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ABSTRACT: Using organic materials in spintronic devices raises a lot of
expectation for future applications due to their flexibility, low cost, long spin
lifetime, and easy functionalization. However, the interfacial hybridization and
spin polarization between the organic layer and the ferromagnetic electrodes
still has to be understood at the molecular scale. Coupling state-of-the-art spin-
polarized scanning tunneling spectroscopy and spin-resolved ab initio
calculations, we give the first experimental evidence of the spin splitting of a
molecular orbital on a single non magnetic C4, molecule in contact with a
magnetic material, namely, the Cr(001) surface. This hybridized molecular state

is responsible for an inversion of sign of the tunneling magnetoresistance
depending on energy. This result opens the way to spin filtering through molecular orbitals.
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pintronics is a quantum electronics which exploits the spin

degree of freedom of the electron rather than or in addition
to its charge. Since the two key discoveries of spin polarized
tunneling in 1971" and giant magnetoresistance in 1987,% this
field of research has considerably grown and raised the hope for
more efficient devices of data storage and computing.
Spintronics tunneling devices lie on a multilayer geometry
where an insulating spacer is sandwiched between two magnetic
materials.” This tunnel barrier can be an inorganic semi-
conducting layer, which has been shown to exhibit very long
spin lifetime,*> but an advantageous alternative route for
applications is the use of organic molecules.”” Recently,
magnetoresistive devices with molecules have shown unexpect-
edly large magnetoresistances.”® A spin transport model that
describes the role of interfacial spin-dependent metal/molecule
hybridization on the effective polarization has been proposed to
explain these results.® However, to fully exploit this effect, a
comprehensive understanding down to the molecular scale is
still a major and challenging issue.”'® Spin-polarized scanning
tunneling microscopy/spectroscopy (SP-STM/STS) is a
unique tool to measure the spin polarization of surfaces,
nanostructures, and molecules at the atomic scale and is
therefore a powerful technique to probe the effect of contacting
a molecule to a magnetic surface. When an organic molecule is
brought into contact with a metallic electrode, its molecular
levels are generally broadened and shifted depending on the
geometrical and electronic details of the contact. In the case of
a magnetic electrode, these broadening and shifting are in
principle spin-dependent, leading finally to a spin-polarized
density of states of the molecule itself.>'"'> Using SP-STM,
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two experiments have recently shown a spin contrast through
single magnetic molecules.'®"® On nonmagnetic molecules, a
spin contrast could also be observed at energies close to the
Fermi level.''* However, the experimental evidence of the
spin polarization of molecular orbitals by hybridization with a
magnetic substrate is still lacking.

Cyo is a promising molecule for spintronic applications due to
its weak intrinsic spin—orbit interaction'® together with the
zero nuclear spin of the majority '>C isotope of carbon that
avoids hyperfine interaction. Furthermore this latter is another
source of spin relaxation generally occurring in organic
molecules due to hydrogen atoms. The potential of Cg, for
molecular spintronics has been recently emphasized by the
demonstration of the spin polarization of the molecular orbitals
of Cq, adsorbed onto a Fe layer16 and the realization of a Cy,
based room-temperature spin valve device.'” After depositing
such molecules on a Cr(001) substrate, we measured molecular
orbitals of Cg4, adsorbed on terraces with opposite magnet-
ization and compared it with spin-resolved ab initio
calculations, demonstrating a strong spin splitting of the lowest
unoccupied molecular orbital. Our work, that is, the first
investigation of C4, molecules on a magnetic surface using SP-
STM/STS, provides for the first time the experimental evidence
of a spin splitting of a molecular orbital through a complete
spin-polarized spectroscopic study at the single molecule level.
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Figure 1. (a) Schematic view of the STM junction. A magnetic tip is used to measure the transport through Cg molecules adsorbed on
antiferromagnetically ordered terraces of the Cr(001) surface. (b) 100 X 65 nm* three-dimensional composite of topographic STM image (U= 1V,
I = 300 pA) colored with spin-resolved dI/dU map at U = —25 mV measured with open feedback loop (starting from the set point of the
topography). Two levels of differential conductance can be seen above adjacent terraces of the chromium sample. C4, molecules exhibit positively
correlated levels of conductance on both types of terraces at this voltage. (c) Statistical dispersion of the dI/dU signal measured above the center of
427 individual molecules, about half of which were adsorbed, respectively, on the “up” and “down” terraces (closed feedback loop at —0.5 V).

This clearly shows the way toward a molecular engineering of
magnetoresistance for spintronics.

Experiments were conducted using a low temperature STM
(5 K) under UHV conditions (less than 107'! mbar). The
chromium sample was prepared by repeated Ar* ions sputtering
(2 keV) and annealing (900 K) cycles and then placed on the
STM stage. Fullerene molecules were then deposited in situ
onto the cold sample from a C4 powder sublimated in a
crucible resistively heated at 600 K. A sparse distribution of
single molecules onto the surface is obtained with all possible
polar and azimuthal orientations. A subsequent annealing at
room temperature makes almost all molecules turn into a
pentagonal adsorption geometry. The magnetic Fe/W tip was
prepared using an electrochemically etched tungsten tip shortly
annealed under UHV, and then around 40 monolayers of iron
were evaporated onto the tip apex. Differential conductance
spectra were acquired using lock-in detection with a
modulation signal at 750 Hz and 25 mV.

Our model system consists of single Cyy molecules deposited
on a Cr(001) surface under ultrahigh vacuum (UHV) and
probed with a magnetic tip (Figure la). SP-STM allows to
measure the local tunneling magnetoresistance (TMR) above
each single molecule at the atomic scale. Typical SP-STM
images are obtained as shown in Figure 1b where a topographic
STM image has been mapped with the differential conductance
signal (dI/dU, color coded) at —25 mV. Adjacent terraces of
the Cr(001) surface exhibit alternating high and low
conductance levels revealing two in-plane opposite magnet-
izations of adjacent chromium layers due to the antiferromag-
netic order in the [001] direction.'® We will refer to these as
“up” and “down” terraces arbitrarily. A careful look of the
conductance values at the center of the molecules shows a
striking correlation with the TMR between chromium terraces.
We also observed the same phenomena at —0.5 V but with an
inversion of the molecular TMR with respect to the chromium
TMR.

To measure quantitatively the TMR, we report on typical
dispersion histograms of the dI/dU signal measured above the
center of molecules at U = —0.5 V on both terraces, and a
Gaussian fit of each histogram, as seen in Figure lc. This
statistical measurement was repeated with several tip states and
constantly yields the same order of magnitude of both TMR
and width of the distributions. These dispersions that widely
exceed the energy resolution of the measurement may be
explained by the presence of impurity defects on the Cr(001)
surface’ and by the different azimuthal orientations of the
molecules. The role of impurities on the local electronic and
magnetic properties of the Cg, molecules is still unclear, but we
expect that it should concern only a few molecules in our
sample due to a low concentration of surface impurities.
However, the histogram of Figure 1c clearly shows a difference
in the mean value of the differential conductances on the two
sets of data that largely overcomes the dispersion measured on
each terrace. We calculated the corresponding TMR using the
standard definition based on the Julliere model:*°

_ (dI/dU)up - (dI/dU)down

TMR
(dI/dU)down (1)

It is worthy to note that the tip and sample magnetizations
being in plane, their relative orientation may be tilted and not
collinear, which would lead to an underestimation of the TMR.
The measurements of Figure 1c yield a TMR value of —30%.
One should note that in this experiment we use the intensity of
the dI/dU signal at —0.5 V measured in a topographic image
obtained at the same bias voltage. This may weaken the
measured effect because the constant current imaging may
compensate the dI/dU differences."

A comprehensive understanding of the energy resolved spin
transport through the Cg, molecules is provided by an energy-
dependent analysis of the magnetic contrast. In Figure 2a we
report averaged spin-resolved tunneling spectra measured
above the center of 16 C4, molecules adsorbed on a pentagon
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Figure 2. (a) dI/dU spectra locally measured above the center of
molecules on “spin up” and “spin down” terraces (starting from a set
point U = 1 V). Each spectrum is an average over 16 molecules. The
insets show the conductance maps measured over two molecules on
“spin up” and “spin down” terraces with an open feedback loop (set
point before opening the loop, U =1V, I = 300 pA). The maximum
signal of 0.86 nA/V in the insets is to be compared with the maximum
of the averaged spectra and illustrates the important dispersion of the
dI/dU values (see Figure 1c). The sign of the TMR above Cr(001) is
positive at both energies. (b) Magnetoresistance calculated from part a
between —1 V and +1 V.

on the two types of terraces. The resonances around —2 V and
+1.4 V can be assigned to the highest occupied (HOMO) and
second lowest unoccupied (LUMO) molecular states of the
free molecule (free molecule HOMO and LUMO+1,
respectively) following the calculations which will be presented
later in the paper. At —0.5 V a clear difference is observed
between spectra obtained above Cg, on spin up and spin down
terraces. This observation reveals the spin polarization of this
state. It is consistent with the above TMR measurement at this
voltage. The spatial dependence on the spin polarization can be
revealed by comparing the dI/dU maps of molecules adsorbed
on spin up and down terraces. Such spin sensitive spatial
mapping is reported in the inset of Figure 2a. It shows that the
local density of states (LDOS) of this molecular state attributed
to the LUMO state has a different intensity depending on the
magnetization orientation of the terrace with an intense
contrast above the center of the molecule. Local spectra also
exhibit another peak near the Fermi level, which is also spin-
polarized, but with an opposite sign compared to the one at
—-0.5 V.

We can extract values of the TMR calculated from the
spectra in Figure 2a using eq 1. They are reported in Figure 2b.
It shows that TMR values up to 100% can be achieved through
Cgo molecules. Moreover, the sign of the TMR is inverted at
—0.5 V compared to the TMR at the Fermi level. At this stage a
crucial question is whether the two peaks at —0.5 V and at the
Fermi level correspond to two different molecular orbitals. A
LUMO splitting was observed by STS on Cg4, on Ag(lOO).ZI’22
In this case the corresponding dI/dU maps exhibit different
patterns. Here we do not observe such variations. On the
contrary the dI/dU map is persistent over a broad range of

energy from —1 V to Eg and for both spin channels. Therefore
we believe that these two peaks can be ascribed to the same
molecular state. Indeed the comparison with ab initio
simulations detailed below will allow to attribute these two
peaks to the single m = 0 LUMO orbital.

We have carried out ab initio density-functional theory
(DFT) electronic structure calculations using plane-waves
package Quantum-ESPRESSO*® within the generalized gra-
dient approximation (GGA) for exchange-correlation func-
tionals in the Perdew, Burke, and Ernzerhof parametrization.24
One should mention that we are aware of rather poor
description of Cr by GGA, in particular, the overestimation
of the magnetic moment of Cr(001) surface;>> to improve
results one often needs to suppress the surface magnetism in
some way. We find, however, that in our case of Cq,/Cr(001)
the GGA works pretty well allowing for a reasonably good
theoretical interpretation of experimental data. One of the
reasons of good performance of GGA could be a very strong
reduction of the Cr surface magnetism by adsorbed Cg,
molecules: the magnetic moment of Cr atom right beneath
the molecule is reduced more than three times with respect to
the clean Cr surface (see the Supporting Information). We can
simulate theoretically energy-resolved spectral maps by
calculating the LDOS at the energy of interest on the iso-
surface of LDOS integrated from zero to that energy
(simulating the STM topograph).u’26 This allows to take
into account the possible influence of the topography on the
conductance map that could have an impact on the exact shape
measured in the conductance map. Such images are shown in
Figure 3 (for down spin polarization) at U = —1.4, —0.4, and

U=-23V U=—035V U=1.0Vv

U=—14V

U=—04V U=10V

Figure 3. Top row: experimental dI/dU maps (closed loop) at
U=-23V,-0.5V,and 1.0 V. The —0.5 V map remains the same up
to the Fermi level. Bottom row: simulated DFT dI/dU maps for spin
down channel (the results for up spin are qualitatively similar) at U =
—1.4V, —0.4V, and 1.0 V, showing the signatures of HOMO, LUMO
m = 0, and LUMO+1 molecular orbitals, respectively.

1.0 V. These images are compared to experimental energy
resolved spectral mapping of the dI/dU signal at bias voltages
corresponding to the peaks observed in the dI/dU spectra. This
is reported in Figure 3 top row. We find a good agreement
between theoretical and experimental images, except of the shift
of the HOMO peak (see the following discussion): we observe
five bright spots coming from the hexagon atoms in the
HOMO image (U = —1.4 V), a bright circle at the pentagon cen-
ter, characteristic for the m = 0 LUMO orbital (U = —0.4 V),
and, on the contrary, a bright ring with a dark central part for
the LUMO+1 image (U = 1.0 V). Note that the latter change of
contrast between LUMO and LUMO+1 states was already
reported for Cgy molecules adsorbed on Ag(100).>"**
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Figure 4. DFT calculations: (a) free C4, molecule: energy levels and their degeneracies; (b) DOS of free but distorted (as after deposition on the Cr
surface) Cqy molecule. (c) Cq on Cr(001) (see inset): DOS projected on different molecular orbitals of deformed molecule for both spin
polarizations. The magnetic moment of Cr surface layer specifies the “up” direction; we also plot the down spin wave functions at some selected
energies corresponding to HOMO, LUMO m = 0 (both spins are shown), and LUMO+1 hybridized states.

As a reference with an isolated C4, molecule, we show the
DFT eigenvalues, degeneracies, and spatial distributions of
HOMO, LUMO, and LUMO+1 molecular orbitals, in Figure
4a, which agree well with previous results.”" All of the levels can
be labeled by an integer number m reflecting their symmetry
with respect to a S-fold rotational axis passing through the
centers of two opposite pentagons and perpendicular to the
page in Figure 4a. In particular, the three LUMO states are of
m = +1 and m = 0 symmetry and have very different spatial
distributions: the m = +1 orbitals are localized on the pentagon
ring, while the m = 0 orbital is rather circular with the
maximum extension at the pentagon center. Therefore the
observed molecular orbitals at —0.5 V seem to be characteristic
for m = 0 LUMO orbital.

To demonstrate the link between the molecular orbitals of
the C4, modified by the interface with the chromium surface
and the inversion of sign of the TMR reported above, we now
turn to the electronic structure of our whole system, namely,
the Cq, molecules deposited on the chromium surface. The Cr
surface was simulated by five (001) atomic layers, and the
(4 x 4) in-plane periodicity of the supercell was used. The
plane wave cut-offs were 30 and 300 Ry for the wave functions
and for the charge density, respectively. Integration over
irreducible Brillouin zone was accomplished using a (4 X 4 X 1)
mesh of k-points and a smearing parameter of 10 mRy. The Cq,
molecule and the two Cr surface layers were allowed to relax,
while the other Cr layers were kept at their bulk positions.
Electronic structure of the relaxed system has been further
refined using more k-points ((8 X 8 X 1) k-point mesh) and 11
layers of Cr. The shape of the molecular orbitals observed
experimentally indicates that the C4y, molecule is adsorbed on
the Cr surface by the pentagon ring. Taking this into account in
the calculations, several adsorption sites were studied. It was
found that the molecule binds most strongly at atop the
adsorption site (the pentagon center above the Cr atom as

depicted on the inset of Figure 4c) with the large adsorption
energy of 3.9 eV and the shortest C—Cr distance of about 2 A.
We note that at such a strong binding the effects of van der
Waals interactions are negligible (see the Supporting
Information). As a result of strong binding, the Cg molecule
becomes distorted: in particular, its bottom gets much
flattened, providing more bonds to the substrate (see the
inset of Figure 4c).

It has been found that the strong binding of Cg, molecule to
Cr surface affects dramatically its molecular orbitals. This effect
has two sources: the strong distortion of the molecule and the
coupling of molecular states to the substrate states. We first
analyze the effect of distortion alone showing in Figure 4b the
DOS of free but distorted Cqy molecule. The (degenerated)
HOMO, LUMO, and LUMO+1 orbitals get split and shifted in
energy. In particular, the LUMO levels split into m = 0 and
almost degenerate pair of m = =+1 states, while the HOMO
states move to higher energies thus decreasing the LUMO—
HOMO gap by about 0.4 eV. Rather interestingly, one more
state appears near the LUMO+1 states, at the energy of 1.5 eV.
It originates from higher-energy states and has a spatial shape
similar to the LUMO m = 0 orbital. All of the levels are of
course spin-degenerate.

Our calculations show that, when the molecule is further
brought in contact with the Cr surface, the up and down
molecular orbitals hybridize very differently with the substrate
states. This is especially true for the LUMO orbitals (mainly
localized on pentagons) and could be due to rather different
up/down DOS of a clean Cr surface around the Fermi energy:
the spin up DOS is much larger (possibly due to the presence
of spin up surface state) than the spin down one. Figure 4c
shows the up and down DOS of the whole Cg,/Cr(001) system
projected onto different molecular orbitals of free deformed Cg,
molecule (the “up” direction refers to the magnetic moment of
Cr surface layer). Near the Fermi energy one can clearly see the
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spin-split LUMO m = 0 resonances appearing at 0.1 eV for up
spin and at —0.4 eV for down spin channels. The LUMO
m = =+1 states do not show such a pronounced spin-splitting
and appear partially at negative energies (broad features around
—0.5 eV) and at positive energies (around 1 eV), mixing with
the LUMO+1 states having the similar spatial shape. We notice
also that both HOMO-1 and HOMO derived states are shifted
to positive energies so that the HOMO-1 main peak appears
right at the left boundary of the figure, at E < —2 eV (the
HOMO-1 states for an isolated molecule were out of energy
range of the figure). Note that PDOS shown in Figure 4c
suggest significant charge transfer to the molecule and its
negative (opposite to the Cr surface layer, a kind of
antiferromagnetic coupling) spin polarization (for detailed
discussion, see the Supporting Information).

The PDOS analysis done above does not allow to make a
direct comparison with STS data since it does not take into
account the spatial shape of electron wave functions and their
decay in the vacuum where the STM tip is located. Instead, the
so-called vacuum LDOS appears in a spin-polarized version of
well-known Tersoff—Hamann approach to tunneling differ-
ential conductance:*’”

dI

G=—

ninl(Ry, En + eU
U tng (Ry, Eg )

o )

where 1} are spin-dependent tip DOS (assumed to be constant
in energy), and

n{(Ry, Eg + eU) = Y. Iy (Rp)6(e, — Eg = eU)
j 3)

is the spin-dependent vacuum LDOS of the substrate (the
surface plus the molecule) at the tip position Ry and at the
applied voltage U.

We plot therefore in Figure Sa the vacuum LDOS at 6 A
above the pentagon center for both up (solid blue lines) and
down (solid red lines) spin polarizations (which is calculated by
integrating ng(Ry, E) inside a small cube of size 0.4 A). We
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Figure 5. DFT calculations: (a) vacuum DOS at 6 A right above the
pentagon center (solid lines) and above the pentagon atoms (dashed
lines). In the last case the DOS was averaged over different pentagon
atoms. (b) Spin polarization calculated from the difference between
the spin up and the spin down LDOS above the pentagon center.

observe that around the Fermi energy the both curves follow
very closely the LUMO m = 0 DOS, showing in particular the
two rather narrow peaks at 0.1 eV (spin up) and —0.4 eV (spin
down). In the case of fully spin-polarized tip (e.g, nt = 0,
nk # 0), these two vacuum LDOS may be directly compared
with two differential conductance curves in Figure 2a due to eq
2. For more realistic case of partially polarized tip (n} # 0,
nk # 0), two vacuum LDOS will be mixed together in different
proportions (related to the tip polarization). In any case, the
two LUMO related features in the vacuum LDOS around the
Fermi energy seem to match pretty well to the two low bias
peaks observed in STS experiments. Also in agreement with
experiment, we observe a large increase in vacuum LDOS at
E > 1 eV which is in fact related to the LUMO+1 states. On the
contrary, the HOMO states are almost invisible due to probably
their localization on the pentagon-hexagon bonds, while the
vacuum LDOS is probed above the pentagon center. They will
indeed show up if the LDOS is taken above the pentagon
atoms as is shown (after averaging over different pentagon
atoms) in Figure Sa by dashed lines. Well-pronounced
(especially for spin down channel) features appear now at the
energy around —1.4 eV. We associate these features to the STS
peak observed at U = —2 V since our theoretical and
experimental spectral maps match very nicely as can be seen
from the left column of Figure 3. A much bigger height of the
experimental peak could be explained by several reasons: a
more massive STM tip probing the states in much bigger space
region, not only at the pentagon center; the deformation of the
tunneling barrier at this large voltage leading to the increase of
the tunneling current; and, finally, the increase in the Fe tip
DOS for unoccupied (spin down) states breaking the
applicability of the Tersoff—Hamann model. Another problem
is the shift in energy of the HOMO-related peak by about 1 V
which could be related to the usual failure of the mean-field
DEFT approach in describing properly the position of molecular
levels and thus the underestimation of the LUMO—-HOMO
gap. It should be also noted that the vacuum (spin down)
LDOS shows a small peak at about —2.2 eV due to HOMO-1
derived states. We do not however associate this peak to the
experimental peak at —2 V since the theoretical spectral maps
turn out to be rotated by an angle of 7/S with respect to the
experimental map (see the Supporting Information). Finally,
we have calculated the spin polarization of the LDOS above the
pentagon center (Figure Sb). At the energies of the spin-down
and spin-up LUMO m = 0 state (—0.4 and 0.1 V), the spin
polarization exhibits maxima, and the sign of the spin
polarization changes from negative to positive values. There-
fore, the voltage-dependent experimental TMR, and in
particular the sign inversion, reported in Figure 2 can be
attributed to the variation of the spin polarization of the LDOS
above the molecule. It is worth noting that at large bias the
experimental TMR vanishes, in contrary to the calculated spin
polarization. This could be due to spin flip process occurring at
high energy that is not taken into account in the calculations.

In summary, it has been found that single C4, molecules
strongly interact with a Cr(001) surface in the pentagonal
adsorption geometry. This interaction induces the spin-splitting
of a LUMO derived state close to the Fermi energy which, as
confirmed by DFT calculations, can be probed by STS far away
from the Cr surface. Various molecular states of the interacting
molecule have been imaged at different voltages using STS with
an intramolecular resolution and have been reasonably well-
reproduced by DFT simulations. Present SP-STS measure-
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ments are the first ones achieved on a full carbon, nonplanar
molecule. This study has shown that the molecules acquire a
spin-polarized DOS at molecular resonances, which is both
energy and spatially dependent and can be strongly amplified
and inversed with respect to the Cr surface. This result opens
the way to an engineering of spin filtering through molecular

orbitals.
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Technical details on the measurement of dI/dU maps, van der
Waals interactions, charge transfer, spin polarization, and
conductance map rotation between HOMO and HOMO-1
orbitals. This material is available free of charge via the Internet
at http://pubs.acs.org.
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