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ABSTRACT: Molecular junctions based on ferromagnetic electro-
des allow the study of electronic spin transport near the limit of
spintronics miniaturization. However, these junctions reveal
moderate magnetoresistance that is sensitive to the orbital structure
at their ferromagnet—molecule interfaces. The key structural
parameters that should be controlled in order to gain high
magnetoresistance have not been established, despite their
importance for efficient manipulation of spin transport at the
nanoscale. Here, we show that single-molecule junctions based on
nickel electrodes and benzene molecules can yield a significant
anisotropic magnetoresistance of up to ~200% near the conductance
quantum G,. The measured magnetoresistance is mechanically tuned
by changing the distance between the electrodes, revealing a
nonmonotonic response to junction elongation. These findings are
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ascribed with the aid of first-principles calculations to variations in the metal—molecule orientation that can be adjusted to obtain
highly spin-selective orbital hybridization. Our results demonstrate the important role of geometrical considerations in
determining the spin transport properties of metal—molecule interfaces.
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pintronics has a large impact on daily life, being the

backbone of computer hard drives." The reduction in size
of spintronic elements is of central importance for efficient
information processin§, as well as for demonstrating intriguing
physical phenomena.” ® In this respect, magnetoresistance
measurements across molecular junctions provide a useful test-
bed for spin transport at the nanoscale.” Previous studies
showed that magnetoresistance in molecular junctions is
sensitive to the orbital structure at the metal-molecule
interfaces.”~'" However, the structural aspects that should be
considered in order to gain optimal magnetoresistance
enhancement have not been studied. This information is
necessary in order to develop a practical methodology for
controlled spin transport across metal—molecule interfaces in a
variety of nanoscale molecular junctions and organic spintronic
devices. Here, we show that anisotropic magnetoresistance
(AMR) in molecular junctions can be enhanced by more than
an order of magnitude with respect to the corresponding bare
atomic junctions, while mechanical modifications of the
junction efficiently tune the obtained magnetoresistance. With
the aid of first-principle calculations, these effects are explained
by spin-selective orbital hybridization that can be optimized by
tuning the relative orientation between the metal electrodes
and the molecule. Our findings shed light on the structural and
geometrical conditions at metal-molecule interfaces that are
required for optimal magnetoresistance.
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The mechanism underlying AMR in the bulk is anisotropic
scattering of electrons as a result of spin—orbit interaction,
which depends on the relative orientation of the magnetization
and the electronic current. Generally, stronger scattering is
expected for current aligned with the conductor magnetization,
leading to higher resistivity in comparison to current
perpendicular to the magnetization (Figure 1, bottom left
inset). The change in resistance for bulk ferromagnetic metals is
small and does not exceed 5%."" Interestingly, when the size of
a ferromagnet is reduced to the atomic-scale, the AMR
response is enhanced to 10—15%."'>'* This enhancement was
ascribed to the high sensitivity of the local electronic structure
at the atomic constriction to the magnetization direction,
resulting in large variations in the electronic transmission." ™"
While larger than the bulk response, AMR in atomic-scale
devices based on metallic ferromagnetic electrodes is limited by
their moderate injection of spin current. The conductance of
these metals is dominated by the insignificantly spin-polarized
sp bands rather than by the spin-polarized d bands, resulting in
moderate conductance variations in response to magnetic
manipulations.'" The limited spin injection from ferromagnetic
metals is a general drawback, leading to the incorporation of
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Figure 1. Schematic description of the measurement setup. The
sample is composed of lithographically-defined gold electrodes,
connected by a microscale ferromagnetic Ni constriction. The central
panel depicts a scanning electron microscope image of the constriction
and the suspended bridge. A three-point bending mechanism is used
to controllably break the constriction so as to form atomic and tunnel
junctions. Benzene molecules are introduced to the junctions via a
molecular source in order to form molecular junctions (schematically
depicted in the bottom right panel). By applying an external magnetic
field the relative angle (6) between the magnetization of the junction
and the current across it is changed, affecting the conductance (or
resistance) as schematically illustrated in the bottom left inset for a
bulk contact.
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sophisticated structures and exotic materials’ """ in order to

increase the magnetoresistance and therefore the sensitivity of
spintronic devices. This limitation can be confronted by taking
advantage of the chemical binding between #-conjugated
molecules and ferromagnetic metals to promote transport via
the frontier spin-polarized d-orbitals of ferromagnetic electro-
des.”'”*° Yet, having such a spin-selective orbital hybridization
is only a prerequisite and geometrical aspects should be taken
into consideration.

We use a break-junction setup at cryogenic temperatures (59
K) to study AMR in nanoscale contacts, as well as in atomic
and molecular junctions using the same sample. This approach
allows for a reliable comparison between the AMR properties of
the three systems. The samples are made of two gold leads
connected by a microscale ferromagnetic nickel (Ni) section
(Figure 1). The metallic structure is firmly attached to a
bendable substrate, excluding a nanoscale segment at the center
of the Ni constriction. With the aid of a three-point bending
mechanism, the suspended Ni segment is stretched and broken
in cryogenic vacuum, exposing two ultraclean Ni apexes. The
distance between these electrodes can be adjusted with sub-
angstrom resolution to repeatedly form single-atom junctions
with different atomic tip configurations. Molecular junctions are
obtained by introducing benzene molecules in situ via a
molecular source. Our sample design is optimized to efficiently
suppress undesired magnetostrictive effects that can contribute
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to the measured magnetoresistance by changing the distance
between the electrodes. This is achieved by minimizing the
ferromagnetic section of the junction and in particular the freely
suspended region.”' The negligible role of magnetostriction is
verified by the absence of systematic changes in magneto-
resistance in control experiments performed on the bare Ni
junctions at the onset of tunneling conductance. Further details
can be found in the Supporting Information.

AMR can be measured by changing the direction of sample
magnetization with respect to the current with the aid of a
rotating magnetic field. Relevant results based on this
measurement technique are presented in the Supporting
Information for atomic and molecular junctions. However,
when measuring atomic-scale junctions, this approach
promotes abrupt conductance variations that may stem
(among other possibilities) from local atomic and molecular
rearrangements induced by the rotating magnetic field,”” rather
than from intrinsic AMR. To avoid ambiguity, we adopted a
simpler yet well-established measurement scheme.””** We first
analyzed the conductance response to magnetic field sweeps
along the three principal axes of our junctions and identified
that near zero magnetic field the junctions are spontaneously
magnetized perpendicular to the junction axis and in its plane™
(as discussed thoroughly in the Supporting Information). Then,
the conductance was measured while the magnetic field is
swept along the sample axis (Figure 2a). The magnetization of
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Figure 2. (a) Schematic description of the junction magnetization
during a sweep of magnetic field along the sample axis. AMR measured
on (b) a nanoscale contact (G,, = 98Gy), (c) a Ni atomic junction (G,,
= 1.36Gy), and (d) a Ni/benzene molecular junction (G,, = 0.42G,).
The similar trend of the relative conductance for the atomic and
molecular junctions suggests that the easy axis for magnetization is the
same in both cases.

the sample is initially aligned antiparallel to the current by
applying a magnetic field of 0.5 T in this direction, leading to a
low conductance. As the magnetic field is reduced to zero the
magnetization is spontaneously aligned perpendicular to the
current, resulting in a higher conductance. Finally, when the
magnetic field is increased in the opposite direction the
magnetization is aligned in parallel to the current. This scheme
yields fairly smooth conductance variations as a function of
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magnetic field, for both atomic and molecular junctions,
indicating the lack of abrupt atomic and molecular rearrange-
ments in the junction constriction.

In atomic-scale transport measurements, it is customary to
focus on conductance rather than resistance. Therefore, the
AMR response is defined as AG/G,,, = (G — G1)/G = (R, —
R)/Ry where G, and R; (i = ||, L) are the conductance and
resistance parallel or perpendicular to the current direction and
G,, = G| is the minimal conductance. As a first step, we focus
on the AMR response of a Ni nanoscale contact. In this regime,
near zero magnetic field there are multiple magnetic domains in
the vicinity of the contact and the magnetic field acts to align
them with the junction axis. Figure 2b presents the AMR ratio
as a function of magnetic field for a nanoscale contact with a
zero-bias differential conductance of 98.0 G, (G, = 1/12.9K Q
is the conductance quantum). An AMR ratio of 1.23% is
obtained, which is in agreement with the typical AMR found for
bulk Ni.'' In order to analyze the AMR response of atomic
junctions, the junction was partially broken in a controllable
fashion while measuring the conductance. During this process
the number of atoms in the cross-section of the Ni constriction
was gradually reduced up to a single-atom contact that is
characterized by a typical conductance of 12—1.4 G, %"’
Figure 2c shows that the AMR response is increased to 9.8%
when an atomic junction is formed. Similar AMR enhancement
was reported previously for atomic-scale junctions'”"* and was
attributed to the enhanced sensitivity of conductance across an
atomic-scale constriction to magnetization-induced variations in
the local density of states, or to a possible enhancement of
spin—orbit interaction due to the low atomic-coordina-
tion.'"*'® Further elongation of the junction resulted in
breaking of the contact and formation of a tunnel junction
(see Supporting Information).

In order to study the AMR response of a molecular junction
the examined atomic junction was further elongated until it was
broken. At this point, benzene molecules were introduced into
the junction by sublimation from a molecular source and the
interelectrode separation was adjusted to form a molecular
junction. The presence of a molecule in the junction was
initially verified for each junction realization by measuring a
stable conductance value smaller than the typical conductance
of bare Ni atomic junctions. Further verification was obtained
by detecting the molecular signature of vibration activation in
the conductance of the junction (see Supporting Information).
Figure 2d presents an AMR measurement taken after the
formation of a molecular junction. The AMR response of the
molecular junction reaches 208%, more than 1 order of
magnitude higher than the AMR obtained for the correspond-
ing atomic Ni junction (see Supporting Information for
statistical data). This maximal AMR response is higher than
previously reported magnetoresistance ratios found for single
molecule junctions.”' %"~

The structure of molecular junctions evolves when the
interelectrode distance is increased.”’ To characterize the effect
of structural modifications on magneto-transport, we studied
the response of the AMR ratio to junction elongation. The
interelectrode separation was increased in sub-angstrom
sequential steps of 0.1 A, while the conductance and AMR
response were measured at each step. As can be seen in Figure
3a, the conductance is monotonically reduced when the
junction is elongated. In contrast, the AMR is first enhanced,
reaching an optimal value at G, ~ 0.4G, (Figure 3b), and
decreases afterward. This behavior indicates that the AMR ratio
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Figure 3. (a) Selected magnetoconductance curves for different
junction elongations. (b) AMR ratio for the entire stretching sequence,
partially shown in (a), as a function of G,,; the decrease in G, is due to
a monotonic increase in electrode separation (further details appear in
the Supporting Information).

is optimal in a certain molecular junction configuration,
allowing mechanical tunability of the AMR effect. We note
that the nonmonotonic AMR response is consistent with the
negligible role of magnetostriction in our design. This
undesired effect is expected to yield monotonically increasing
magnetoresistance as the conductance is reduced by stretching
toward the tunneling regime.

To shed light on the origin of the high AMR in our single
molecule junctions, as well as its evolution during junction
elongation we performed density functional theory (DFT)
based first-principles calculations (see Supporting Information).
We note that related transport calculations were recently
reported for a model system of a Ni-benzene junction.” Figure
4a shows the spin-resolved projected density of states on the 7
(PDOS”) and 6 (PDOS°) benzene orbitals, at an interelectrode
distance of 7.2 A for which the junction has a minimum total
energy (see Supporting Information). At the Fermi energy, the
energy relevant for transport, PDOS” is considerably larger than
PDOS’. Moreover, in contrast to PDOS?, the different PDOS”
for the spin up and down channels indicate a clear spin-
polarization near the Fermi energy. Because the isolated
molecule has no magnetic moment and charge transfer between
the molecule and the electrodes is negligible (see Supporting
Information), the observed spin-polarization should stem from
hybridization with the magnetic electrodes.”>****

A better understanding of this effect can be gained by looking
at the corresponding real-space plot of the spin-resolved charge
density around the Fermi energy (Figure 4b). For the spin
down channel, an efficient hybridization between the frontier d-
orbitals of the Ni electrodes and the 7-orbitals of the molecule
is clearly visible. This is in clear contrast to the spin up channel,
showing minor orbital hybridization between the molecule and
the electrodes. The significantly different hybridization for the
spin up and spin down channels leads to high spin polarization
(further details appear in the Supporting Information). Similar
selective 7—d hybridization was revealed experimentally for
benzene molecules adsorbed on Ni surfaces.’® Because of
anisotropic spin—orbit coupling in ferromagnetic atomic-scale
junctions, spin-polarized states are shifted with respect to the
Fermi energy in response to changes in the magnetization
direction."*™'*** As a result, the dominant role of the spin-
polarized 7—d hybridized states at the Fermi energy is expected
to enhance the AMR response of the molecular junction.
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Figure 4. (a) Calculated density of states projected on the z- (solid,
red) and o- (dashed, blue) orbitals of the benzene molecule for an
interelectrode separation of 7.2 A. Inset: calculated P for different
interelectrode separation, d. The values of P for interelectrode
distances of 7.2 and 7.6 A, discussed in the text, are marked with
triangles. (b,c) Spin-resolved charge density plots for an energy
window of 100 meV around the Fermi energy for two junction
configurations with an interelectrode distance of 7.2 A (b) and 7.6 A
(c), respectively.

The observed tunable AMR can be explained by the
directionality of d-orbitals in space, dictating that the z—d
hybridization is sensitive to variations in the mutual orientation
of these orbitals.”"*® The degree of spin polarization of PDOS”
at the Fermi energy can indicate the relevant spin selectivity for
PDOS}(Ey) — PDOS (Ey)
PDOS?(E;) + PDOS? (E;)
and it is presented in the inset of Figure 4a as a function of
electrode separation. Similar to the measured AMR, the spin
polarization P is clearly subjected to nonmonotonic variations
as a function of junction elongation. Comparison between the
spin-resolved charge density plots for compact (Figure 4b) and
extended (Figure 4c) junction configurations reveals that the
molecule tilts with respect to the electrode axis as a result of
junction elongation. In the extended configuration, the overall
hybridization between the molecule and the electrode frontier
orbitals is reduced, and non-negligible 7—d hybridization is
now found for both spin up and spin down electrons, resulting
in the observed decrease in spin polarization. For relatively
compact junction configurations with measured conductance
above 0.4G, (Figure 3b), the reduction in P indicates a less
dominant contribution of spin-polarized states to the
conductance and hence moderate AMR. Beyond this effect,
for close enough electrodes some reduction of AMR may result
from poorly spin-polarized tunneling conductance between the
Ni apexes. This background conductance, which is dominated

transport. This quantity is defined as P =
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by the Ni frontier s-orbitals, is rather insensitive to magnet-
ization variations.® The exemplified structural flexibility of the
molecular junction can therefore be used to modify the orbital
hybridization in the junction and optimize the AMR response.

To conclude, significantly high and tunable AMR was
demonstrated in Ni/benzene molecular junctions. Our analysis
indicate an optimal molecular orientation with respect to the
ferromagnetic metal electrodes, in which a maximal AMR is
achieved due to efficient spin-selective orbital hybridization.
These findings demonstrate the importance of geometrical
considerations in determining the spin transport properties at
metal—molecule interfaces and open the door for controlled
magnetoresistance by geometrical modifications at such
interfaces.
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I. Device fabrication and introduction of molecules.

The break junction samples were fabricated on phosphor-bronze substrates, spin coated with a
2-um thick dielectric polyimide layer. Contact pads and leads were patterned using
photolithography and evaporation of a 10 nm thick chrome layer followed by an 80 nm thick
gold layer. The constriction was patterned using e-beam lithography followed by evaporation of
an 80 nm thick nickel layer. The polyimide layer below the constriction was under-etched using
inductively coupled plasma to form a freely suspended region of about 320 nm. The device was
mounted into a vacuum chamber equipped with a three point bending mechanism. All AMR
measurements were performed after cooling the chamber to 5.9 K. The constriction was
narrowed to form an atomic junction by bending the substrate using a combination of a screw-
nut mechanism for rough adjustments and a piezo-element for fine-tuning. AMR measurements
were performed using a conventional lock-in current-bias scheme, while a voltage-bias lock-in
technique was used for inelastic electron spectroscopy measurements. Benzene molecules
(Sigma Aldrich, Anhydrous, 99.8%) were introduced to the junction using a molecular source
composed of heated vacuum tube, connecting a benzene reservoir held at room temperature to
a funnel right above the junction. The benzene was further purified in-situ by several freeze-
pump-thaw cycles before admission of molecules to the junction.

I1. The role of magneto-elastic effects

Ferromagnetic metals deform under applied magnetic field, an effect referred to as
- . . . Al 5y - .
magnetostriction. Despite this being a rather small effect’ (T~10 3), it was previously shown

that nano-contacts, created by electro-deposition or by breaking a macroscopic ferromagnetic
wire, can deform by orders of tens of nanometers, resulting in over 1000% variations in
conductance across the junction’. However, experiments performed on lithographically defined
break junctions in which metallic ferromagnetic films are anchored to a rigid substrate, indicated
that such deformations can be negligible, allowing the detection of AMR in the order of 10% in
agreement with related calculations®. This was further verified by demonstrating a clear



suppression of magnetostriction upon reduction of the length of the freely suspended region at
the center of a ferromagnetic junction®.

In order to diminish possible magnetostrictive effects in our experiments, the ferromagnetic
section of the junction was constrained to less than 10 um in length, along the junction axis.
More importantly, the freely suspended region was reduced to less than 300 nm, as described in
section 1. The insignificant role of magnetostriction in our measurements was verified by several
independent observations:

(1) Magneto-conductance measurements taken in the tunneling regime after breaking the
contact and before the introduction of molecules did not exhibit any systematic change in
conductance (Fig. S1a). This observation is in contrast to the expected high sensitivity of
conductance in the tunneling regime to magnetostriction-induced variations in the distance
between the electrodes of the examined junctions.

(2) The conductance response of our Ni atomic junctions to magnetic field applied in parallel
and perpendicular to the junction has comparable amplitude (Fig. S3), suggesting that
longitudinal deformations play a minor role.

(3) Magneto-conductance measurements in the single atom contact regime resulted in a
conductance change of less than 10% (Fig. S1b), which is comparable to results, obtained
previously on both Ni atomic contacts without a freely suspended region® and permalloy
atomic contacts®.

(4) Following the introduction of molecules to the Ni junction, we measured a non-monotonic
magneto-conductance trend in response to junction elongation (Fig. 3b of the main text).
This observation is consistent with negligible magnetostriction contribution. This is because
the latter is expected to yield a monotonic increase in the magneto-conductance ratio as
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Figure S1: Magnetoconductance of Ni junctions measured in the tunneling regime (a) and in the
atomic contact regime (b). The measurements were taken on different junctions.



the conductance is reduced towards the tunneling regime and the conductance sensitivity to
interelectrode distance is increased.

II1. AMR measurements in a rotating magnetic field.

To establish the AMR origin of the observed change in conductance with magnetic field,
conductance measurements were performed while rotating a magnetic field of 0.3 T in the
plane of the junction (See Fig. S2a). The chosen magnetic field amplitude is above the field
required to saturate the magnetization of the electrodes. This measurement scheme is less
appealing since itis susceptible to sharp variations in the measured conductance, possibly due to
atomic rearrangements7. Figure S2b presents the conductance of an atomic junction as a
function of magnetic field angle relative to the junction axis. The overall changes in conductance
are in agreement with the measured values obtained by sweeping the field along the axis.
However, in contrast to the latter measurement scheme, abrupt conductance variations can be
observed in Fig. S2b, leading to a less reliable determination of the magneto-conductance
amplitude.

Figure S2c presents the measured conductance for two independent Ni/benzene molecular
junctions, exhibiting an increase in conductance when the field is directed at an angle of
45<0<135 with respect to the junction axis. This angular dependence points to an AMR origin for
the observed behavior, excluding other origins such as tunneling magnetoresistance.

IV. Determination of the easy axis of the junction.

The easy axis of the junction was determined from the conductance response of the junction to
a magnetic field applied in different directions® as presented in Fig. S3. When the magnetic field
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Figure S2: Conductance measurements as a function of a rotating magnetic field. (a) Schematic
illustration of the relative direction of magnetization and current during the measurement.
Measurements of magneto-conductance of a Ni atomic junction (b) and two different
realizations of molecular junctions (c).



was swept either along the junction axis (z axis; Fig. S3a) or out of the junction plane (y axis; Fig.
S3b), conductance variations in the order of 7% were observed, in agreement with previously
reported results5. The conductance response to a magnetic field in the plane of the junction and
perpendicular to its axis (x axis; Fig. S3c) exhibited a different behavior. In contrast to the
monotonic change of conductance as the magnetic field was increased along the z or the y axis,
during this measurement the conductance was rather insensitive to the applied magnetic field
with minor features near zero magnetic field. This behavior is consistent with spontaneous
magnetization of the junction along the x direction®. Applying a magnetic field in this direction
preserves the perpendicular orientation of magnetization with respect to the current
throughout the measurement, except near zero magnetic field where the magnetization
switching occurs. Since the angle between the magnetization and the current does not vary, no
systematic changes in the conductance are expected, as indeed seen in Fig. S3c. While shape
anisotropy can lead to an easy axis along the z axis, we assign the observed orientation of
spontaneous magnetization to the stress applied on the ferromagnetic film due to the breaking
process. We note that a transverse in-plane spontaneous magnetization of a Ni thin film of a
similar width under tensile stress was also shown previously™.
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Figure S3: Conductance measurements as a function of magnetic field along the three axes of
the junction as defined in the insets. The measurements were performed for Ni\benzene
junctions in a stable, compact configuration.



V. Establishing transport through the molecule using inelastic electron spectroscopy:

In order to verify that the introduction of benzene to the Ni sample indeed formed molecular
junctions, we performed inelastic electron tunneling spectroscopy (IETS) to look for the
signature of molecular-junction vibrations. Figure S4 presents an example for the measured
normalized IETS signal before and after the introduction of molecules. The feature around zero-
bias observed in both graphs is attributed to excitation of phonons and magnons in the metallic
electrodes', on top of energy-dependent variations in the electronic density of states of the
point contact. However, after the introduction of molecules we observed IETS peaks around a
bias voltage of 53 + 3 mV. Similar features were previously shown to arise from vibration-

induced electron scattering in benzene-based molecular junctions'**>*.
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Figure S4: Differential conductance measurements taken on a Ni atomic junction before (a) and
after (b) the introduction of molecules. Arrows indicate the onset voltage for vibration
activation.

V1. Effects of variable molecular configurations.

The multitude of different metal-molecule configurations suggests some inherent variability in
the magneto-transport properties of the junctions. Out of the 43 junctions we examined, 6
exhibited magnetoresistance higher than 150%, while the average magnetoresistance value was
58.9%. This means that while configurations with extremely high AMR are robust and
reproducible they occur less often.

The effect of the molecular configuration on the measured AMR is even more evident when
examining the influence of junction elongation, as exemplified by the non-monotonic AMR
response in Figure 3 in the main text. Such non-monotonic behavior was observed in about 60%
of the successfully-elongated junctions, some of which are shown in figure S5.
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Figure S5: The dependence of AMR on junction elongation for different Ni-benzene junctions.

The monotonic behavior of other junctions (such as junctions 4 and 5) may result from
premature breaking of the junction during the elongation process before the extended
configurations were reached.

VII. Computational Methodology

All calculations were carried out within the framework of density functional theory (DFT)*, using
the generalized —gradient approximation of Perdew, Burke, and Ernzerhof (PBE)™. All work has
been performed using the VASP plane wave code®, with a plane wave cut off energy of 550eV.
lon-electron interaction was treated by means of the projector augmented wave method™®™.
Fermi-Dirac occupation “smearing” over an energy equivalent to 20meV was used to accelerate
convergence. An orthogonal super-cell of dimensions 24x24x48 A?, with single k-point sampling,
was used throughout. This allows for the description of a finite system despite the periodic
boundary condition as it affords a vacuum of ~10-12 A between system images, which was
found to be sufficient for keeping spurious interactions between system replicas at a negligible
level. Geometry optimization was performed until all force components were smaller than
5x10° eV/A.



VIII. Details of the Model System

The computed model system consisted of two Ni electrodes, oriented along the (111) direction
of a face-centered cubic (FCC) lattice and bridged by a benzene molecule, as shown in Fig. S6.
Convergence with the number of atomic Ni planes, n, was explicitly verified, with n=5 used.
Junction elongation was simulated by varying the electrode separation while keeping the unit
cell dimension constant. Electrode separation was defined as the normal distance between the
planes containing the three atoms located immediately behind the apex atom of each electrode.
The positions of the apex Ni atoms and the atoms forming the benzene molecule were then
optimized without symmetry constraints. Electrode separation was varied between 6.8 A and
8.3 A. We found that a separation of 7.2 A is the lowest energy configuration. At the lowest
energy separation, the benzene molecule was found to be normal to the inter-electrode axis.
For inter electrode separation beyond 7.5 A, tilting from the position was increasingly observed.

IX. Charge transfer between molecule and electrodes

We computed the z (inter-electrode axis)-distribution of the xy-averaged valence charge density
difference between one Ni-electrode with the benzene molecule, pgc(x,V,2) ,

and the benzene molecule alone, pg(x,y,2), in the form:p,(z) = ff_oom(pElec(x, v,Z) —
ps(x,v,2z) ) dx dy®, as a function of the distance along the axis of the electrode. The
integration limits were set to the end points of the unit cell along the x and y directions. The
result is shown in Fig. S7. For each atomic layer of the electrode, a peak at the corresponding z
coordinate value is observed. The benzene molecule plane is at a distance of 19 A along the z
axis and shows no significant signature of charge density difference. Because the PBE exchange-
correlation functional used here typically overestimates charge transfer’, these results can be
viewed as an upper bound charge, which means that charge transfer from electrode to molecule

can be ruled out for all practical purposes.
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Figure S6: Schematic diagram of the model system used in the computational work.
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electrode axis.

X. Real-space plot of the spin-resolved charge density

The real space distribution of charge density, obtained from states residing within an “energy
window” of 100 meV around the Fermi energy is plotted for up spin channel in Fig. S8, with an
iso-surface value of 0.001 eA3, which is much lower than that used in the main text — 0.007 eA.
At this very low iso-surface value, one can see some contribution at the benzene molecule. But,
interestingly, the charge density resembles o states more than 1t states. This further makes the
point of spin-selective electron transport, because the spin-polarized m states, discussed in the
main text as supporting transport, are in the down-spin channel.

Figure S8: Charge density distribution in real space, collected from orbitals within an energy
window of 100 meV around the Fermi energy for the spin-up channel, based on a calculation at
equilibrium tip separation of 7.2 A.
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