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ABSTRACT: The magnetic structure of the interfaces
between organic semiconductors and ferromagnetic contacts
plays a key role in the spin injection and extraction processes
in organic spintronic devices. We present a combined
computational (density functional theory) and experimental
(X-ray magnetic circular dichroism) study on the magnetic
properties of interfaces between bcc-Fe(001) and Cg,
molecules. Cg, is an interesting candidate for application in
organic spintronics due to the absence of hydrogen atoms and
the associated hyperfine fields. Adsorption of Cg, on Fe(001)
reduces the magnetic moments on the top Fe layers by ~6%,
while inducing an antiparralle] magnetic moment of ~—0.2 g
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on Cgy. Adsorption of C4, on a model ferromagnetic substrate consisting of three Fe monolayers on W(001) leads to a different

structure but to very similar interface magnetic properties.
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B INTRODUCTION

Organic semiconductor spintronics, which focuses on informa-
tion processing via charge carrier spins in carbon-based,
molecular semiconductors, is a new and exciting field of
nanoelectronics."? Organic semiconductors (OSCs) are
suitable hosts for spin polarized carriers, because the spin-
orbit coupling and hyperfine interactions in these materials are
relatively weak. This leads to long spin relaxation and dephasing
times (>1 us) compared to those attainable in inorganic
semiconductors, which in principle allows for robust spin
operations and read-out.”

Large magnetoresistance (MR) effects have been observed in
vertical organic spin valves, where OSCs are sandwiched
between two ferromagnetic (FM) electrodes, and are used
either as a tunnel barrier*™® or as charge/spin transport
medium.>” Substantial MR at room temperature has been
reported in spin valves based on tris(8-hydroxy-quinolinato)
aluminum (Alg3)**”~? and on C,, 57"

Phenomenological models for the observed magnetotran-
sport effects have been developed,” yet the microscopic
physical mechanisms remain poorly understood. It has become
clear that the electronic structure, in particular the spin
polarization, of the hybrid interfaces between the OSC and the
ferromagnetic metal electrodes, plays a key role in spin
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injection and spin extraction.’ Consequently, an important
obstacle in developing a microscopic understanding of these
processes is formed by the challenge of fabricating devices with
electronically, magnetically, and structurally well-defined hybrid
interfaces.

Incorporating such well-defined interfaces into organic
spintronic devices would allow for a direct comparison with
theoretical modeling and is therefore of great importance to
advance the understanding of the operation mechanisms of
these devices. Furthermore, systematic studies of various
relevant OSC/FM interfaces are required to exploit the full
potential of tailoring the interfacial spin polarization via
hybridization effects, an approach that has been coined
“spinterface science”."> Such spin dependent hybridization
can give rise to large magnetoresistance effects, as has been
shown recently by scanning tunneling microscopy experi-
ments."*

Here, we present a combined computational and exper-
imental study on the magnetic properties of interfaces between
bec-Fe(001) and Cg for organic spintronic devices. Fullerenes
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such as Cg, are particularly interesting candidates for
application in organic spintronic devices, due to the absence
of hydrogen atoms which give rise to spin dephasing via
hyperfine interactions. Cg, layers can be grown in a controlled
way on a bec-Fe(001) substrate.'> An important issue that we
wish to address is the impact of the Cqy/Fe interaction on the
spin polarization at the interface. Similar to the case of Cg, on
Cr(001),'¢ a significant chemical interaction is expected, which
would lead to spin polarized hybrid states. We use first-
principles density functional theory (DFT) calculations to
extract the magnetizations of the Fe surface and of the Cgy/Fe
interface.

Carbon K-edge X-ray absorption spectroscopy (XAS) and X-
ray magnetic circular dichroism (XMCD) measurements of Cy,
layers on Fe(001) indicate a sizable spin polarization of the
unoccupied Cg, states just above the Fermi level, induced by
the interaction with the Fe substrate.'> A similar Fe L,; edge
XAS/XMCD analysis of the interaction induced changes in the
spin polarization of the Fe surface atoms is hampered by the
significant contribution of the Fe bulk substrate to the XAS
yield. To alleviate this problem, we use here an ultrathin Fe
layer substrate, consisting of three Fe monolayers (ML)
deposited onto a W(001) surface. In spite of the large
experimental lattice mismatch of 10.4% between Fe and W, Fe
grows pseudomorphically on W(001) at coverages below five
ML."”" A single Fe ML orders antiferromagnetically,”**' but
a coverage of two or more ML leads to ferromagnetic ordering
with in-plane anisotropy.'” "’ By means of DFT calculations,
we study what extends the two substrates, Fe(001) and Fe/
W(001), to lead to a difference in interaction with Cg,
molecules and to differences in the interface spin polarization.

B COMPUTATIONAL RESULTS

The electronic and magnetic properties of the Cgo/Fe(001) and Cgo/
Fe/W(001) interfaces are studied by DFT calculations using pro;ector
augmented wave (PAW) potentials and a plane wave basis set,”*> as
implemented in the Vienna Ab initio Simulation Package (VASP).>*>*
Exchange and correlation are treated within the PBE formulation of
the generalized gradient approximation (GGA).”® Inclusion of van der
Waals interactions is not necessary, as the interaction between Fe and
Cyo turns out to be chemisorption. We use a plane wave kinetic energy
cutoff of 400 €V and a regular k-point grid with a spacing of 0.02 A™"
for the Brillouin zone sampling. We assume convergence when the
difference of the total energies between two consecutive ionic steps is
less than 107 eV and the maximum force allowed on each atom is
0.01 eV/A. The calculated lattice constants of bulk bec Fe and W are
2.83 and 3.17 A, and the spin magnetic moment per atom of bulk Fe is
Hs = 2.20 pg, in good agreement with the experimental values of 2.87
and 3.16 A and 2.22 yp.*’

In agreement with previous studies, we find that the most stable
magnetic order of a single Fe ML on W(001) is antiferroma§netic,
whereas that of two or more Fe ML is ferromagnetic.”**"*® The
calculated layer resolved ygs of Fe(3 ML)/W(001) are given in Figure
la (as the numbers between brackets). The enhancement of the
surface g, as compared to the bulk ug, is comparable to that in
Fe(001). Not surprisingly, there is a difference in pg between the
subsurface layers of Fe(001) and Fe/W(001), because of the proximity
of the Fe/W interface. A small oscillating magnetization is induced in
the W substrate. The interface W atoms have moments that are
antiferromagnetically ordered with respect to the Fe overlayer, ug =
—0.28 yip.2® The moments in the subinterface W layers are at least an
order of magnitude smaller.

We model the possible adsorption structures of one C¢y ML on
Fe(001) and Fe/W(001) substrates using a 4 X 4 surface unit cell
containing one Cg, molecule. The molecules are then arranged in a
square lattice with a distance of 11.3 and 12.7 A between neighboring
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Figure 1. (a) Cg/Fe/W(001) structure viewed along the (100)
direction. (b) C4/Fe(001) structure viewed along the (110) direction.
The numbers are the moments g induced on the Cg, molecules (red)
and the layer averaged yg of the subsequent metal layers (blue).
Between brackets are the layer resolved g of the clean substrates.

Cg molecules, respectively, which is fairly close to the nearest
neighbor distance of 10.1 A in the fcc Cq, crystal. The Fe(001) and
Fe/W(001) substrates are modeled by slabs of 7 Fe ML and 3 Fe ML/
S W ML, respectively, with the C4, molecule absorbed on one side of
the slab. A dipole correction is included to prevent spurious
interactions between the repeated images of the slab. The top three
Fe atomic layers, the W atomic layer at the interface, and the atoms of
the C4 molecule are allowed to relax upon adsorption. The most
favorable adsorption structure of C4, on the Fe surface is determined
by relaxing a large number of possible adsorption structures.

The lowest energy structure of Cq,/Fe(001) is shown in Figure 1b.
The edge shared by two Cg, hexagons (a double, or 6:6 bond) is on
top of a surface Fe atom, indicated by a (red) circle. The Cg, molecule
is tilted such that one of the two edge-sharing hexagons is more
parallel to the surface. Several Fe—C distances for C atoms in these
two hexagons are in the range of 2.0—2.5 A. The corresponding C—C
distances are in the range of 1.46—1.52 A, which is significantly larger
than the 1.40 and 1.46 A of the 6:6 and $:6 bonds of isolated Cg. Only
the structure of the Cg, faces involving C atoms directly bonded to
surface Fe atoms is modified, whereas the remaining faces are changed
very little compared to isolated Cq,. The calculated binding energy of
Cgo to the surface is 2.9 eV, which indicates a strong bonding,
consistent with our previous experimental evidence for significant
hybridization effects at Cq/Fe(001) interfaces." Indeed, chemisorp-
tion of Cgy is found for many metal substrates.”®>°

One may expect a strained Fe lattice to be even more reactive, and
the calculated binding energy, 4.1 eV, of Cg, to Fe/W(001) confirms
this. The larger in-plane lattice constant of Fe/W also allows for a
stronger perturbation of the lattice upon adsorption of Cg, as shown
in Figure la. The surface Fe atom below the 6:6 bond closest to the
surface (marked by a red circle in Figure la) is pushed down into a
row of the second Fe layer, and other Fe atoms relax as to maximize
the bonding to Cg. Compared to adsorption on Fe(001), the Cq,
molecule sinks considerably deeper into the Fe/W(001) substrate.
Note also that in the most favorable adsorption geometry the Cq,
molecule on the Fe/W substrate is rotated by 45° compared to its
orientation on the Fe substrate.

The (layer averaged) moments g of the Cy,/Fe(001) and Cgo/Fe/
W(001) structures are also shown in Figure 1. In both these cases, the
adsorption of Cy leads to a reduction of j5 on the substrate Fe atoms.
For adsorption on Fe(001), the average reduction of the surface Fe yg
is 6%, and it drops to half that value in the third Fe layer. Within an Fe
layer, the change in ptg upon Cg, adsorption is far from homogeneous.
The surface Fe atom just below the 6:6 bond (marked in red in Figure
1b) has pg = 1.74 uB, which means a reduction of ~40% compared to
the clean Fe(001) surface.

The average reductions of g of the top two Fe layers in Cqy/Fe/W
are comparable to those in Cg/Fe, i.e., ~6%. Again, the changes are
inhomogeneous. For instance, the Fe atom just below the 6:6 bond
(marked in red in Figure 1a) has a much stronger reduced pg = 1.60
Hp. As this atom is pushed into the second layer by Cg, adsorption, it
also perturbs the moments of the surrounding Fe atoms. Most
remarkably, its largest perturbation is on its neighboring Fe atoms in
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the third layer, where one of the atomic moments is even forced into
antiparallel with pig = —1.19 pg. The average yig of the third Fe layer is
then reduced by 15%, as compared to the clean Fe/W substrate.

B EXPERIMENTAL RESULTS

In situ sample preparation and measurements were carried out at
beamline D1011 of the MAX-Laboratory in Lund, Sweden. The base
pressure of the joint analysis/preparation chamber was 10™'° mbar.
Ultrathin bee-Fe films of ~3 ML were grown at room temperature
onto a W(001) single crystal substrate using a mini e-beam evaporator.
The samples were annealed at 460 °C to improve the structural quality
of the Fe overlayers. Prior to Fe deposition, the W(001) single crystal
substrate was cleaned by several oxidation and flash-annealing cycles.
Oxidation of surface layers was carried out by annealing at 1000 °C for
10 min in 1077 mbar oxygen. Subsequently, flash annealing to 1800 °C
resulted in desorption of oxide layers and the recovery of a clean
surface.'®

The surface quality of the W(001) crystal and the pseudomorphic,
epitaxial character of the bcc-Fe layers were monitored by low energy
electron diffraction (LEED), as shown in Figure 2. A Cg, layer of

Figure 2. LEED patterns of (a) W(001) substrate, (b) as-grown ~3
ML Fe on W(001), and (c) after annealing at 460 °C.

several nm thick was deposited onto the annealed Fe/W(001) samples
by thermal evaporation using a custom-built Knudsen-cell. The LEED
pattern of the single crystal W(001) substrate after cleaning showed a
sharp (1 X 1) diffraction pattern. No additional features of super
structures were observed, implying a high substrate quality.

The ultrathin Fe film on W(001) showed already a fairly high
degree of structural order as-grown, which can be observed from the
clear spots in the LEED pattern of Figure 2b. The crystallinity of the
pseudomorphic Fe overlayers was further improved after annealing,
resulting in the sharp LEED pattern of Figure 2c. In line with earlier
observations of strain relief setting in at a coverage of about 5 ML,"®"®
we observed a slightly blurred LEED pattern for ~6 ML Fe (not
shown). In the following, we will focus on the results obtained for the
Fe(3 ML)/W(001) sample.

In order to determine the Fe spin and orbital magnetic moments,
we used XMCD.*'~>* We measured XMCD spectra at the Fe L,
edges before and after C4, deposition and use the XMCD sum rules to
calculate the spin and orbital magnetic moments.>>** The XAS spectra
were measured at room temperature in the total electron yield (TEY)
mode. The angle of incidence of the photon beam was set to 60°
relative to the sample normal, while the degree of circular polarization
was 75%. XMCD spectra were obtained in remanence, by taking the
difference between the XAS spectra recorded with opposite in-plane
magnetization directions.

The samples were magnetized by applying an in-plane magnetic
field pulse of 300 Oe. The magnetic field was applied at an oblique in-
plane angle, in between the (110) and (100) directions, i.e., neither
along the magnetic easy axis nor along the hard axis."® In addition, the
limited magnetic field strengths available at the beamline might be
insufficient for saturating the magnetization of the films,'® such that
the remanent magnetization might be expected to be smaller than the
saturation magnetization of the films. Hence, we expect that the
magnetic moments extracted from the XMCD data using the sum
rules are underestimated. However, this is of minor importance for the
present study, since we are interested in relative changes to the
moments induced by Cg, adsorption.
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Figure 3a shows the XAS and XMCD spectra, as well as the
integrated XMCD intensity, recorded at the Fe L,; edges for Fe(3
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Figure 3. XAS spectra recorded at opposite remanent magnetization
(red and blue) and the corresponding XMCD spectra (green) plus
integrated XMCD intensity (brown) at the Fe L, ; edges, of (a) 3MLs
of Fe on W(001) and (b) the same sample after deposition of several
nm of C4. The XAS spectra were normalized on the step height above
740 eV photon energy, where dichroic effects are absent. Insets show
the summed XAS spectra and their integrals. A stepped background
(blue) was subtracted from the summed XAS spectra prior to
integration, following the procedure developed by Chen et al.*!

ML)/W(001). The inset shows the sum of the XAS spectra recorded
with opposite photon helicity and its integral. The XMCD spectra
have been corrected by taking into account the incident angle (30°
with respect to the sample surface) and the degree of circular
polarization (75%), by multiplying the measured spectra by [1/
c0s(30°)]/0.75, while keeping the sum spectra the same.”! Using the
established sum rules,**** we obtain the spin and orbital magnetic

moments, yig and iy, from the integrals of the XAS and XMCD spectra
31,33,34
as

6p — 4q
-y, My = ——n,

Hs = r 3r

(1)
Here, n, is the number of holes, where we use n, = 3.39.>' The
quantities p, g, and r are indicated in Figure 3. The small term
proportional to the expectation value of the magnetic dipole operator
was neglected in the determination of ys.>" The values we obtain for
the Fe(3 ML)/W(001) sample are ug = 0.83 ug and p; = 0.038 pg.

These values are considerably smaller than the saturation values for
Fe, as expected (see discussion above). It should be noted in passing
that p; /ug = 0.046, which is only slightly higher than the bulk value of
0.043.>" This is somewhat surprising, since for ultrathin 3d transition
metal films, this ratio is typically enhanced, due to film—substrate d-
orbital interaction and liftin§ of the orbital degeneracy by symmetry
reduction at the surface.”* >* In this respect, the magnetic properties
of the Fe/W(001) interface are somewhat special.

The XAS and XMCD spectra recorded at the Fe L,; edge of the
Fe/W(001) sample, covered by a Cg, overlayer of several nm thick, are
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shown in Figure 3b. Using eq 1, we obtain g = 0.78 ug and p; = 0.126
g, leading to a ratio y; /pig = 0.161. Compared to the results obtained
for the clean Fe/W(001) substrate, g is reduced by 6%, whereas the
M/ s ratio is strongly increased by 250%. Enhanced orbital moments
of 3d transition metal systems typically originate from an increased
degree of 3d wave function localization (see, for example, ref 23),
which in the present case should result from hybridization between the
Fe 3d states and the Cg, orbitals.

B DISCUSSION

The relative changes in yg upon adsorption of Cy, extracted
from the experiment and from the calculations, agree quite well.
The interfacial bonding between the Fe surface and the Cg,
molecules results from hybridization between the 3d orbitals of
the Fe surface atoms and the frontier z orbitals of Cgj, which
we have previously observed using C K-edge XAS and XMCD
measurements.'> The hybrid interface states have metallic
character, and they give rise to a magnetic moment pg = —0.21
and —0.27 pg on the Cyy molecule for adsorption on Fe(001)
and Fe/W(001), respectively. This moment is antiferromag-
netically ordered with respect to those of the Fe substrate
atoms, as are the moments on the W atoms in the Fe/W
substrate; see Figure la. The magnitude and sign of the spin
polarization of Cgyj-derived states depends strongly on binding
energy, in agreement with experiments."> Close to the Fermi
energy (within plus or minus 0.5 eV), the maximum value
reached is about 2:1 (minority/majority spin DOS of occupied
orbitals).

The effect of hybridization on the Fe surface can be analyzed
using the projected density of states (PDOS), as shown in
Figure 4. Compared to the top layer of the clean Fe(001)
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Figure 4. (a) PDOS of majority (top) and minority (bottom) spin
states projected on the top Fe layer at the Cq/Fe(001) interface
(blue), compared to the PDOS of a clean Fe(001) surface layer (red);
(b) PDOS of the most strongly affected Fe atom (blue), compared to
the PDOS of a clean Fe(001) surface atom; (c,d) as (a,b), but for the
Fe/W(001) substrate.

surface, the PDOS of the Fe interface layer of the Cgy/Fe(001)
system is slightly decreased (increased) for majority (minority)
spin below the Fermi level; see Figure 4a, consistent with a
reduced spin polarization. These changes are not homogeneous
in the Fe(001) plane, as only part of the Fe atoms bind to Cy,
directly. Figure 4b shows the PDOS projected on a Fe atom
that is strongly bonded to Cy, (the atom marked red in Figure
1b), compared to a surface atom on the clean Fe(001) surface.

The minority spin PDOS of the clean Fe(001) surface just
above the Fermi level is dominated by peaks resulting from d-
states that have a large amplitude (or are even localized) at the
surface. Upon adsorption of Cg, these peaks are suppressed, as
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the corresponding states participate in the bonding to the
adsorbate. In Figure 4b, hybrid bonding states appear in the
minority spin channel at an energy of ~—2 to —4 eV.
Concurrently, the majority spin PDOS in the latter energy
region is reduced by bonding to the adsorbate, and an
antibonding hybrid state appears just below the Fermi energy.
These changes lead to a strongly reduced magnetic moment on
this particular Fe atom, as discussed above.

Figure 4c shows the PDOS projected on the three Fe layers
of the Fe/W(001) system before (red) and after (blue)
adsorption of Cg. In detail, the PDOS is different from that of
the pure Fe substrate, Figure 4a, but the overall trend is the
same; adsorption of Cg decreases (increases) the majority
(minority) spin PDOS of the occupied states. Projecting on a
Fe atom strongly involved in bonding to Cg, (the atom marked
red in Figure la) gives the PDOS shown in Figure 4d. The
pattern is quite comparable to that observed for the pure Fe
substrate in Figure 4b. The similarity between the Co/Fe(001)
and C4/Fe/W(001) systems is quite remarkable, in view of the
structural differences between the two substrates before and
after adsorption of Cgy. One can conclude that such structural
differences are not so important for the magnetic and electronic
properties of these systems.

B CONCLUSIONS

By a joint computational and experimental approach, we have
characterized well-defined interfaces between Cg, molecules
and Fe(001) surfaces, which have high relevance for organic
spintronics. Hybridization between the frontier orbitals of Cg,
and Fe 3d states has a strong effect on the spin polarization of
the interface, which underlines the potential of chemical tuning
of OSC/FM “spinterfaces” for spintronic devices.

Our calculations show that the hybrid interface states lead to
magnetic moments on the Cg molecules that are coupled
antiparallel to the Fe moments: yg = —0.21 and —0.27 g per
molecule for adsorption on Fe(001) and Fe/W(001),
respectively. The moments of the Fe atoms at the interface
are also affected significantly. XMCD experiments of 3 MLs of
Fe on W(001) show that the overall Fe spin moment is reduced
by 6% after adsorption of Cg,. This is in good agreement with
the calculated values for both Cg/Fe(001) and Cg/Fe/
W(001), which show a similar spin dependent electronic
structure at the hybrid interfaces, in spite of their significant
structural differences. It should be noted, however, that a direct
comparison of the reduction of the magnetic moments
obtained from experiments and calculations should be made
with care, since the effects are far from homogeneous.
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