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Fe-porphyrin monolayers on ferromagnetic substrates:
Electronic structure and magnetic coupling strength
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In this work, the different coupling strengths of Fe-octaethylporphyrin molecules sublimated in sifu onto
epitaxially grown Co and Ni films on Cu(100) are studied by systematic x-ray-absorption and x-ray magnetic
circular dichroism (XMCD) measurements. The fine structures observed in the absorption and dichroic spectra
of the Fe-L, 5 edges are explained in terms of different Fe 3d orbitals probed in angular-dependent measure-
ments. The coverage of Fe-porphyrin molecules is varied from submonolayer to 1.5 ML (monolayer), and
measurements were carried out at room as well as at low temperatures. From the temperature dependence of
the Fe-XMCD signal, a weaker coupling strength between the Fe atom and the Ni substrate is found as

compared to the Co case.
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I. INTRODUCTION

Porphyrins have attracted the attention of the scientific
community for a very long time now. Initially, this interest
originated from their biological significance and catalytic ca-
pabilities. Lately, 3d metal porphyrins have generated much
interest due to their structural and magnetic properties. With
technological advancement in various experimental tech-
niques and theoretical codes, there is a substantial increase in
the research efforts in this area.!”!! In addition, recent devel-
opments in the field of surface magnetism'?> and possible
application of specific porphyrins in molecular spintronics as
switchable magnetic molecules!® have given a new dimen-
sion to the studies that investigate their electronic structure
and magnetic properties.

In the recent past, porphyrins have been investigated with
different techniques.!® Electronic structure calculations have
also been performed for bulk samples and free
molecules.”!'* However, if one wants to focus on the mag-
netic properties of porphyrins, a technique such as x-ray
magnetic circular dichroism (XMCD) has unique advantages
over other techniques because of its element specificity and
monolayer sensitivity. Furthermore, the application of sum
rules to the XMCD!>!6 is nowadays widely used to deter-
mine the local orbital and spin angular moments.

The induced magnetic ordering in a molecular monolayer
of Mn(III)-tetraphenylporphyrin-Cl on a thin Co film sub-
strate was studied using XMCD.° In contrast to the Mn case,
the application of sum rules for Fe is very reliable.'>!7 Re-
cently, we have investigated the structural and magnetic
properties of Fe(Ill)-octaethylporphyrin(OEP)-Cl molecules
prepared by sublimation on ferromagnetic substrates using
x-ray-absorption (XAS) and XMCD measurements.'® We ob-
served that the Fe magnetic moment can be switched in
plane or out of plane by a magnetization reversal of the sub-
strate. Ab initio electronic structure calculations identified a
90° super exchange coupling of the Fe ion to the surface
atoms through the N ligands.
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In the present work, other aspects of the magnetic cou-
pling of Fe-OEP molecules to Co and Ni ferromagnetic sub-
strates have been tackled. We have carried out systematic
XAS and XMCD investigations by preparing different cov-
erages [submonolayer to 1.5 ML (monolayer)] of these mol-
ecules on Co and Ni thin films. Single and double ferromag-
netic layers in the range of a few atomic MLs were deposited
on Cu(100) to have the possibility of aligning the magneti-
zation easy axis in plane and out of plane. We discuss the
contribution of the different Fe 3d orbitals to the fine struc-
tures observed in the absorption and dichroic spectra. In
addition, temperature-dependent measurements were per-
formed in order to quantify the coupling strength between
Fe-OEP molecules and both substrates. They were used to
estimate the coupling energies for the Co and Ni substrates.

II. EXPERIMENT

The sample preparation was carried out in ultrahigh
vacuum conditions (p=2.0x 107!° mbar). The ultrathin Co
and Ni films were epitaxially grown by electron-beam
evaporation on a Cu(100) single crystal, which was cleaned
by repeated Ar* sputtering and annealing cycles. The Co and
Ni layer thicknesses were chosen to be 5 and 15 ML, respec-
tively, in order to obtain in-plane and out-of-plane easy mag-
netization axes. A combined 5 ML Ni/5 ML Co bilayer was
also prepared, displaying in-plane magnetization. In order to
reduce the roughness of the Ni films, they were annealed to
420 K prior to the deposition of the molecules.

The porphyrin molecules [2,3,7,8,12,13,17,18-
octaethylporphyrin-Fe(IlI) chloride] were adsorbed on the
ferromagnetic films at room temperature by sublimating Fe-
OEP-CI molecules at 485 K. The thicknesses of the porphy-
rin and ferromagnetic films were determined by a quartz mi-
crobalance and medium-energy-electron-diffraction intensity
oscillations, respectively, and were cross-checked by the
signal-to-background ratio (edge jump) at the respective
x-ray-absorption edges.
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X-ray-absorption spectroscopy in total electron yield ex-
periments was performed at the beamline UE56-2/PGM?2 at
BESSY. We used this undulator beamline with a plane grat-
ing monochromator to produce circular polarized photons
with an energy resolution of about 300 meV and a circular
polarization degree of 80% at the energy ranges of the Fe-,
Co-, and Ni-L, 5 edges. The measurements were done under
a constant magnetic field of 10 mT either in the substrate
plane or perpendicular to it. The spectra were normalized to
the incoming photon flux using the drain current from the
last refocusing mirror upstream from the measuring chamber
and the corresponding spectra measured at the clean sub-
strate. Unless indicated in the text, the spectra were then
scaled to zero in the pre-edge energy region.

In order to study separately the magnetization of both
layers, grazing and normal incidence geometries were used
for in-plane and out-of-plane magnetized substrates using
left- and right-circularly polarized light with angles of 6
=70° and 0° between the wave vector k and the surface
normal, respectively.

The orientation of the deposited molecules was deter-
mined by angular-dependent near-edge x-ray-absorption fine
structure (NEXAFS) spectra at the N- and C-K edges for
molecules on both ferromagnetic film substrates (Co, Ni).
The NEXAFS spectra indicate that the deposited molecules
are lying almost flat on the surface with the plane of the four
N atoms aligned parallel to the substrates.'® Apart from de-
termining the orientation of the deposited molecules, the
N-K edge is a sensitive indicator for perturbations of the
molecule that might occur during the adsorption process or
due to radiation damage. Our N-K edge spectra exhibit all
fine structures that were observed and discussed for a similar
molecule Zn-tetraphenylporphyrin,’ implying that the coor-
dination plane around the Fe atom stays intact during mea-
surements. Similar spectra collected with ten times lower
photon flux density exhibited the same features for all the
absorption edges. From this, we conclude that radiation-
damage effects are not important for the spectra shown here.
An explanation could be that the 7 ring of the porphyrin
molecule, in proximity to the metallic substrate, strongly sta-
bilizes the entire molecule, making it less sensitive to radia-
tion damage.'” However, we could not detect any edge jump
in the energy range of the CI-L, ; edges. Density functional
theory (DFT) calculations'® showed that the ferromagnetic
coupling for the molecules to the substrate occurs only when
the Cl atom is detached. This would imply a reduction of the
Fe valence state. In order to clarify this, we carried out mea-
surements on a bulk sample, prepared by stamping Fe(III)-
OEP-CI powder onto an indium foil. When comparing the
Fe-L,; x-ray-absorption (XA) spectra for a Fe-porphyrin
submonolayer on Co/Cu(100) to the one of the bulk sample,
shown in Fig. 1(a), an ~1.3 eV shift to lower energies is
observed. This shift indicates a stronger screening of the ini-
tial and final states, concomitant with an increase of charge
at the Fe atom,?*2? leaving the Fe atoms in a predominantly
divalent state. On the other hand, such a valence state can
also be originated by Fe-ligand charge transfer back-bonding
and back donation mechanisms,” possibly triggered by the
underlying metallic surface.
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FIG. 1. (Color online) Fe-L,3; XAS and XMCD spectra re-
corded at room temperature for different coverages of Fe-porphyrin
molecules [(a) and (b)] on 5 ML Co/Cu(100) and [(c) and (d)] on
15 ML Ni/Cu(100). Panel (a) includes the XAS data of Fe-OEP-Cl
bulk.

III. RESULTS AND DISCUSSION

We have studied the differences in molecule-substrate in-
teractions for different Fe-porphyrin coverages and sub-
strates by means of XAS and XMCD. Figure 1 shows, from
top to bottom, the Fe-L, 5 helicity-averaged XAS and XMCD
spectra taken for thicknesses =0.4, 0.6, 1.0, and 1.5 ML on
Co [panels (a) and (b)] and Ni [panels (c) and (d)] magneti-
cally saturated substrates, measured at room temperature
from a series of consecutive deposition. In order to stress the
thickness dependence of the white lines and the edge jumps,
the shown XA spectra were only normalized to the pre-edge
region. It should be noted that the same angular dependence
of the N-K XAS signals was found for the four thicknesses,
proving that the molecules are always lying flat on the sub-
strate. In the case of the XMCD, the spectra were obtained as
the difference of either the corresponding XAS signals for
left- and right-circularly polarized light or the spectra ob-
tained by inverting the direction of the external magnetic
field. Due to the in-plane and out-of-plane magnetic easy
axes for Co and Ni, the respective spectra were measured at
grazing and normal incidences, respectively, as indicated by
the insets in panels (a) and (c).

In the case of the Co substrate, the two Fe-L, 5 white lines
are relatively broad, resembling the analogous spectra for

214406-2



Fe-PORPHYRIN MONOLAYERS ON FERROMAGNETIC...

0.8 ML Fe-OE
on Co/Cu(100) ]
L on Ni/Co/Cu(100) 4

o o N MO

th\a/\

XMCD (arb. units) XAS (arb. units)

-1 Fe-OEP —w—

2} 20710“2/)9 ]
r u

3t i

700 710 720 730 740
Photon Energy (eV)

FIG. 2. (Color online) Fe-L, 3 XAS and XMCD spectra of 0.8
ML Fe-OEP molecules deposited on 5 ML Co/Cu(100) (black) and
on 5 ML Ni/5 ML Co/Cu(100) (red) substrates. All spectra were
recorded at room temperature.

bulk metallic materials. For thicknesses ¢ smaller or of the
order of 1 ML, the intensity increases with 7 and no different
line shapes are observed. On the contrary, the Ly signal for
t=1.5 ML displays a broader feature where two peaks can be
guessed. This can be explained by the different ligand fields
around the Fe atom present in the first molecular layer, in
direct contact to the substrate, and the second layer. In the
latter, only weaker intermolecular interactions can be envis-
aged on the bottom side of the molecule, while the top side
faces the vacuum. Furthermore, the corresponding XMCD
signals again show a quasimetallic shape and decrease in
relative intensity for increasing thicknesses.

The Fe-L,3; XA spectra for the Ni substrate case [Fig.
1(c)] show a very different line shape. Both edges display
narrow peaks at E=708 and 720.5 eV, each with two shoul-
ders at lower and higher photon energies. No clear thickness
dependence is observed in the line shapes. The XMCD signal
is characterized by a narrow peak at E=707.6 eV preceded
by a small feature at E=705.5 eV; these features are repro-
duced in the L, edge.

The explanation of the different line shapes for the Co and
Ni substrates does not lie on a substrate-dependent hybrid-
ization mechanism but on purely geometrical reasons: The
different experimental geometries (grazing and normal inci-
dences for Co and Ni, respectively) probe different unoccu-
pied Fe 3d orbitals. This is readily proven by comparing the
spectra taken on Co and Ni for the same geometry. By pre-
paring a 5 ML Ni film on a 5 ML Co film, the Ni magneti-
zation is forced to the in-plane direction by the Co film. As
can be seen in Fig. 2, the Fe-L, 3 XAS and XMCD spectra of
0.8 ML Fe-OEP on Co and Ni measured at grazing incidence
show exactly the same line shape.

In order to understand these differences in spectral shape,
we need to consider the electronic transition process in tran-
sition metals. In contrast to the higher energy K edges, the
soft x-ray L, 5 absorption spectrum cannot be described by
the simpler one-electron model. Instead, all the partially
empty levels of the atom contribute in the calculation of the
quantum numbers of the initial 3" and final 2p334™*! states.
These states are subject of the various interactions such as
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Coulomb repulsion, spin orbit, and the ligand field created by
the neighboring atoms. All these terms provoke successive
changes in the energy diagrams of the electronic states, re-
sulting in a plethora of possible transitions from the initial to
the final states, the so-called atomic multiplets. Although
computer-assisted calculation methods>>?* are available to
produce theoretical spectra of metallorganic complexes,?
these methods have been proven insufficient for the case of
more complex metallorganic molecules, where orbital hy-
bridization and o and 7 bonding and back-bonding effects
play an important role, requiring the addition of DFT meth-
ods to fit the experimental results.®?

Despite these difficulties, we will try to find out which 3d
orbitals are probed in the two geometries. Taking into con-
sideration the four coplanar N atoms around the Fe, the
ligand field presents a D, symmetry. This lifts the degen-
eracy of the e, and t,, orbitals, proper under a cubic sym-
metric field, resulting in different energies for the
d2, do_p, d,,, and d, orbitals (d, is the result of hybridiz-
ing d,, and d,,). Based on DFT calculations,'® we will as-
sume that the ground state configuration of the Fe-OEP mol-
ecule is (d,,)*(d2)*(d,)?, corresponding to the 3A2g state and
displaying an intermediate spin S=1. This leaves two empty
states in the d,2_,2 orbital and another two in the d,, orbital,
i.e., the latter is half filled. By considering the projection of
the different orbitals with respect to the polarization of the
incoming light in the grazing and normal geometries, we
obtained that, for normal incidence, the dxz_yz orbital is
weighted twice as strong as d,, whereas for grazing inci-
dence, the weighting factor becomes 0.8. We can thus con-
clude that the missing spectral features for normal geometry
are mostly related to the d, orbital.

We turn now our attention to the element-specific mag-
netic properties by investigating the XMCD spectra shown in
Fig. 1. A clear XMCD signal for all coverages shows that the
paramagnetic porphyrin molecules deposited on both ferro-
magnetic films are magnetically ordered. Furthermore, the
XMCD signals for all coverages and both substrates are
negative at the L3 edge, as the Co and Ni XMCD signals (not
shown), demonstrating that the molecule-substrate coupling
is ferromagnetic. From element-specific hysteresis loops of
the Fe-, Co-, and Ni-L; XMCD intensities (not shown here),
it is evident that the orientation of the Fe spin switches along
with the spins of the ferromagnetic films and that there exists
a ferromagnetic exchange coupling of the Fe moments of the
porphyrin molecules to the magnetic substrate.

The magnetic properties of Fe-porphyrin molecules can
be understood more clearly from Fig. 3, where the integrated
intensities of the Fe-L; XMCD signal normalized to the
white line, shown in Fig. 1, are plotted as a function of
coverage for Co and Ni. The values obtained at the lowest
coverage are normalized to unity in both cases. It can be seen
that the magnetic signal of the deposited Fe-porphyrin mol-
ecules originates mostly from the first molecular layer only:
on Co, the ratio remains constant (within the error bars) for
0.4 and 0.6 ML and only decreases for films thicker than ~1
ML. In the case of Ni, the XMCD/XAS ratio decreases
monotonically with thickness, suggesting a weaker substrate-
molecule coupling as compared to the Co case. The origin of
the magnetic ordering is discussed in detail in our recent
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FIG. 3. (Color online) Fe-OEP coverage dependence of the in-
tegrated intensities of Fe-L; XMCD normalized to the white line on
5 ML Co/Cu(100) (black) and 15 ML Ni/Cu(100) (red) substrates.
The values obtained at the lowest coverage are normalized to unity
in both cases.

work.!® By using the ab initio electronic structure calcula-
tions, it has been shown that the ordering is not due to a
direct exchange interaction between Fe and Co. Instead, a
90° ferromagnetic exchange mechanism through the N
ligands is found to be responsible for the coupling. In order
to compare with theoretical coupling energies, we also mea-
sured the temperature dependence of the XAS and XMCD
signals.

Figure 4 shows the XAS and XMCD Fe-L, 5 spectra re-
corded at 300 and ~80 K for 0.8 ML coverage of Fe-
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FIG. 4. (Color online) Fe-L, 3 XAS and XMCD spectra for 0.8
ML Fe-OEP molecules [(a) and (b)] on 5 ML Co substrate recorded
at 300 and 85 K and [(c) and (d)] on 15 ML Ni at 300, 70, and
300 K.
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FIG. 5. (Color online) Temperature dependence of the Fe, Co,
and Ni magnetizations obtained from integrated XMCD signals nor-
malized to the corresponding white lines. The signals obtained at
low temperatures have been normalized to unity. Full lines repre-
sent M(T) for Co and Ni as obtained from mean field approxima-
tion. The dashed lines serve as guides to the eye.

porphyrin molecules on Co and Ni substrates. Whereas the
integrated XAS intensity does not show any noticeable
change in the two cases for the two temperatures, the XMCD
amplitude does vary with 7. Furthermore, any temperature-
dependent change is fully reversible, as can be seen in Fig.
4(d) for both the XAS and the XMCD spectra when they
were successively recorded at 300, 70, and then again at
300 K. Other than scaled by a common factor, all the spec-
tral features found at 300 K, explained above in detail, re-
main at low temperatures.

In order to discern the temperature-dependent magnetic
properties of the molecules from the temperature-dependent
magnetization of the substrates, we have plotted in Fig. 5 the
integrated Fe-, Co-, and Ni-L; XMCD signals, shown in Fig.
4, normalized to the white lines as a function of temperature,
scaled to the signals at low temperatures. These signals are
basically proportional to the magnetization of each element.
The Curie temperatures of 5 ML Co and 15 ML Ni films are
reported to be around 850 K (Ref. 26) and 550 K,?” respec-
tively. This explains the slightly larger reduction in Ni
XMCD signal as compared to that of Co. This can also be
seen by the two solid curves, which are drawn using the
mean field approximation and serve as guides to the eye.

Regarding the Fe magnetization on Co, it follows that of
the substrate by decreasing ~10% at 300 K. In contrast, the
Fe XMCD on Ni shows a much larger reduction of ~50%
than the one of the Ni magnetization. This difference of the
Fe XMCD signal of molecules deposited on Ni as compared
to Co indicates the presence of different coupling strengths
in the two cases. The weaker coupling strength in the case of
Fe-OEP on Ni also supports the indirect coupling mechanism
found by theory.'® However, it should be noted that, on the
basis of our experimental techniques, we cannot distinguish
between a direct or indirect coupling mechanisms. On the
other hand, if the Fe ion detached from the molecule and
adsorbed directly on the underlying film, it would be ex-
pected that the Fe magnetization should follow the M(T)
curve of the film. This is not the case, indicating that the Fe
ion remains at the center of the porphyrin ring.

In order to get a first-approximation value of the exchange
coupling energy E,. between the substrate magnetization and
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the Fe spin, we assume a Brillouin function with a total
angular momentum quantum number J=1 to model the tem-
perature dependence of the Fe magnetization. We determine
that £,=0.07 and 0.02 eV for the Co and Ni cases, respec-
tively. The value for Co is of the same order of magnitude as
the one calculated by DFT-GGA+U [E.=0.05 eV (Ref.
18)]. Within the limitations of this approach, we conclude
that a much larger coupling appears between the Fe spin
when the molecule is on Co as compared to the Ni substrate.
The larger coupling for Co can be addressed either to an
intrinsic effect of the substrate or to its magnetization direc-
tion. In view of the Fe-L, 5 spectra shown in Fig. 2 for Co
and Ni/Co substrates, both with in-plane magnetization, we
observe that the Fe-XMCD signal on the Ni/Co is approxi-
mately half of that on Co, with almost the same XAS inten-
sity. Thus, the weaker coupling of Fe-porphyrin molecules to
the Ni substrate is not related to the different magnetization
directions but to the electronically different surfaces. As a
possible explanation for the reduced coupling energy in the
Ni case, we can consider the 60% smaller magnetic moment
of Ni surfaces as compared to the Co ones.?®?* However, the
extent of this effect can be modified by the presence of the
molecules adsorbed on the surfaces.*

Furthermore, we make use of the XMCD sum rules to
calculate the effective Fe spin moment at 70 K (including the
magnetic dipole term (7.)). We obtain that ,ugff (Fe)
=0.65+0.1 and 0.45+0.1ug/hole for molecules deposited on
Co and Ni films, respectively. The relatively large error bar is
due to the fact that the molecular coverage of ~1 ML corre-
sponds to an effective Fe coverage in the 1/100 ML range.
Despite this, if we assume four holes in the Fe 3d orbitals,
these values agree with the S=1 of the calculated 3A2g initial
state. The ratio of orbital to effective spin moment is found
to be wu;/ ,u,gff ~5-10 %, indicating that the orbital moment
is nearly quenched. The exchange coupling between porphy-
rin molecules and Co is much stronger, and therefore, in this
case, the exchange coupling energy is greater than the ther-
mal energy. On the other hand, a comparatively weak cou-
pling of porphyrin molecules to the Ni substrate may account
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for more prominent temperature-dependent effects. A de-
tailed theoretical study of the electronic structure of these
molecules on two different ferromagnetic substrates would
help put forward more quantitative arguments to explain the
experimental observations.

IV. CONCLUSIONS

The present study describes systematic XAS and XMCD
measurements on ultrathin Fe-porphyrin molecular layers de-
posited on epitaxially grown ferromagnetic films on
Cu(100). After evaporation, the molecular plane remains in-
tact and lies flat on the substrates. Strong spectral differences
that appear in the XAS and XMCD signals are not substrate
dependent but arise purely from geometrical considerations,
since the incoming x-ray beam at grazing and normal inci-
dences probes different Fe 3d orbitals.

It is shown that only the molecules that are in close vicin-
ity to the ferromagnetic substrate are magnetically ordered.
From the temperature dependence of the Fe and substrate
magnetizations, the coupling strengths for both substrates are
calculated, yielding a much stronger coupling to the Co sub-
strate than to Ni. The experimental value for the coupling
with Co agrees well with results from DFT calculations on
the same system. The XMCD sum rule analysis yields an Fe
spin moment that also depends on the subjacent substrate.
Being somewhat higher for Co, it agrees with the
intermediate-spin state calculated for these molecules.
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