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ABSTRACT: The spin-dependent conductance in Co/C60/
Co/Ni single-molecule magnetic tunnel junctions has been
measured by combining spin-polarized scanning tunneling
spectroscopy and current-displacement measurements using an
ultrahigh vacuum low temperature scanning tunneling micro-
scope (STM) at 5 K. With an electrical contact between
molecule and electrodes, the measured junction conductance is
0.02−0.13 G0 in the low-conductance state and 0.12−0.76 G0
in the high-conductance state, respectively. The investigated
single-molecule junctions exhibit large tunnel magnetoresist-
ance (TMR) ratios higher than −60%. A variation of TMR from −63% to −94% has been observed due to different Co/Ni
electrodes.

1. INTRODUCTION

Organic molecules are appealing for next-generation spintronic
applications due to their weak spin−orbit coupling, weak
hyperfine interaction, long electron spin coherence, and
chemical diversity.1−8 Probing and manipulating the spin-
dependent electron transport through single molecules is of
prime technological importance for the miniaturization of
spintronic devices down to molecular scale. Single-molecule
magnetic tunnel junctions (MTJs), where two nanometer-scale
ferromagnetic electrodes are bridged by a single molecule, are a
key component in molecular spintronic devices. Probing the
spin-dependent transport in single-molecule MTJs with
precisely controlling the molecule-electrode separation is
important because the molecule−electrode interface plays a
significant role in the injection of spins from magnetic
electrodes into molecules.9 Current versus displacement (I−
Z) measurements by scanning tunneling microscope (STM)
are capable of detecting the junction conductance as a function
of the molecule-electrode separation. In particular, the electrical
contact at the molecule−electrode interface can be made and
characterized precisely by I−Z measurements.10−17 Detecting
the conductance of junctions in the contact regime is
technologically important for their potential applications in
high-frequency devices. By using I−Z measurements, the spin-
independent conductance in the contact regime has been well
investigated for C60-based single-molecule junctions with
nonmagnetic electrodes.10−15 The C60 molecule has exhibited
a great potential for spintronic applications.18−25 Therefore, it is
of high practical interest to study the electrical contact between
a single C60 molecule and magnetic electrodes by using I−Z
measurements, which has not been reported so far.

Here we report the measurements of spin-dependent
conductance in Co/C60/Co/Ni single-molecule MTJs in the
contact regime by using an ultrahigh vacuum (UHV) low-
temperature STM at 5 K. The junctions were made by
approaching the Co-coated Ni STM tip into electrical contact
with single C60 molecules adsorbed on the Co/Cu(111)
surface. Our measurements indicate that the junction
conductance ranges from 0.02 G0 to 0.13 G0 in the low-
conductance state and from 0.12 G0 to 0.76 G0 in the high-
conductance state, respectively. Tunnel magnetoresistance
(TMR) ratios larger than −60% have been observed with
three different Co-coated Ni STM tips. The variation of TMR
ratios induced by different STM tips is also observed.

2. EXPERIMENTAL SECTION
All the experiments were performed using a Unisoku UHV low
temperature STM system with a base pressure lower than 2 ×
10−10 Torr. The single crystal Cu(111) surface (Princeton
Scientific) was cleaned by repeated cycles of Ar+ ion sputtering
and subsequent annealing. The Co was deposited onto the
Cu(111) surface, which was kept at room temperature, from an
e-beam evaporator with a Co wire (99.995%, Alfa Aesar).
Immediately after Co deposition, the sample was transferred
into the STM chamber for fast cooling down to 5 K to avoid
the Cu−Co intermixing. The deposition of C60 molecules was
performed by thermal evaporation from an Al2O3 crucible. A
thorough degassing of the C60 molecules (sublimed grade,
99.9%, Sigma-Aldrich) was performed overnight before
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molecular deposition. The bulk Ni STM tip was prepared by
electrochemically etching of a Ni wire with a diameter of 0.5
mm (≥99.99%, Sigma-Aldrich). The bulk Ni tip was cleaned in
UHV by Ar+ ion sputtering and subsequent annealing before
STM measurements. The Co-coated Ni tips with an out-of-
plane spin sensitivity were prepared in situ by controlled soft
indentations of the Ni tips into the Co islands.26,27 Scanning
tunneling spectroscopy measurements were performed using a
lock-in technique with a small ac modulation signal (853 Hz, 20
mV). For I−Z measurements on C60 molecules, the STM tip
was first stabilized above the molecule with V = +10 mV and I
= 500 pA, and then approached toward the molecule while the
current was recorded as a function of tip displacement. The
gain of the FEMTO current amplifier was set to 106 V/A
during the I−Z measurements. All the I−Z measurements
presented in this paper were performed on the C60 molecules
adsorbed on the Co islands of the same stacking type (faulted)
and size (∼15 nm). In our initial experiments, after molecular
deposition, the Co d3z2 − r

2 surface state was observed on the
faulted islands but not on the unfaulted islands. We speculate
that the Co surface state on the unfaulted islands was
suppressed by the adsorption of unknown small species
(probably hydrogen atoms) coming from the evaporator. For
some reason, they preferred to adsorb on the unfaulted islands.
So our initial I−Z measurements were performed on the
molecules adsorbed on the faulted islands. After further
outgassing of the evaporator, however, the Co surface state
was observed on both the faulted and unfaulted islands after
molecular deposition. Since our initial I-Z measurements were
performed on the faulted islands, the same stacking type was
chosen in all the I-Z measurements in this work because the
electronic structure of the Co islands depends on their stacking
type.28

3. RESULTS AND DISCUSSION
3.1. Spin-Polarized STM Measurements of Co Islands

on Cu(111). Figure 1a shows an STM topography image of Co
islands on the Cu(111) surface. Based on stacking and
magnetization, four types of Co islands coexist on Cu(111),
i.e. unfaulted (↑↑), unfaulted (↑↓), faulted (↑↑) and faulted (↑
↓). The faulted and unfaulted Co islands exhibit different
geometric orientations, with respect to the underlying Cu(111)
surface, and can be distinguished and identified from STM
images since the majority of the islands are unfaulted and the
minority of them contain a stacking fault.28 The (↑↑) and (↑↓)
Co islands with opposite magnetizations can be distinguished
by using a magnetic tip with an out-of-plane magnet-
ization.16,26−31 Figure 1c shows spin-resolved dI/dV spectra
measured on four different types of Co islands marked in
Figure 1a. The dominant feature on the dI/dV spectra is a
strong occupied peak centered at an energy between −0.28 eV
and −0.35 eV below the Fermi energy EF, corresponding to a
spin-polarized Co minority d3z2 − r

2 surface state.28,32,33 Here we
designate the parallel (↑↑) and antiparallel (↑↓) alignments
based on the alignment of spin-polarization at the bias voltage
for the Co d3z2 − r

2 surface state (see Supplementary Note 1 in
the Supporting Information). The parallel (↑↑) alignment
corresponds to the higher dI/dV intensity of the Co d3z2 − r

2

surface state, and the antiparallel (↑↓) alignment corresponds
to the lower dI/dV intensity of the Co d3z2 − r

2 surface state.
Similar designations have also been used in previous spin-
polarized STM studies.16,26,28 Figure 1d shows the energy-
dependent dI/dV asymmetries arising from opposite magnet-

izations, which are derived from the spin-resolved dI/dV
spectra in Figure 1c. The dI/dV magnetic asymmetry is defined
as AdI/dV = [(dI/dV)↑↑ − (dI/dV)↑↓]/[(dI/dV)↑↑ + (dI/dV)↑↓]
and correlated with the spin polarizations of tip and sample
AdI/dV = PtPs cos(m⃗t, m⃗s). The oscillations between positive and
negative values with energy are caused by the sign reversal of
the spin-polarization of the tip or the Co islands. Figure 1b
shows a dI/dV map recorded at −639 mV for the same region
as Figure 1a. Co islands with opposite magnetization directions
are clearly distinguishable by dI/dV contrast because the
variation of dI/dV intensity at −639 mV is solely induced by
the magnetization alignment, as shown in Figure 1c. In
addition, the dI/dV map varies with the bias voltage (see
Supplementary Figure S1), which is in agreement with the dI/
dV spectra in Figure 1c recorded using the same tip.

3.2. Spin-Polarized STM Measurements of C60-Deco-
rated Co Islands on Cu(111). With adsorbed C60 molecules,
the parallel (↑↑) and antiparallel (↑↓) Co islands can still be
distinguished by using spin-resolved dI/dV measurements.
Figure 2a and 2b are a topography image and a spin-resolved
dI/dV map, respectively, of the same region on the sample
surface. As the two Co islands, marked as (↑↑) and (↑↓), are of
the same stacking type and size, the dI/dV contrast between
them arises solely from opposite magnetization alignments. The
dI/dV map was recorded at −333 meV, where the dI/dV
intensity of the Co d3z2 − r

2 surface state is strongly dependent
on the magnetization alignment, as shown in Figure 2c. It

Figure 1. (a) STM topography image of the Cu(111) surface
decorated with nanometer-scale Co islands. (b) Spin-resolved dI/dV
map at −639 mV. (c) Spin-resolved dI/dV spectra measured on the
Co islands indicated in panel a. (d) dI/dV asymmetries arising from
opposite magnetizations.
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should be mentioned that the STM tip used for Figure 2 is
different from the one for Figure 1.

3.3. Measurements of Spin-Dependent Conductance
in Co/C60/Co/Ni Single-Molecule Junctions. Here we focus
on the situation where the molecule is in electrical contact with
electrodes, as sketched in Figure 3a. Conductance versus
displacement (G−Z) curves were obtained from I−Z curves by
calculations using G = I/V (V = 10 mV). Figure 3b shows two
representative G−Z curves on a logarithmic scale measured on
the C60 molecules adsorbed on the parallel (↑↑) and antiparallel
(↑↓) Co islands. The unit G0 is the conductance quantum G0 =
2e2/h. In the tunneling regime, the conductance varies
exponentially with the tip displacement, G ∝ exp-
(−1.025√ϕΔZ), where ϕ is the apparent barrier height and
ΔZ is the vertical tip displacement, which corresponds to a
linear increase of log G(Z) with increasing tip displacement, as
shown in Figure 3b. By fitting the slope of log G(Z) versus ΔZ
curves in the tunneling regime, we have determined the value of
ϕ and found that it lies between 3 and 7 eV for our over 600 I−
Z measurements, which indicates that the tip was clean during
the measurements.34 A Gaussian fit of the obtained ϕ values
indicates a statistical ϕ value of 5.12 eV (see Supplementary
Figure S2), which is close to the work function (5.0 eV) of Co.
The deviation of measured ϕ values from 5.0 eV might be
induced by adsorbed molecules.35,36 The first and second
changes in the slope of log G(Z) are induced by mechanical
contact and electrical contact, respectively, between the
molecule and the tip.10 Therefore, the conductance of single-
molecule junctions in the contact regime can be explicitly
determined from the G−Z curves. There are two main
differences in spin-dependent transport between the contact
and tunneling regimes. First, the spin-dependent transport is

Figure 2. (a) STM topography image of Co islands decorated with C60
molecules. (b) Spin-resolved dI/dV map recorded at −333 mV. (c)
Spin-resolved dI/dV spectra recorded on the parallel (↑↑) and
antiparallel (↑↓) Co islands (faulted) marked in panel a.

Figure 3. (a) Schematic of the Co/C60/Co/Ni single-molecule junction where the molecule is in electrical contact with electrodes. (b) Two
exemplar G−Z curves on a logarithmic scale measured on the C60 molecules adsorbed on the parallel (↑↑) and antiparallel (↑↓) Co islands (faulted).
The points where electrical contact occurs are indicated by arrows. Stabilization parameters: V = +10 mV, I = 500 pA. (c) Histogram of spin-
dependent conductance of the Co/C60/Co/Ni junctions. Data were derived from 710 I−Z measurements (564 ↑↑ and 146 ↑↓) using six different
tips. (d) Histogram of spin-dependent tip displacement from the initial stabilization position to the electrical contact position. All the I−Z
measurements were performed on the molecules adsorbed on the faulted Co islands.
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strongly affected by the spin-polarized hybrid molecular states.
In the contact regime, the spin-polarized hybrid molecular
states are generated by the interaction between the molecule
and both electrodes; while in the tunneling regime the spin-
polarized hybrid molecular states are generated by the
interaction between the molecule and one electrode, i.e., the
Co island. Second, the conductance in the contact regime is
significantly higher than that in the tunneling regime. In the
following, we focus on the contact conductance at the point
where an electric contact just forms between the molecule and
the tip, as indicated by the two arrows in Figure 3b.
Figure 3c is a histogram of the measured contact

conductance values for the Co/C60/Co/Ni junctions. Our
statistics indicates that the contact conductance of the parallel
(↑↑) molecular junctions G↑↑ is generally lower than that of the
antiparallel (↑↓) molecular junctions G↑↓. For different tips, G↑↑
varies by 1 order of magnitude from 0.02 G0 to 0.13 G0 and G↑↓
varies approximately by a factor of 7 from 0.12 G0 to 0.76 G0.
Previous STM studies reported that the spin-averaged contact
conductance of C60-based single-molecule junctions is in the
range from 0.11 G0 to 1.55 G0.

10−15 Figure 3d is a histogram of
the tip displacement from the initial stabilization position to the
electrical contact position. The vertical tip displacements for
the parallel (↑↑) junctions, varying between 90 and 230 pm, are
generally smaller than those for the antiparallel (↑↓) junctions,
varying between 170 and 410 pm. With the same stabilization
parameters, the tip-molecule separation varies with the
magnetization alignment between the tip and the sample
surface due to spin-polarized electron tunneling.34

Electrode geometry and molecular orientation are important
factors determining the spin-dependent transport in single-
molecule MTJs17,37,38 as well as the spin-independent transport
in single-molecule junctions.11,12,14,39 As the surfaces of Co
islands are all atomically flat and all the islands involved in our
measurements are of the same size, the variation of the
geometry of Co islands is negligible. The variation of the
interaction between the molecule and the Co islands is induced
by different molecular orientations. Therefore, the geometry of
the tip and molecular orientation are two factors leading to the
variations of spin-dependent conductance shown in Figure 3c.
Six different Co-coated Ni tips were used for the measure-

ments in Figure 3. Figure 4a shows the tip-specific histograms
of the spin-dependent conductance. For each tip, the dI/dV
spectra were measured on the same Co islands before and after
I−Z measurements to make sure there was no change to the tip
conditions. It is clear that the spin-dependent conductance is
strongly dependent on the tips. Among these six tips, three
(T2, T4 and T6) were used for measuring the conductance of
both parallel (↑↑) and antiparallel (↑↓) junctions. The averaged
G↑↓ value measured by T2 is around 2 times those measured by
T4 and T6. In contrast, the averaged G↑↑ values measured by
T2 are approximately half of those measured by T4 and T6.
The differences between these three tips are reflected by their
different geometrical sharpness and spin-polarization. The
geometrical sharpness of the tip can be evaluated by the lateral
spatial resolution in STM imaging.40 Figure 5c shows the line
height profiles of single C60 molecules measured with these
three tips. Usually the profile is narrower when the tip is
sharper and provides a higher lateral spatial resolution. The
profile recorded by T2 is almost the same as that recorded by
T4 and is much narrower than that recorded by T6, which
indicates that T2 and T4 are much sharper than T6. For STM
imaging, T2 and T4 provide much higher lateral spatial

resolution than T6, as shown in Figure 5c. Recent STM
measurements of the Cu/C60/Cu molecular junctions showed
that the spin-averaged conductance increases with increasing
the number of atoms at the electrode apex, from 0.13 G0 for
single-atom apex to 1.15 G0 for five-atom apex.12 However, for
the Co/C60/Co/Ni junctions investigated here, increasing the
number of atoms on the tip apex does not necessarily lead to an
increase of conductance since the spin-polarized electron
transport is dominated by the spin-polarization alignment
between the molecule and electrodes. Besides the geometrical
sharpness, the spin-polarizations of these three tips are also
distinctly different from each other, as indicated by the different

Figure 4. (a) Histogram of spin-dependent conductance measured by
six different tips (T1−T6). (b) The averages and standard deviations
of the conductance values measured by six different tips (T1−T6). All
the data shown here were recorded on the molecules adsorbed on the
faulted Co islands.
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dI/dV magnetic asymmetries shown in Figure 5a. It is worth
mentioning that the reported dI/dV magnetic asymmetries
measured on Co islands on Cu(111) are all different from each
other,26,28−30 which reflects that the spin-polarization of the
STM tip apex is very sensitive to its atomic-scale structure. The
observed dependence of spin-dependent transport on electrode
geometry can exist in single-molecule junctions with other
magnetic electrode materials. For example, recent theoretical
studies have predicted that the electrode geometry strongly
impacts the spin-dependent conductance in Mn(001)/
phthalocyanine/Fe and Ni/dithienylethene/Ni single-molecule
junctions.17,38

For junctions with the same tip, the variations of spin-
dependent conductance shown in Figure 4a are induced by
different molecular orientations. The junctions with T2 exhibit
a broader distribution of conductance compared to the ones
with the other tips. The possible reason is that the spin-
dependent transport is more sensitive to molecular orientation
in the junctions with T2 than in the ones with the other tips.
Further measurements under an external magnetic field will
allow probing the spin-dependent conductance for each specific
molecular orientation.
3.4. Role of C60 Molecules in Spin-Polarized Transport

in Co/C60/Co/Ni Single-Molecule Junctions. The TMR
ratios of Co/C60/Co/Ni junctions, calculated with the
definition of TMR = (G↑↑ − G↑↓)/G↑↓, are −94%, −69%,
and −63% for tips T2, T4, and T6, respectively. The obtained
TMR ratios are close to or even higher than the reported values
for C60-based single-molecule MTJs constructed with other
electrode materials, for example, −38% and −80% for Ni/C60/
Ni junctions,18,21 and −30% for Fe/C60/Cr junctions.22 The
TMR ratios of Co/Vacuum/Co/Ni junctions, calculated with
the definition of TMR = [(dI/dV)↑↑ − (dI/dV)↑↓]/(dI/dV)↑↓,

are −28%, −8% and 17% for T2, T4 and T6, respectively,
which are significantly lower than those of corresponding Co/
C60/Co/Ni junctions. In addition, for junctions constructed
with T6, the C60 molecules even lead to the sign reversal of the
TMR. The observed enhancement and sign reversal of the
TMR clearly indicate that the C60 molecule plays a crucial role
in the spin-polarized electron transport through the molecular
junctions. For T2- and T4-based junctions, the C60 molecule
significantly enhances the magnitude of the TMR while keeping
its sign unchanged. In contrast, for T6-based junctions, the C60

molecule not only enhances the magnitude of the TMR but
also reverses its sign. The observed strong dependence of TMR
ratio on the tips can be ascribed to two primary reasons. First,
different tip apexes exhibit various spin-polarizations, as
evidenced by the recorded dI/dV magnetic asymmetries in
Figure 5a. Second, the spin-polarized hybrid molecular states,
induced by molecule−electrode interactions, are strongly
dependent on the atomic structure of the tip apex. Our DFT
calculations of the Co/C60/Co junctions show that the spin-
polarized local density of states of the C60 molecule varies
substantially when just one Co atom is removed from the tip
apex (see Supplementary Figure S3).
The molecule-induced magnitude enhancement and sign

reversal of the TMR ratio can be qualitatively understood using
the model that has been put forward by Barraud et al. for the
(La,Sr)MnO3/Alq3/Co molecular junctions.41 At a certain bias
voltage V, the electronic states involved in the electron
transport in the junctions are within the energy range defined
by the two dashed lines sketched in Figure 6. When the
molecule and the electrodes are in electrical contact, the
molecular energy levels are broadened and shifted due to their
electronic coupling to the electronic states of electrodes.42 First,
when the tip is not in electrical contact with the C60 molecule,

Figure 5. (a) dI/dV magnetic asymmetries of the tips T2, T4, and T6. (b) The zoom-in of panel a for the range of [0, +20 mV] in order to clearly
demonstrate the data at +10 mV. (c) STM images of single C60 molecules and corresponding line height profiles across the molecule measured by
tips T2, T4 and T6. Scale bars, 1 nm. All the data shown here were recorded on the faulted Co islands adsorbed with C60 molecules.
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the electronic structure of the molecule is affected only by the
Co islands. It is well-known that the molecule−substrate
interaction can broaden and shift the energy levels of C60
molecules when they are adsorbed on transition metal
surfaces.43,44 Such phenomena have also been observed in
our dI/dV measurements of C60 molecules on the Co islands.
Our measurements indicate that the molecular energy levels are
broad, and the lowest unoccupied molecular orbital (LUMO) is
near the Fermi energy EF (see Supplementary Figure S4). The
observed shift of LUMO toward the EF indicates charge transfer
from the Co islands to the C60 molecule, which is in agreement
with recent X-ray magnetic circular dichroism measurements
for C60 molecules adsorbed on Co thin films.44 Second, when
the tip is in electrical contact with the C60 molecule, the
electronic structure of the molecule is affected by both the tip
and the Co islands. The hybridization between the Co 3d states
of both electrodes and the LUMO of the C60 molecule
generates hybrid molecular states. As both electrodes are
ferromagnetic, the hybrid molecular states are spin-polarized.
The spin-polarized hybrid molecular states act as electron spin-
filters and strongly impact the electron transport process
through the molecular junctions. As the electronic coupling
between the molecule and the tip is dependent on the atomic-
scale structure of the tip apex, the hybrid molecular states vary
with different tip apexes. Figure 6 shows possible mechanisms
for magnitude enhancement and sign reversal of the TMR ratio
induced by the C60 molecule. If the spin-polarization of the
hybrid molecular states is parallel to that of the tip within the
related energy range, as shown in Figure 6a, the spin-filtering
effect induces a more significant decrease of conductance for
the antiparallel configuration than for the parallel configuration,

in which case the C60 molecule enhances the TMR while
keeping its sign unchanged. If the spin-polarization of the
hybrid molecular states is antiparallel to that of the tip within
the related energy range, as shown in Figure 6b, the spin-
filtering effect induces a more significant decrease of
conductance for the parallel configuration than for the
antiparallel configuration, in which case the C60 molecule
leads to a sign reversal of TMR. The actual energy level
alignment at the molecule/electrode interfaces can be
calculated if the atomic structure of the tip apex is known,
which is not within the scope of this paper. In addition, the
TMR ratio of T2-based molecular junctions is much higher
than those of T4- and T6-based molecular junctions, which
may stem from the fact that, near the Fermi energy EF, T2 has
much larger spin-polarization than the other two tips, as
indicated by the dI/dV magnetic asymmetries in Figure 5a.

4. SUMMARY AND CONCLUSIONS
In summary, we have measured the spin-dependent con-
ductance in Co/C60/Co/Ni single-molecule MTJs in the
contact regime. With an electrical contact between the
molecule and electrodes, the junction conductance is 0.02−
0.13 G0 for the low-conductance state and 0.12−0.76 G0 for the
high-conductance state. Large TMR ratios higher than −60%
have been observed. The observed variation of TMR induced
by electrode geometry indicates that atomic-scale engineering
of the electrode apex is important for high-yield fabrication of
single-molecule MTJs with reproducible characteristics.
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