microbalance. The substrate was kept at RT during molec-
ular evaporation and the subsequent measurements.

LEED and scanning tunneling microscopy (STM) were used to
investigate the molecular assembling at the completion of 1.0 ML of
either CoTPP or NiTPP on Fe(001)-p(1� 1)O. Figure 1(a) shows the
sharp diffraction pattern observed on the CoTPP monolayer (similar
results are obtained for NiTPP). The substrate (1� 1) diffraction spots

are highlighted with dashed circles, while the remaining diffraction sig-
nal is attributed to the presence of a commensurate molecular super-
structure corresponding to a square molecular lattice rotated by 636.9�

with respect to the substrate h001i directions and with a lattice parame-
ter of 1.43nm, i.e., the same molecular spacing previously detected for
ZnTPP.17 The STM topography images reported in Figs. 1(b) and 1(c)
are consistent with the diffraction data and clearly show the presence of
a uniform molecular layer covering of the Fe(001)-p(1� 1)O surface
(see also the STM image of Fig. S1 in the supplementary material,
acquired on a larger area), characterized by extended domains and a rel-
atively small amount of defect sites (molecular vacancies).

The magnetic behavior of CoTPP and NiTPP molecules was inves-
tigated by means of spin resolved photoemission and inverse photoemis-
sion spectroscopies (SR-PES and SR-IPES, respectively). Both techniques
are available in situ for the mapping of the spin-resolved electronic struc-
ture of both filled and empty states, as we demonstrated for the Fe(001)-
p(1� 1)O substrate in Ref. 37. Spin resolution in PES is obtained from a
mini Mott detector mounted at the exit slit of the photoelectron energy
analyzer.38 In SR-IPES, we use a GaAs(001) crystal excited with circularly
polarized light for the generation of spin-polarized electrons.39 The sam-
ples were magnetized by applying a pulsed magnetic field (>100Oe)
parallel to the in-plane [100]Fe easy axis. PES (IPES) spectra were
acquired at RT, at magnetic remanence and at normal electron emission
(incidence), thus probing only the in-plane component of the electron
spin polarization. PES data were analyzed following the strategy of Ref.
38 to remove instrumental asymmetries.

Figure 2(b) shows our results in the 0.0–1.0 ML CoTPP coverage
range, together with the spin-integrated spectra from a thicker
(4.0 ML) film [Fig. 2(a)], which can be considered as representative of
molecules no longer interacting with the substrate.35 The PES signal
from Fe(001)-p(1� 1)O [Fig. 2(b)] is characterized by a sharp peak at
about �4.3 eV due to photoemission from O 2p-derived states and
some small intensity signal from bulk Fe 3d states close to the Fermi
energy (EF).

40,41 Two spin-resolved features are visible on the corre-
sponding IPES spectrum [Fig. 2(b)], due to transitions toward the bulk
majority and minority-spin empty states.42 At the completion of the
CoTPP monolayer, the emission from O 2p orbitals is quenched, while
a significant contribution still comes from metal 3d states, both for
PES and IPES. By comparison with the spectra acquired on the thick
film and the available literature on CoTPP, we identify the CoTPP
molecular features at ML coverage with a series of broad peaks: the
one located at about �1.6 eV accounts for photoemission from the
highest occupied molecular orbital (HOMO), while the lowest unoccu-
pied molecular orbital (LUMO) is expected to contribute to a feature
located at about 1.5 eV, i.e., partially overlapping with the signal from
the bulk Fe states. The shift of the molecular features away from EF
observed with PES (IPES) at 4.0 ML coverage (panel a) is due to a less
efficient screening of the photoemission hole (extra electron) by the
substrate with respect to the ML configuration.17,36 The HOMO and
LUMO features are related to electronic states localized on the main
tetrapyrrole ring of the CoTPP molecule, while the other features can
be either related to photoemission from the ring (label “R”) or from
the four peripheral phenyl groups (labeled “Ph”).17,43 According to
this analysis, the spectra from the bare Fe(001)-p(1� 1)O surface pro-
vide only an approximate description of the substrate contribution at
ML coverage, a result that we attribute to the combined effect of elec-
tronic modifications occurring at the interface and the distortion of

FIG. 1. (a) LEED pattern from 1.0 ML of CoTPP on Fe(001)-p(1� 1)O acquired at
a beam energy of 55 eV (the pattern obtained at the same conditions from 1.0 ML
of NiTPP on Fe(001)-p(1� 1)O is substantially identical). The white and black dots
identify the extra spots related to the molecular lattice, while the dashed circles
mark the position of the substrate diffraction spots (see the text for details). (b) and
(c) topographic STM images related to the CoTPP and NiTPP ML, respectively.
The tunneling parameters are I ¼1mA and V¼ 1.4 V for panel (b) and I¼ 500 pA
and V¼ 2 V for panel (c).
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the substrate photoemission signal by scattering from the molecular
layer, particularly effective when working, as in the present case, with a
finite-acceptance spectrometer.44,45

The spectral polarization presented in Fig. 2(c) is seen to decrease
with increasing CoTPP coverage, a behavior linked to the progressive
attenuation of the photoemission signal from the substrate and from
the interface. At ML coverage, the Fe contribution is still significant (at
least close to EF), making it difficult to assess the spin polarization of
molecular features without properly taking it into account.

Instead of focusing on the detailed analysis of the molecular elec-
tronic states located close to EF, we aim our attention at those molecular
states located at a larger binding energy (BE), following to some extent
the methodology of Ref. 21. In such an energy region, no features
from the substrate are present nor expected and the overall spectral
polarization—mainly accounting, as explained before, for the substrate
contribution—is lowered below 5% [Fig. 2(c)]. A similar behavior can
be observed also with other MTPP molecules (NiTPP results are
reported in Fig. S2 of the supplementary material, as an example).
Consequently, with reference to only the photoemission spectra of filled
states in Fig. 3, related to 1.0 ML and 4.0 ML CoTPP films, we select
the spectral region R2 (Ph2) accounting for the ring (phenyl) contribu-
tion. The spin-resolved results are presented in the insets after the
subtraction of a spin-dependent linear background, accounting for the
spin-polarized (featureless) residual contribution from the substrate. We

observe that 4.0 ML spectra do not show any spin dependence, as
expected considering that relevant magnetic interactions are limited to
the molecule/substrate interface.27,46–48 Conversely, a significant imbal-
ance between the spin channels is observed at 1.0 ML in the spectra
related to region R2, i.e., to electronic states localized on the ring. In
particular, we detect a splitting of about 0.1 eV at the low BE side of
the ring feature, characterized by a negative polarization. This result was
reproducibly observed on several nominally identical samples.
Conversely, the same imbalance is not observed in the spectra related to
photoemission from peripheral groups (region Ph2).

Our experimental results for NiTPP molecules are shown in Fig. 4:
compared to CoTPP, we find no significant splitting in region R2 (ring
states). ZnTPP molecules were additionally investigated as prototypical
not-magnetic molecules, as their ZnII ion is characterized by a
completely filled 3d shell, thus providing a lower detection limit for our
magnetic investigation. We remark that, although with a different epi-
taxial relationship with the Fe(001)-p(1� 1)O substrate, ZnTPP arrange
on the surface by forming an ordered lattice of flat-lying molecules
showing the same packing of Co(Ni)TPP. The differences between Zn
and Co(Ni)TPP systems are therefore likely limited to the TM ion. The
absence of any spin splitting also in ZnTPP spectra (differences in the
photoemission intensity between the two spin channels are within the
experimental uncertainty reported in Fig. 4), allows us to rule out any
strong contribution coming from the C- and N- derived orbitals to the
overall magnetic signal of MTPPmonolayers.

We can rationalize our Co(Ni)TPP results in the light of the elec-
tronic structure of free-standing molecules,9 consistent with the small
electronic structure perturbation expected from the interaction with
the Fe(001)-p(1� 1)O surface. The magnetic response of such mole-
cules is related to the presence of unpaired spins on the central TM
ion, where 3d states are split by a D4h-symmetry crystal field. While
CoTPP are characterized by a low-spin (S¼ 1/2) ground state, NiTPP

FIG. 2. (a) Spin-integrated photoemission spectra from a 4.0 ML CoTPP/Fe(001)-
p(1� 1)O sample. Labels “R” or “Ph” are related to photoemission from either the
tetrapyrrole ring or the phenyl groups, respectively (see also the schematic drawing
of the CoTPP molecule in the inset). (b) Spin-resolved spectra at different cover-
ages in the ML range. (c) Spin polarization P of the spectra in (b), computed as
P ¼ 100 maj�min

majþmin, where maj (min) stands for the majority (minority) spin spectrum.
Continuous lines drawn through the experimental points are a guide to the eye.

FIG. 3. Main panel: spin-integrated photoemission from a CoTPP/Fe(001)-p(1� 1)O
sample at different Co coverages: 1.0 ML (closed symbols) and 4.0 ML (open symbols).
The photoemission signal of region R2 (Ph2) is related to electronic states prevalently
located in the CoTPP tetrapyrrole ring (phenyl groups). In the insets: high statistics spin
resolved photoemission acquired in regions R2 and Ph2 for both CoTPP coverages.
The photoemission spectra are shown after the subtraction of a linear background.
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are characterized by a singlet (S¼ 0) ground state,10 i.e., by a nil mag-
netic moment.

In conclusion, we characterized a very interesting hybrid mag-
netic system, namely a single layer of porphyrins grown on an ultrathin
Fe oxide layer. We have definitively proven that such a system simulta-
neously matches the requirements of (i) long-range order, with the for-
mation of a molecular superstructure commensurate with the substrate
surface lattice and (ii) spin-dependent response even at room tempera-
ture, allowing for its possible use in hybrid molecular devices. The
enabling technology here is the passivation of the Fe(001) substrate,
providing the molecules with (i) a sufficient mobility to self-assemble
on the surface and (ii) a certain degree of electronic decoupling to
retain their free-state magnetic behavior without completely quenching
the magnetic interaction with the substrate, as we verified after careful
scrutiny of the valence electronic structure of several MTPP molecular
species by means of spin-resolved photoemission spectroscopy.

See the supplementary material for a large scale STM image of
1.0 ML CoTPP/Fe(001)-p(1� 1)O (Fig. S1) and the spin polarization
of SR-PES spectra for 1.0 ML Co and NiTPP/Fe(001)-p(1� 1)O in the
R2 and Ph2 BE region (Fig. S2).
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FIG. 4. Spin-resolved photoemission from 1.0 ML of MTPP (M¼Co, Ni, Zn) on
Fe(001)-p(1� 1)O. Spin-polarized spectra have been acquired in region R2 (see
Fig. 3), and are displayed after the subtraction of a linear background. Statistical
error bars are inserted at the beginning of each spectrum showing the experimental
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