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Abstract

Interfaces between organic semiconductors and ferromagnetic metals offer intrigu-
ing opportunities in the rapidly developing field of organic spintronics. Understanding

and controlling the spin-polarized electronic states at the interface is the key towards
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a reliable exploitation of this kind of systems. Here we propose a novel approach to
achieve such goals, namely the insertion of a two-dimensional magnetic oxide layer
at the interface, with the aim of both increasing the reproducibility of the interface
preparation and offering a way for a further fine control over the electronic and mag-
netic properties. We have inserted a two-dimensional Cr,O; layer at the Cy,/Fe(001)
interface and we have characterized the corresponding morphological, electronic and
magnetic properties. Scanning tunneling microscopy and electron diffraction show that
the film grows well ordered both in the monolayer and multilayer regimes. Electron
spectroscopies confirm that hybridization of the electronic states occurs at the inter-
face. Finally, magnetic dichroism in x-ray absorption leads to the observation of an
unprecedented spin-polarization of the hybridized fullerene states, thus confirming the

efficacy of the new approach.

In the last decade, organic semiconductors (OS) have demonstrated to be promising can-
didates for advanced spintronics applications.'™ In particular, they show long spin lifetimes
and, despite the low carrier mobility, also conducting paths of the order of 100 nm.?? Cj,
fullerene is a prototypical OS for organic spintronics, as it shows ideal properties like a
good energy level matching with ferromagnetic (FM) metallic thin films, the presence of a
low hyperfine interaction (giving long spin lifetimes), the possibility of being sublimated in
ultra-high vacuum (UHV) and the robustness necessary to be integrated in layered mag-
netic structures.®® As a matter of fact, significant room temperature magnetoresistance has
already been observed for spin valves based on Cg,. %79 12
Several studies have clearly shown that the mechanisms governing performances such as

the effective injection of spins into organic layers, are strongly dependent on the detailed

properties of the OS/FM interface, called spinterface, which can be determined by, for in-
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stance, hybridization of the electronic states, insertion of a polar layer, interface
resistance,!” crystal structure.'® In particular, the formation of hybridized interface states
has been demonstrated to have a direct influence on the spin polarization of the current

injected at the interface.'® 2! Such an effect is mostly evident when the spin character of the



injected current is reversed with respect to the polarization of the FM electrode. !

The above considerations support the conclusion that the control over the chemical re-
actions occurring at the interface are a way through which one can achieve the desired
spin-polarized characteristics of the spinterface. It is therefore important that such reactions
can be mastered and reliably reproduced during sample preparations, which is not easy when
dealing with reactive surfaces like those of FM metals.?? One way to overcome such issues is
that of inserting a relatively thick oxide layer between FM and OS,?? which is more notably
effective at the upper layer of an on organic spin valve, where the rough morphology of an
OS layer may lead to undesired effects like the formation of pinholes.!® In the present work
we propose a different approach, which consists in inserting a ultra-thin oxide (in the limit
of two-dimensional layer) at the spinterface. Such an approach aims to offer a further mean
of tailoring both the electronic, magnetic and structural properties of the interface and,
also, to increase the reproducibility of such properties. From the latter viewpoint, in fact,
an oxidized surface is potentially less exposed to changes in preparation conditions when
subsequently growing the OS layer.

We used Cg, as OS and Fe(001) as FM materials, and we considered different possible
preparations of the Fe surface, subsequently resulting in different interfaces. The Cg,/Fe(001)
case has already been explored, from the point of view of interface hybridization, by de Jong
and coworkers.®?* Recently, we have been able to study and compare the early stages of
formation of Cg, fullerene layers on the clean Fe(001) surface and the oxygen-passivated
Fe(001)-p(1 x 1)O surface.? The comparison between the two different systems have high-
lighted the role that oxygen plays in determining the coupling between the OS and the metal.
In fact, dramatic differences were observed both from the point of view of surface morphol-
ogy, as the molecule diffusivity was substantially enhanced by the presence of oxygen, and
electronic properties, being characterized by a lower hybridization (thus by an effective de-
coupling) again in the Fe(001)-p(1 x 1)O case. Such differences are expected to influence

also the magnetic properties of the hybridized molecular states.



Here, we employ X-ray Magnetic Circular Dichroism (XMCD) to investigate the magnetic
hybridization of the fullerene interface states, due to the interaction with the underlying
FM surface, in both Cg,/Fe(001) and Cg,/Fe(001)-p(1 x 1)O. We furthermore move to the
new approach by inserting a Cr,O5 monolayer (ML) at the Cg,/Fe interface. Such a two-
dimensional Cr oxide has been demonstrated to form a stable wetting layer on Fe(001),
characterized by a regular array of Cr vacancies which results in a (v/5 x v/5)R26.6° surface
symmetry.26 This system shows also a long-range FM order with a magnetization oriented
in-plane and anti-parallel with respect to that of the underlying Fe.?” We indeed observe a
spin-polarization of the hybridized Cg, states in all cases, and a significant enhancement of
the magnetic effects at the Cg,/Cr,O5/Fe(001) interface, which confirms the efficacy of the
new design.

The magnetic investigations are supported by several other measurements, which are
described first, in order to have a wide comparison of the role of the differently prepared
interfaces in driving the formation of the hybridized interface states. We employ Scan-
ning Tunneling Microscopy (STM) to investigate how Cgy, grows onto the Cr oxide surface.
The electronic interactions at the interface are evaluated by means of Photoemission Spec-
troscopy (PES) and Inverse Photoemission Spectroscopy (IPES); experimental details about
the latter techniques are given in Ref. 28. In all cases, the sample preparation steps are the
same as discussed in previous publications.?>26:2%:30 The results are eventually discussed and
supported also in terms of an ab-initio theoretical analysis.

All STM measurements reported hereafter were realized at room temperature (RT), in
UHV conditions, with an Omicron VT-STM microscope and homemade W tips. We previ-
ously reported, in Ref. 25, STM topography images revealing that Cg, molecules on both
Fe(001) and Fe(001)-p(1 x 1)O have quite low diffusion rates in the very early stages of
growth (fraction of a molecular layer). Fig. 1la) shows the same low coverage case for
Cgo/Cr,O5/Fe(001). The situation appears to be markedly different, as fullerene molecules

are observed to either stick to the edges of the substrate’s islands or to form clusters, thus



Figure 1: a-c) Scanning tunneling microscopy images illustrating the early stages of growth of
Cygo over the Cr,O5 /Fe(001) surface. The nominal fullerene coverage is: a) 0.1 ML (tunneling
parameters AV = 1.5 V, I = 500 pA); b) 0.5 ML (AV = 1.7 V, I = 400 pA); c¢) 1.2 ML
(AV = 1.5 V, I = 400 pA). Each image size is about 100 x 100 nm?. d) Low energy
electron diffraction pattern recorded for a thick (about 3 ML) Cg, film on Cr,O;/Fe(001).
The electron beam energy is 22 eV.



indicating a greater surface diffusivity. When increasing the coverage in the sub-monolayer
regime, the Fe(001) and Fe(001)-p(1 x 1)O cases start to differentiate, being the former still
characterized by a very low diffusivity, without island formation, and the latter featuring
both well-separated molecules and Cg, islands at the same time.?® The higher diffusivity
observed for Cg,/Cr,O5/Fe(001) in the very early stages of growth characterizes also this
second regime. In fact, Fig. 1b) shows a very low number of isolated molecules, while larger
ML-thick islands are present. This increased diffusivity reflects in a well-ordered growth at
higher thicknesses, as testified in Fig. 1c) for a coverage above 1 ML and from the Low-
Energy Electron Diffraction (LEED) pattern, which is related to a multilayer fullerene film
(about 3 ML thick). The LEED pattern is characterized by sharp spots and a negligible
background. The diffraction spots are disposed in a way that reflects the hexagonal close-
packed arrangement typical of compact Cg, films, featuring rings of 12 spots that correspond
to equivalent domains rotated by 90°, on account of the fourfold symmetry of the substrate.
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Figure 2: Photoemission (left, hv = 21.2 eV) and inverse photoemission (right, hv = 9.4 eV,
isochromatic mode) spectra acquired on 1 ML Cg, grown onto Cr,O;/Fe(001) (black dots,
upper spectrum), clean Fe(001) (red dots, middle spectrum) and Fe(001)-p(1 x 1)O (green
dots, lower spectrum).



The different behavior in terms of molecular diffusion on the surface might be associated
to a different charge transfer between Cg, and the various substrates. Fig. 2 compares the
PES/IPES spectra, taken in the -10 eV to 8 eV binding energy range, for a Cg, monolayer
on Cr,0;/Fe(001) (black spectra, top row), Fe (001) (red spectra, middle row) and Fe(001)-
p(1 x 1)O (green spectra, bottom row), where the last two spectra were already discussed
in Ref. 25 and are shown here for comparison. We remark that the Fe(001)-p(1 x 1)O
spectra can be considered to be representative of a Cg, fullerene film, as the interaction with
the substrate is substantially negligible,?® and the lineshapes are in very good agreement
with previous measurements.?*? The PES/IPES spectra for 1 ML Cyg,/Cr,05/Fe(001) are
very similar to those reported for 1 ML Cgy,/Fe(001), both in terms of line shape and peak
positions, which differ by less than 100 meV for the HOMO-1 and HOMO peaks and are
equal for the LUMO+2 peak. In both 1 ML Cg,/Cr,0O5/Fe(001) and 1 ML Cg,/Fe(001) the
LUMO and LUMO+1 peaks are merged and, thus, indistinguishable. The latter feature can
be understood in terms of a significant electronic coupling at the interface.

In order to unveil the relationship between the electronic coupling and the magnetic
properties of the spinterfaces, we performed XMCD measurements at the C K; edge. The
latter were taken at the APE-HE beamline of the Elettra synchrotron.®® The XAS spectra
were acquired in the total electron yield mode, with the photon beam impinging at 45° with
respect to the sample surface. The samples were oriented so to have one of the easy axes of
magnetization of the Fe(001) surface in the same plane containing both the radiation propa-
gation vector and the normal to the sample surface, in order to maximize the spin-polarized
signal. All spectra were acquired at RT and in the remanent magnetization condition, after
applying a magnetic field pulse of 50 Oe, which is largely enough to saturate the substrates
magnetization. Fig. 3 presents both XAS spectra at opposite x-ray circular polarizations
and the relative XMCD spectra, for 1 ML Cg, grown on the different surfaces considered in
this work, plus a multilayer Cg,/Cr,O5/Fe(001) case (about 2 ML Cg, thickness). The XAS

spectra are characterized by the typical Cg, lineshape, where the C 1s — 7* absorption peaks
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Figure 3: X-ray absorption spectroscopy at the C K; edge performed with either right (black
lines) or left (red lines) circular polarization and corresponding XMCD spectra (blue lines)
of, from bottom to top: 1 ML Cg,/Fe(001), 1 ML Cg,/Fe(001)-p(1 x 1)O, a multilayer
(about 2 ML) Cgfilm on Cr,0;/Fe(001), 1 ML Cg,/Cr,0O5/Fe(001). The XMCD spectra
are multiplied by 5, as indicated. The vertical dashed lines indicate the peaks in the XMCD
spectra. Inset of b): XAS and XMCD spectra of 1 ML Cg,/Cr,O5/Fe(001) at the Cr Lo
edge. Inset of ¢): XAS and XMCD spectra of 1 ML Cg,/Fe(001) at the Fe Ly 3 edge.



are labeled increasingly from LUMO to LUMO+3. The part of the spectra above about 289
eV (Cg, ionization potential) are instead due to C 1s — o* transitions. The LUMO+1 and
LUMO+2 peaks are merged together in the Cg,/Fe(001) case (Fig. 3d), on account of the
stronger interaction with the substrate, as already observed in several cases where fullerene
was grown on metallic substrates.?*36 In the Cy,/Cr O /Fe(001) samples (Figs. 3a and 3b)
and, to some extent, also in the Cg,/Fe(001)-p(1 x 1)O case, the LUMO+1 and LUMO+-2
peaks are better resolved, more similarly to the Cq,/Fe;0, case.?” The LUMO peak posi-
tions, summarized in Table 1, reflect the trend already observed for the IPES peaks reported
in Fig. 2.

Table 1: Summary of energy positions for LUMO and XMCD peaks reported in Fig. 3. The
last column reports the ratio between each XMCD peak intensity and the corresponding
average XAS intensity (see text).

Sample LUMO peak (eV) XMCD peak (eV) XMCD/XAS (% )
I ML Cq,/Cr,0s/Fe(001) 284.75 234.80 1.26
288.00 11.98
293.00 -1.52
Multil. Cyy/Cr,O5/Fe(001) 284.85 28477 1.93
288.10 9.84
1 ML Cyy/Fe(001)-p(1 x 1)O 284.40 284.27 15.26
284.60 2.97
285.50 -4.36
1 ML Cyy/Fe(001) 284.60 284.75 -3.80
285.65 1.97

From the point of view of the magnetic hybridizations of the fullerene molecules at the
interface, we observe first of all that in all cases reported in Fig. 3 the measured XMCD is
different from zero at correspondence with different absorption peaks, revealing that a spin-
polarization has been induced in the Cg, m-conjugated states. The main peaks observed in
the XMCD spectra of Fig. 3 are summarized in Table 1, in terms of their energy position and
of the ratio between the XMCD peak intensity and the corresponding average XAS intensity
(at the same photon energy position). It must be underlined that the order with which the

XAS spectra at different polarizations are subtracted to obtain the XMCD spectrum is the



same that produces a corresponding XMCD spectrum of the Fe substrate at the Fe Ly 5 edge
characterized by a negative first XMCD peak (see inset of Fig. 3c¢): this way the sign of all
the XMCD spectra at the C K; edge can be reliably compared. Notice that the corresponding
XMCD spectrum of Cr,O; at the Cr Ly 3 edge (see inset of Fig. 3b) is positive, on account
of the anti-parallel coupling with the underlying Fe.?” All XMCD spectra are rescaled by a
factor of about 1.5 that takes into account the fact that the X-ray beam impinges at 45°
on the sample surface and that the actual degree of circular polarization is about 95%. The
spectra are further multiplied by a factor 5, as indicated in Fig. 3, in order to make the
peaks more visible. The latter factor is not included in the data of Table 1.

Concerning the pristine Cg,/Fe(001) interface, our XMCD spectrum shows many simi-
larities with that obtained in Ref. 36. In particular, we also observe an oscillatory behavior
with XMCD changing sign when passing from the LUMO to the LUMO+1/+2 positions.
The maximum relative intensity of the XMCD (of about 3.8% of the XAS signal) is also in
good agreement with the previous results. Minor differences are represented by the slightly
different energy positions of the peaks and by the absence of a sizeable dichroic signal for the
C 1s — o* part of the spectrum. Coming to the Cy,/Fe(001)-p(1 x 1)O interface, despite the
apparently lower interaction with the substrate suggested by the photoemission spectra, we
observe again an oscillatory coupling with a maximum XMCD value now increased to above
5% of the XAS signal. Such an increase might be due to the enhanced spin-polarization of the
Fe(001)-p(1 x 1)O surface states with respect to those of Fe(001), as well known from both
experiments and theory. 23839 Finally, both monolayer and multilayer cases are reported in
Figs. 3a) and 3b), respectively, for the Cg,/Cr,O5/Fe(001) system. The XMCD spectra are
dominated by a large positive signal at about 288.0 eV, close to the LUMO+3 peak. As
reported in Table 1, this XMCD peak reaches a value of nearly 12% for the monolayer case,
which is unprecedented in similar (purely carbon-based) systems, where a maximum value
of only about 5% has been reported for the hybridized m* states of graphene on Ni(111).%°

Differently from the other cases, here we also observe an XMCD peak, of opposite sign,

10



in the o* states of Cg,, while minor oscillations of the XMCD signal are seen close to the
LUMO and LUMO+2 peaks. The consistency of the observation is further confirmed by the
spectra related to the multilayer (about 2 ML) Cg,/Cr,O;/Fe(001), where the attenuation
of the signal due to the increased coverage leaves visible only the largest peak, here centered
at 288.1 eV, which is now reduced to less than 10% of the corresponding XAS signal. This
is fully consistent with the interface nature of the hybridized Cg, states.

In order to understand the striking results obtained when inserting Cr,O; at the Cy,/Fe(001)
interface, we have performed a theoretical analysis based on first-principle density functional
theory (DFT) simulations, with the generalized gradient approximation to account for the
exchange and correlation functionals, as proposed by Perdew, Burke, and Ernzerhof (GGA-
PBE),* taking into account the spin polarization in a collinear description. A deep charac-
terization of the interface morphology is a formidable task and it is out of the scope of the
present work. Accordingly, we have chosen here a representative configuration to describe
the molecule-substrate interaction. We consider a ¢(2 x 2) supercell and placed the Cg,
molecules in a squared arrangement with the pentagon on top of a Cr vacancy. According
to the literature,?! the molecules-surface distance was set equal to 2 A and the Cg, was not
relaxed. We adopt the surface geometry reported in Ref. 26 for the (\/5 X \/5) R26.6° recon-
struction, obtained by leaving the two topmost Fe layers and the Cr,O; atoms free to relax.
A vacuum region of 12 A separates repeated slabs from each other. The plane-wave ultrasoft
pseudopotential method*? was used as implemented in the PWSCF code of the Quantum-
ESPRESSO distribution.*® Pseudopotentials were generated starting from scalar-relativistic
all-electron atomic calculations and using non-linear core corrections. Semicore 3s3p states
are included for Cr. In order to describe the XMCD spectra of carbon, for which one electron
is promoted from the 1s core state to the Fermi level, we describe one of the C atoms in the
pentagon in front of the surface by using the half core hole approximation, as discussed in
Ref. 44, i.e. by appropriately building the pseudopotential with half filling of the core state.

Kinetic energy cutoffs are 55 Ry for the wavefunctions and 280 Ry for the effective potential

11



and the charge density. The surface Brillouin zone sampling has been performed with the
Monkhorst-Pack* scheme, adopting integration meshes equivalent to at least a 14 x 14 mesh

in the irreducible surface unit cell of Fe(001).
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Figure 4: Projected density of states and spin polarization of Fe(100), Fe(001)-p(1 x 1)O
and (v/5 x v/5)R26.6° /Fe(100) surfaces.

A qualitative explanation of the differences in XMCD spectra of Cgy, on different surfaces
can be inferred by the magnetic properties of the substrate electronic states. The spin
polarization of the molecule is indeed reasonably due to the hybridization with the d-states
of the underlying surface. Fig. 4 displays the majority and minority spin Projected Density

of States (PDOS) relative to the 3d atom in the outermost surface layer (top panel) and the
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spin polarization (bottom panel) for the three surfaces considered, namely Fe(100), Fe(001)-
p(1 x 1)O and Cr,0O;/Fe(001). The clean and oxidized Fe surfaces display states located
in similar energy ranges, apart for a small shift toward higher energies that characterizes
minority spin states of the Fe(001)-p(1 x 1)O substrate, leading to an increase of the total
magnetization. Differently, the Cr PDOS is characterized by opposite spin polarization,
accordingly to the AF ordering of Cr atoms with respect to the underlying Fe atoms.?6:%7
Furthermore, the center of the d band of Cr is shifted by about 1.5 eV with respect to that
of the clean Fe(100) surface. The unoccupied Cg, molecular levels are expected to hybridize
with the available states just above the Fermi level Er. For Cg, on Fe(001) and Fe(001)-
p(1 x 1)O, the molecular orbitals can interact with the minority spin states, while in Cr,Ox
the hybridization can occur with the large majority spin peak at higher energy (~ 2 eV).
These differences in the PDOS of the three surfaces are consistent with the different energy
positions of the features observed in the XMCD spectra.

It is worth noting that, when a Cy, molecule is adsorbed on the Cr,O, surface, a descrip-
tion of the magnetic character of the interface becomes more difficult for the core excited
molecule. The presence of Cg, has the effect of flipping the magnetization of some Cr atoms.
In particular, Cr atoms surrounding the molecule have an opposite spin polarization with
respect to those farther away from the vacancy. This observation finds an experimental evi-
dence when comparing the XMCD spectra at the Cr Ly 3 edge of an uncovered Cr,O,/Fe(001)
substrate (see Ref. 27) and of a 1 ML Cy, covered Cr,O;/Fe(001) sample (see inset of Fig.
3b), as shown in Fig. 5g). In fact, the latter is clearly reduced by effect of the interaction
with the Cg, molecules, similarly to what has been reported for the XMCD signal at Fe Ly 3
edge in the Cy,/Fe(001) case.30

In order to investigate how the fullerene molecule is affected by the magnetic properties
of the surface layer, we analyzed the spin density (pup — Pdown) I the two energy ranges
[0-1] eV and [2-3] eV from EF, as shown in Fig. 5a-f), which show an opposite sign of the

Cr,O; magnetization, in agreement with Fig. 4. This property can be observed in Figs. 5e)
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Figure 5: a), b) Section view of the spin density onto a (z,z) plane passing through the
C atom with the core hole in the [0-1] and [2-3] energy ranges, respectively. c), d) The
same as in a), b) but considering a (z,y) plane (i.e the plane parallel to the sample surface
passing through the C atom with the core hole). e), f) The same as in c), d) for a (x,y)
plane passing through the surface atoms. g) XMCD curves, calculated on normalized XAS
spectra, of an uncovered Cr,O;/Fe(001) substrate (black dashed line) and of a 1 ML Cg,
covered Cr,O;/Fe(001) sample.
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and 5f), which display a top view of the spin density on a (z,y) plane passing through the
surface Cr, Oy layer in the two energy ranges. Figures 5a) and 5b) display a cut of the spin
density in the (x, z) plane passing through the C atom with the core hole, in the same energy
ranges. It shows that the molecule is indeed spin-polarized and that the magnetic character
of the ionized atom is opposite to that of the substrate. Furthermore, the spin polarization
of the molecule changes sign when changing energy range, as observed for the surface states.
Similar observations can be made by inspecting Figs. 5¢) and 5d), which shows cuts through
the a (z,y) plane passing through the C atom with the core hole. These properties are in
reasonable agreement with those observed in the XMCD spectra, which are characterized
by the presence of peaks of opposite sign. The properties of the calculated spin densities
confirm that, as discussed above, we can reasonably compare the XMCD signal relative to
the other surfaces with the corresponding PDOS reported in Fig. 4, in agreement with the
observation that the molecule spin polarization is an effect of the hybridization with the
substrate.

In conclusion, we have discussed the properties of the interface between Cgy, and differently
prepared Fe(001) surfaces: the pristine one, the oxygen-passivated Fe(001)-p(1x1)O and the
surface covered by a Cr,O, wetting layer. The experimental results show that the insertion
of a two-dimensional magnetic oxide directly influences both morphologic and electronic
properties of the interface. Moreover, spin-polarized hybridized states were observed in all
cases, with a particularly enhanced effect in the case of the Cg,/Cr,O; interface. Theoretical
simulations supported the experimental results and emphasized the fact that tailoring the
surface density of states of the substrate would allow to tailor the magnetic properties of a
spinterface. Spinterfaces characterized by the presence of a two-dimensional magnetic oxide
can thus be considered as reliable candidates for the design and development of organic

spintronics systems.
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