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The current I through nickelocene molecules and its noise are measured with a low temperature
scanning tunneling microscope on a Cu(100) substrate. Density functional theory calculations and
many-body modeling are used to analyze the data. During contact formation, two types of current
evolution are observed, an abrupt jump to contact and a smooth transition. These data along
with conductance spectra (dI/dV ) recorded deep in the contact range are interpreted in terms of a
transition from a spin-1 to a spin-1/2 state that is Kondo screened. Many-body calculations show
that the smooth transition is also consistent with a renormalization of spin excitations of a spin-1
molecule by Kondo exchange coupling. The shot noise is significantly reduced compared to the
Schottky value of 2eI. The noise can be described in the Landauer picture in terms of the spin
polarization of the transmission of ≈ 35 % through two degenerate dπ-orbitals of the Nickelocene
molecule.

PACS numbers: 72.25.Mk, 72.10.Fk, 72.70.+m, 74.55.+v, 72.70.+m, 73.63.Rt, 73.50.Td

I. INTRODUCTION

An electrical current I exhibits shot noise because the
electron charge e is quantized1. While the current it-
self may be understood as a single-electron quantity, the
shot noise reflects electron correlations and, therefore, is
affected by the Pauli principle. As a consequence, elec-
trons with identical spins avoid bunching, which reduces
the noise.

While noise in mesoscopic structures has been investi-
gated in some detail2, noise spectroscopy of atomic3–14

and molecular15–21 junctions is a more recent develop-
ment. No data have been reported from molecules that
are likely to exhibit spin-dependent transport. Fairly
simple magnetic complexes such as metallocenes, i. e. a
transition metal or lanthanide ion sandwiched between
cyclopentadienyl rings, appear to be suitable for this
purpose22–30. In addition, it is advantageous to use junc-
tions with conductances G ∼ G0 (G0 = 2e2/h) because
the spin-related noise reduction tends to scale with the
conductance as detailed below (Eq. 7).

We investigated nickelocene (denoted Nc below, Fig. 1)
adsorbed to an scanning tunneling microscope (STM) tip
from a Cu(100) substrate, a system that has been charac-
terized in a series of articles31–34. In particular, junctions
with Nc adsorbed to the tip were found to be stable at
large conductances and transport calculations predicted
that their electron transmission is spin polarized.

We used such tips to record spectra of the differen-
tial conductance from the tunneling range deep into con-
tact. Using density functional theory (DFT) calculations,
we studied new molecular conformations and the corre-

sponding degrees of spin polarization of the d orbitals
relevant from electron transport. We also used a many-
body Anderson impurity model to reproduce the evolu-
tion of the conductance spectra from spin excitation steps
in the tunneling range to contact, where renormalization
due to coupling to the conduction electrons leads to dif-
ferent line shapes. Finally, our shot noise data reveal a
noise reduction that is consistent with transport through
spin-polarized molecular dxz and dyz orbitals. In view of
the DFT predictions on spin polarization, this observa-
tion excludes a horizontal orientation of the molecule at
the tip.

FIG. 1. Model of nickelocene. Large gray, black, and small
gray spheres represent Ni, C, and H atoms, respectively. A
C5 axis is indicated by a dashed line.

II. PRIOR RESULTS FOR NC ON CU(100)

Nc is comprised of two cyclopentadienyl rings that
sandwich a Ni ion. As discussed in Refs. 31–34, the
molecule adsorbs upright on Cu(100), has a spin of 1,
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and exhibits a spin excitation that leads to steps in dif-
ferential conductance (dI/dV ) spectra at sample voltages
V ≈ ±3 mV. When a molecule is contacted with the
STM tip, it is usually transferred to the tip. These molec-
ular tips are stable up to large conductances G = I/V. At
elevated G, dI/dV spectra reversibly change to a peak at
the Fermi level. This spectral signature has been assigned
to a spin-1/2 Kondo effect, in agreement with the reduc-
tion of spin found by DFT simulating the experimental
conditions33. Figure 4 of Ref. 33 shows the reduction of
the molecular spin. This reduction is due to the increase
of electron density at the molecular junction and leads
to an effective screening of the electron-electron interac-
tion. This reduces the spin polarization of the molecule,
ultimately leading the spin 1 to 1/2 transition. A simi-
lar change from spin excitations, which imply a magnetic
anisotropy, to a Kondo effect was reported from substi-
tuted Fe porphyrins35. In the present case, the transi-
tion appears abrupt and corresponds to a quick rise of
the low-bias conductance.

According to DFT calculations, the molecule can at-
tach to a single atom at the tip and get slightly tilted.
The simulated constant-current STM images using such
a tip are in good agreement with the experimental ones33.
Similar results have been reported for Nc-functionalized
tips on Ag(110)36 and Cu(111)37. The tilt disappears as
the tip is brought closer to the surface. Transport calcu-
lations suggest that equal shares of the current are car-
ried by the two molecular dxz and dyz orbitals, which are
virtually degenerate at contact. The calculated transmis-
sions T for Fermi-level spin-up and spin-down electrons,
however, are different. Upon contact formation, the spin
polarization decreases from values above 70 % in the tun-
neling range to 33 % at G = 1.1 G0 and 23 % at 1.6 G0.

III. EXPERIMENTAL DETAILS

We used an ultra-high vacuum (UHV) low-
temperature STM operated at 4.5 K. The Cu(100)
surface was prepared by Ar sputtering and annealing.
Tips were electrochemically etched from W wire and
further prepared in UHV by annealing and indenting
them into the Cu crystal to coat them with copper.
Finally, the sample was gently contacted until single
Cu atoms were deposited from the tip and the contacts
showed a conductance G ≈ 1 G0. Nc was evaporated
onto the cold Cu sample from a Knudsen cell. A Nc
molecule was transferred from the substrate to the tip by
bringing the tip closer to the center of the molecule until
a rapid rise was observed in conductance-displacement
data, G(∆z), which were recorded simultaneously.

IV. IMAGING OF NC TIPS

For characterization, we used the Nc tips to image Cu
adatoms (Fig. 2)38. We typically observed the three pat-

terns shown in panels a–c. The tallest structure (max-
imum height 105 pm, Fig. 2a) was found with 50 % of
the Nc tips and appears approximately elliptical. The
pattern of Fig. 2b is slightly lower (90 pm) and matches
the image reported in Ref. 33. Approximately 40 % of
our tips displayed this pattern. Finally, Fig. 2c shows a
nearly symmetric ”doughnut” with a maximal height of
75 pm.

The most simple model explaining these patterns is to
assume that the Nc molecule can adsorb to the tip in dif-
ferent angles with the tip axis. While the long axis of the
molecule is strongly tilted in Fig. 2a, it is almost parallel
to the tip in c. This model matches the observed image
symmetries and is also qualitatively consistent with the
observed heights.

ba c

FIG. 2. (a–c) Constant-current topographs (V = 26 mV, I =
50 pA, (3 nm)2) of single Cu adatoms on Cu(111) recorded
with different Nc tips.
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FIG. 3. (a) Constant-current image of a Nc molecule at a
Cu adatom recorded with a metal tip. The molecule had
previously been transferred from a Nc-terminated tip to the
adatom on the substrate. (b) Cross-sectional profile of the im-
age in (a). The height of the shoulders (red markers) matches
that of Nc (350 pm). The shoulder-shoulder distance (1.1 nm)
is twice the diameter of Nc in STM images. The maximal
height (430 pm) matches that of Nc plus that of a Cu adatom
(80 pm), which may be a coincidence.

Ref. 33 proposed that Nc at the tip adsorbs to a single
apex atom via two C atoms of a cyclopentadienyl ring.
In a DFT calculation, this geometry was predicted for
Nc at a single adatom on a Cu plane. We tried to verify
this structure by first transferring Nc from the surface to
the tip and then depositing it on an adatom. Figure 3
shows that the resulting complex is not stable during
STM imaging. The constant-current image indicates that
the Nc molecule is easily moved by the tip (or may be
moving by itself) between four equivalent adsorption sites
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of the Cu(100) substrate that are centered around the
adatom. This observation suggests that the geometry
used for the DFT calculations33, namely a single atom
on a Cu (100), may not be a realistic model to reveal the
most stable adsorption geometry for Nc at the tip.

V. G(z) AND dI/dV DATA

The conductance of the Nc contacts varies in charac-
teristic manners when the tip is brought closer to the
sample. ¿From previous conductance measurements of
Nc, an abrupt rise to G ≈ 0.7 G0 was reported33. We
extended our measurements beyond this point toward
smaller tip-molecule distances. Two characteristic ob-
servations, labeled A and B, are shown in Fig. 4. In case
A, observed in approximately 2/3 of all experiments, G
escalates to ≈ 0.7 G0 as the tip is brought closer from
large separations (∆z < 0, solid line), in agreement with
earlier reports. Further increase of ∆z leads to a steady
increase of G, a rapid rise around ∆z ≈ 130 pm, and a
saturation of the conductance at ≈ 1.4 G0. Close inspec-
tion actually reveals a small reduction of G at the largest
∆z. As the tip is retracted (dashed line), hysteresis is
observed. In addition to these strongly hysteretic G(∆z)
curves, we often (1/3 of our measurements) observed a
smooth conductance evolution as shown in Fig. 4 (case
B). We did not observe a clear correlation between the
two cases A and B and the different imaging properties
of the tip shown in Fig. 2.

Importantly, the conductance data at large ∆z are very
similar in cases A and B. In fact, almost all reproducible
G(∆z) data sets exhibited a contact conductance in the
range from 1.2 to 1.6 G0. We therefore measured the
current noise in this conductance range. Moreover, the
weak variation ofG with ∆z in this range simplifies stable
measurements.

Spectra of the differential conductance dI/dV of our
Nc junctions are displayed in Fig. 5 for cases A and B. In
both cases, spectra in the tunneling range (bottom curves
in Fig. 5) exhibit steps at ±3.7 mV. These steps have
been assigned to spin transitions of Nc from mS = 0 to
134. The overshoots near±5 mV may be understood both
from non-equilibrium effects33,39 and, as we will see below
(Sec. VII), from renormalization due to Kondo exchange
coupling40. Clear differences between A and B exist at
intermediate conductances (middle curves). In case A,
the spectra match those reported in Ref. 33. The spectral
shape evolves into a single symmetric peak that has been
assigned to a Kondo effect. In the spectra of type B
the overshoots gradually become more dominant until
the conductance steps merge to a single feature. Finally,
at the largest conductances investigated (top curves), A
and B display similar conductance data with a broad
peak centered at zero bias.

The origin of the sharp transition found in A can be
traced back to the change of spin in the molecule. A spin
1 presents a gap in the conductance, while the spin 1/2

a b

Type BType A

FIG. 4. Conductance G of nickelocene junctions vs. verti-
cal displacement of the STM tip measured with V = 2 mV.
∆z = 0 corresponds to the tip position at I = 4.5 nA. Solid
and dashed lines indicate approach and retraction of the tip.
Two data sets A and B recorded with different tips on dif-
ferent molecules are shown in (a) and (b). A and B were
observed in 2/3 and 1/3 of the measurements, respectively. At
small ∆z, case A is similar to the data reported in Ref. 33.
Following an exponential rise at large separations (∆z < 0,
solid line), G jumps to ≈ 0.7 G0. However, G steadily in-
creases at closer approach and saturates at ≈ 1.4 G0 with an
intervening rapid rise near ∆z ≈ 130 pm. The conductance
recorded while the tip was retracted (dashed line) exhibits
hysteresis. In contrast, B exhibits no discernible hysteresis
between the approach and retraction data. Both A and B
reveal conductances of ≈ 1.4 G0 when the tip is brought suf-
ficiently close to the molecule.

presents a peak. A fast switching from one to the other
at a bias below the spin-flip threshold for spin 1 leads to
a fast jump between a low conductance regime to a high
one. At larger bias, the change becomes very smooth
(Supplemental information of Ref. 33).

VI. DFT CALCULATIONS

Total-energy calculations to determine the molecu-
lar geometry at a single-atom-terminated tip were per-
formed using the planewave code VASP41,42 and for the
transmission the localized-basis-set code Transiesta43.
The PBE exchange-and-correlation functional code44 was
used with van-der-Waals D2 corrections45. The calcula-
tions closely follow the ones of Ref. 33. The novelty here
is the exploration of new molecular conformations.

On top of a single atom, we find that the tilted con-
formation is only 5 meV more stable than an upright
conformation. This is in good agreement with the exper-
imental observation that the molecule is unstable dur-
ing imaging on a single atom on Cu(100) (Fig. 3). As
reported before33, as the tip and surface approach, the
spin of the molecule undergoes a sharp transition with
interelectrode distance. The spin is S = 1 for a molecule
adsorbed at the tip, and becomes S = 1/2 in the molecu-
lar junction after the transition. Interestingly, when the
molecule is adsorbed parallel to the surface, the molec-
ular spin is computed to be 1, down to a small distance
between electrodes.
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FIG. 5. Spectra of the differential conductance dI/dV of (a)
A and (b) B Nc junctions measured from the tunneling into
the contact range. The initial tip height was defined by a cur-
rent I = 5 nA at V = 2 mV. The data in (a), lower part, were
measured at tip displacements ∆z of −100, 5, 10, and 24 pm.
The upper data sets were recorded at ∆z = 42 to 165 pm.
For clarity, the top four spectra were shifted upward in steps
of 0.05 G0. During the measurement shown by a dashed line
the junction abruptly changed from the peak shape at contact
to the dip shape observed in the tunneling range. (b), lower
part, shows data for ∆z of −100, 5, and 10 pm. The upper
part corresponds to ∆z = 24 to 100 pm. The top five spectra
were shifted upward in steps of 0.05 G0. The bottom spectra
in (a) and (b) were scaled up by a factor of 100.

When the molecule is adsorbed on a tip atom with its
axis parallel to the surface, the energy is 40 meV lower
than for the tilted conformation. As the tip approaches
the surface, the surface starts affecting the molecule and
destabilizes the parallel conformation with respect to
the vertical one. Our calculations show that the par-
allel conformation depicted in Figure 6(a) is 900 meV
higher in energy than the vertical arrangement of Fig-
ure 6(b). This probably implies that vertical configura-
tions are more likely when the tip and surface are brought
together.

Figure 6(a) shows the electron transmission for a
molecule with its axis parallel to the surface, and a tip
formed by a Cu (100) surface and one adatom, at a dis-
tance of 9.96 Å. In (b) the transmission is shown for
the vertical configuration. In the latter case the elec-
tron transmission at the Fermi level is dominated by the
minority molecular spin. This leads to a sizeable spin
polarization of the electron transport. Two channels are
shown to contribute to the transmission as expected from
the degenerate molecular orbitals of dxz or dyz characters.
Interestingly, the parallel configuration yields negligible
spin polarization at the Fermi level. This is due to the
smaller interaction of the molecule with the electrodes
that reduce the contribution of dxz or dyz to the trans-
mission at the Fermi level. Shot noise measurements are
very sensitive to the spin-polarization of the transmis-

sion and should be able to discriminate between these
two limiting cases.

The spin-polarized transmission is due to the open-
shell electronic structure and finite spin of the molecule.
This polarization does not require a fixed orientation of
the molecular spin, whose direction likely is fluctuating
at the temperature of the experiment. In spite of the
polarization of the transmission the current consequently
does not need to be spin-polarized.
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FIG. 6. Calculated structures and corresponding spin-
polarized electron transmissions (up and down arrows cor-
respond to spin up and down, respectively). In (a) the molec-
ular axis is parallel to the planes of the electrodes with an
interplane distance of 9.96 Å, and in (b) perpendicular to the
planes with an interplane distance of 10.16 Å. The vertical
configuration, (b), yields a strong and distinct spin polariza-
tion while the parallel one, (a), gives a negligible one.

VII. MODELING OF dI/dV SPECTRA

The inelastic conductance can be modelled by using
many-body theory. For a general account of inelastic
tunneling spectra, we refer the reader to Refs. 46 and
47. For modeling experimental spectra of the differen-
tial conductance we focus on Fig. 5(b). The tips lead-
ing to these spectra did not show abrupt changes in the
conductance-distance data (Fig. 4). According to the
DFT calculations the spin-1 of the Nc molecule respon-
sible for the spin excitations is localized in the dxz- and
dyz-orbitals of the Ni center, which are nearly degenerate.
We hence model the system by a two-orbital Anderson
impurity and include a magnetic anisotropy term40,48.
The impurity part of the Hamiltonian is then given by:

Himp = εdN̂d + U
∑
α

n̂α↑ n̂α↓ + U ′
∑
α,α′
α6=α′

n̂α n̂α′

−JH

∑
α,α′
α 6=α′

~Sα · ~Sα′ +DŜ2
z . (1)
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where N̂d =
∑
α,σ n̂ασ is the number operator for both d-

levels α = 1, 2, n̂ασ = d†ασdασ is the number operator of
an individual d-level α with spin σ, U is the intra-orbital,
U ′ the inter-orbital Coulomb repulsion, JH the Hund’s

coupling, ~Sα measures the total spin of an individual d-

level α, i. e. ~Sα =
∑
σσ′ d†ασ~τσσ′dασ′ with ~τ = t(τx, τy, τz)

being the vector of Pauli matrices τi, and Sz is the z
component of the total spin of both impurity levels.

The crystal field in conjunction with the spin-orbit cou-
pling gives rise to magnetic anisotropy49 which is taken
into account by the effective spin Hamiltonian given by
the last term of (1), where D is the uniaxial anisotropy50.
Here we use D > 0 as experimentally found32. Hence
the degeneracy of the S = 1 triplet is partially lifted,
the |mz = 0〉 singlet state becomes the ground state,
and the |mz = ±1〉 states an excited doublet. Due to
the lack of ground state degeneracy the Kondo effect is
suppressed40.

Recent calculations have shown that Kondo temper-
atures obtained under non-equilibrium and equilibrium
conditions coincide. We thus expect that in our de-
scription of Kondo physics here non-equilibrium features
may be neglected51. The two-orbital Anderson impu-
rity model is solved within the one-crossing approxima-
tion which consists in a resummation of a subset of di-
agrams in the perturbation expansion in the coupling
Γ = Γtip + Γsub to the conduction electrons in the tip
(Γtip) and substrate (Γsub) to infinite order52. Details of
the method can be found in previous works40,53. The so-
lution yields the spectral function Ad(ω) of the impurity
levels.

From the spectral function the dI/dV spectra can be
calculated as follows. When the molecule is at the STM
tip the applied bias V essentially drops between the
molecule and the substrate. According to Ref. 54, we
can then write the current through the two Ni 3d-orbitals
as:

I(V ) = 4πγeff
2e

h

∫
dω [f(ω − eV )− f(ω)]Ad(ω), (2)

where we have assumed that the coupling to the leads is
the same for both orbitals, and the factor of 4 comes from
summing over spin and orbital degrees of freedom. γeff is
the effective coupling of the impurity shell to the tip and
the substrate given by γeff = 2 ΓsubΓtip/(Γsub + Γtip)55.
The Fermi functions in Eq. 2 are those of the substrate
(at bias V ) and of the STM tip, respectively.

From Eq. 2 we obtain the differential conductance:

dI

dV
= 4π γeffG0 Ãd(eV ) +Gbg, (3)

where Ãd(eV ) is the temperature smeared spectral func-
tion given by the convolution

Ãd(ω) =

∫
dω′ (−f ′(ω′))Ad(ω + ω′). (4)

We added a constant background conductance Gbg in
Eq. (3) to describe the conductance via other molecular
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FIG. 7. Results of two-orbital Anderson impurity model (1)
calculations. (a) Theoretical (dashed line) and experimental
dI/dV in the tunneling regime. The theoretical dI/dV was

obtained from the spectral function Ãd(ω) for Γ/π = 10 meV
at T ∼ 4.5 K and fitting to the experimental dI/dV accord-
ing to Eq. (3). (b) Temperature-smeared spectral functions

Ãd(ω) for different couplings Γ/π (in meV) to the conduction
electrons, calculated at T ∼ 4.6 K. Anderson model param-
eters: U = 3.5 eV, U ′ = 2.5 eV, JH = 0.5 eV, εd = −3 eV,
and D = 4.2 meV.

channels as well as direct tunneling from the tip to the
surface.

We next choose the Anderson model parameters
D, εd,Γ such as to match the experimental spectra in the
tunneling regime, while the interaction parameters re-
main fixed (U = 3.5 eV, U ′ = 2.5 eV and JH = 0.5 eV).
We find D = 4.2 meV, εd = −5 eV and Γ/π = 10 meV.
The effective coupling γeff and the background conduc-
tance Gbg can now be determined for the tunneling
regime by linear regression using Eq. 3. Fig. 7(a) shows
the resulting differential conductance in the tunneling
regime. The agreement between the fitted model spec-
trum and the experimental one in the tunneling regime is
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quite remarkable. The slight asymmetry between the left
and the right step is well reproduced and can therefore
be attributed to charge fluctuations induced by the de-
viation from particle-hole symmetry as discussed in pre-
vious work40. The asymmetry is enhanced and eventu-
ally reversed as the tip is brought closer to the sample
[Fig. 7(b)].

Fig. 7(b) displays the temperature broadened (≈
4.5 K) spectral functions Ãd(ω) computed for the model
parameters found in the tunneling regime, but for dif-
ferent couplings Γ = Γtip + Γsub. Again the asymmetry
of the spectra stems from charge fluctuations induced by
the deviation from particle-hole symmetry. The calcu-
lated spectra qualitatively reproduce the evolution of the
experimental data of Fig. 5 as the molecule-tip system
approaches the surface and the conductance increases.
The spin excitation energies at both polarities move in-
wards to lower energies. Simultaneously the excitation
steps, which initially are flat above the threshold, acquire
an increasing overshoot. At very large Γ the gap finally
begins to close as the step features become increasingly
peak-like and merge. Hence both the decrease in the spin
excitation energies and the overshoot of the step features
with increasing conductance observed in the experiments
can be understood in terms of renormalization by Kondo
exchange coupling with the conduction electrons, similar
to previous works40,48,56.

In our calculations within the one-crossing approxima-
tion (OCA), further lowering of the temperature splits
the single peak features again (not shown). This was
also observed in previous work40 and appears to be in
agreement with numerical renormalization group (NRG)
calculations for the single-channel spin-1 Kondo model
with positive uniaxial magnetic anisotropy that show a
split-peak57,58. However, recent NRG calculations have
shown that the splitting should actually not occur for
the two-channel case considered here (two impurity lev-
els coupled to two conduction electron baths) and thus is
an artifact of the one-crossing approximation. Hence the
formation of the peak feature does signal the onset of the
Kondo effect and marks a quantum phase transition59.

In summary, the model calculations show that dI/dV
spectra recorded for systems which show the type B be-
havior in the conductance (Fig. 5b) are in agreement
with a spin-1 molecule with the spin localized in two
degenerate d-orbitals subject to positive uniaxial mag-
netic anisotropy coupled to electrodes. The evolution
of the spectra as the tip-molecule system approaches
the substrate can largely be understood by renormal-
ization due to exchange coupling with the conduction
electrons40,56. Another important contribution proba-
bly comes from non-equilibrium population of excited
states33,34,39, which is not captured here, since it would
require an out-of-equilibrium many-body treatment of
the system.
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FIG. 8. Current noise density corrected for frequency re-
sponse for bias currents of 0 (lowest spectrum), 202, and
283 nA. A moving average filter has been applied to sim-
plify comparison. The peak near 87 kHz is due to electrical
interference. 1/f noise is discernible at low frequencies in the
202 and 283 nA data.

FIG. 9. Excess noise power ∆S(I) measured on an iso-
lated nickelocene molecule. Dots show experimental data, a
line displays a fit using Eq. 5. The upper abscissa displays
junction voltages. While the uncertainty of the noise power
averaged of a 20 kHz interval is indicated, the uncertainty of
the current values is smaller than the symbol size.

VIII. NOISE DATA

Current noise was measured with a setup described in
Ref. 60. Briefly, after preparing a contact the STM con-
trol electronics was disconnected and a battery-driven
circuit was used to drive current through the junction.
The voltage noise present at series resistors was ampli-
fied by two parallel amplifiers and cross-correlation of the
voltage signals was used to reduce amplifier noise. The
current noise was obtained from the voltage noise us-
ing the measured conductance. The resulting spectrum
of the noise power density was averaged over the range
from 20 kHz and 200 kHz excluding spurious signals. The
upper limit reflects a low pass characteristic due to ca-
ble capacitances while the lower boundary was used to
minimize the influence of 1/f noise.

To characterize a single contact, measurements were
performed for several current values. In addition to
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FIG. 10. Fano factor vs. conductance of nickelocene junc-
tions. Circles and dots indicate data from junctions with G(z)
curves of types A and B, respectively. No significant differ-
ence of the Fano factors in these cases is discernible. Solid
and dashed lines show calculated Fano factors in the model of
Eq. 7, which assumes two identical transport channels, each
comprising two spin sub-channels. The lines are labeled with
the transmission T of one of these sub-channels. Combina-
tions of F and G in the hatched area are inconsistent with
the model.

the noise, we also determined the DC voltage drop over
the contact to calculate its conductance. We only used
data from contacts whose conductance remained con-
stant throughout the entire set of measurements (typi-
cally 9 current values). For comparison, we determined
the conductance from the thermal noise Sθ = 4kBθG
(θ temperature, kB Boltzmann constant) measured at
I = 0. Both conductances agreed within ±5 %.

Spectra of the current noise S61 were measured with
molecular tips on flat Cu(100) areas. Figure 8 shows the
increase of the spectral noise power density with the bias
current through the Nc junction. The excess noise ∆S
was obtained using60,62

∆S = S − Sθ = F

[
S0 coth

(
S0

Sθ

)
− Sθ

]
, (5)

where F = limθ→0 ∆S/S0 is the Fano factor and S0 =
2eI is the classical shot noise power density. Equation 5
was used to fit the measured noise S(I) treating F and
θ as adjustable parameters. Figure 9 shows an exam-
ple experimental data (dots) and the fit (line) obtained.
As expected for all but the lowest currents, the relation
between ∆S and the current I is almost linear.

Figure 10 shows the obtained Fano factors vs. the junc-
tion conductances. While there is some scatter, the data
are confined to the conductance range 1.3 to 1.5 G0 and
Fano factors vary between 0.17 and 0.27. The arithmetic
means are 〈G〉 = 1.42 G0 and 〈F 〉 = 0.20.

To analyze the Fano factor we use a Landauer-Büttiker

description2,

F =
G0

2G

∑
i

Ti(1− Ti), (6)

where the sum extends over all spin-resolved transport
channels with transmissions Ti.

Fig. 6(b) shows that the current at contact is essen-
tially carried by two nearly degenerate molecular or-
bitals, dxz and dyz. The transmissions of these orbitals
have been predicted to be identical but strongly spin
dependent33. We therefore assume that the current is
carried by two identical channels, each comprising sub-
channels with transmissions T↑ and T↓ for up and down
spins, respectively. Equation 6 then reduces to

F =
G0

G
[T↑(1− T↑) + T↓(1− T↓)]. (7)

Figure 10 shows Eq. 7 evaluated for a range of conduc-
tances G and a few transmission values T ↑. T↓ was ad-
justed to obtain the average experimental conductance,
T↓ + T↑ = G/G0 = 1.4. Within this model, a fit of
the experimental data is obtained for the transmissions
T↓ ≈ 0.45 and T↑ ≈ 0.95 corresponding to a spin polar-
ization (T↑ − T↓)/(T↑ + T↓) ≈ 36%. This experimental
result is in reasonable agreement with the spin polariza-
tion calculated for a nearly vertical molecule (33 % and
23 % at G = 1.1 and 1.6 G0, respectively)33. A horizon-
tal orientation, however, is predicted to exhibit no spin
polarization and can therefore be ruled out. It should
be noted that both d channels exhibit identical transmis-
sions according to our DFT calculations. If we allow for
different transmissions T (dxz) 6= T (dyz) the spin polar-
ization extracted from the Fano factor is reduced.

The above analysis of the measured shot noise in terms
of the Landauer-Büttiker picture yields a mean-field de-
scription of the correlated transport via the molecular
quantum spin. It can therefore not be expected to give a
correct description in the Kondo regime, for which devi-
ations from the Landauer-Büttiker description have been
predicted63–66. Unfortunately, the deviations between
the experimental data and the fit observed in Fig. 9 are
too small to test these predictions.

IX. CONCLUSIONS

Systematic studies of the electronic conductance as a
Nc-terminated tip approaches a Cu(100) substrate re-
veal that there are two types of molecular tip. Type
A leads to a first abrupt change in conductance close to
G0, later on a second fast rise, and finally conductances
near 1.4 G0, for very short junctions. Type B rather
shows a smooth evolution from tunneling to contact with
a plateau at conductances similar to 1.4 G0. These two
classes of tips show different dI/dV spectra at different
tip-surface distances. Type A exhibits an abrupt tran-
sition from symmetrical steps at positive and negative
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bias reflecting spin excitation thresholds to a zero-bias
anomaly typical of a Kondo peak33. Type B displays
instead a gradual closing of the inelastic gap.

Our calculations show that different molecular con-
formations can explain different spin states of the junc-
tions. Type A can be associated with a nearly vertical
configuration of the molecule where the electrodes con-
tact the cyclopentadienyl moieties. The behavior of type
A is consistent with an abrupt spin 1 to 1/2 transition
caused by electronic screening of the molecular charging
energy33. Type B is more difficult to assign to a given
geometry.

As to the deep contact regime, the similar conductance
spectra and shot noise data from A and B tips hint that
the molecule is in similar environments with both kinds of
tip. The molecule is more rigid than the tip which conse-
quently may suffer a deformation. In a simple-minded
picture, the molecule finds itself close to many metal
atoms, somewhat independent of the initial conditions
(A or B tip). This picture leads to a final screened state
of the molecule that likely exhibits S = 1/2. The shot-
noise measurements indeed show that the transmission
is spin polarized in the deep contact range. This is in
good agreement with our mean-field Landauer-Büttiker
calculations for the S = 1/2 state. The corresponding

spin polarization is close to the one predicted by the cal-
culations at approximately 35%.

On the other hand, our many-body calculations enable
modeling of the conductance spectra and show that a
smooth transition from inelastic steps to a broad zero-
bias peak as observed for B tips is also possible via the
renormalization of the magnetic excitations of a S = 1
molecule. The available experimental data are therefore
compatible with both theoretical scenarios that predict
a conductance peak at zero bias and T = 4.5 K.
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35 S. Karan, C. Garćıa, M. Karolak, D. Jacob, N. Lorente,
and R. Berndt, Spin control induced by molecular charging
in a transport junction, Nano Lett. 18, 88 (2017).

36 G. Czap, P. J. Wagner, F. Xue, L. Gu, J. Li, J. Yao, R. Wu,
and W. Ho, Probing and imaging spin interactions with a
magnetic single-molecule sensor, Science 364, 670 (2019).

37 B. Verlhac, N. Bachellier, L. Garnier, M. Ormaza, P. Ab-
ufager, R. Robles, M. L. Bocquet, M. Ternes, N. Lorente,
and L. Limot, Atomic-scale spin sensing with a single-
molecule at the apex of a scanning tunneling microscope,
Science 366, 623 (2019).

38 G. Schull, T. Frederiksen, M. Brandbyge, and R. Berndt,
Passing current through touching molecules, Phys. Rev.
Lett. 103, 206803 (2009).

39 S. Loth, K. von Bergmann, M. Ternes, A. F. Otte, C. P.
Lutz, and A. J. Heinrich, Controlling the state of quantum
spins with electric currents, Nat. Phys. 6, 340 (2014).

40 D. Jacob, Renormalization of single-ion magnetic
anisotropy in the absence of the Kondo effect, Phys. Rev.
B 97, 075428 (2018).

41 G. Kresse and J. Furthmüller, Efficiency of ab-initio total
energy calculations for metals and semiconductors using a
plane-wave basis set, Comput. Mater. Sci. 6, 15 (1996).

42 G. Kresse and D. Joubert, From ultrasoft pseudopotentials
to the projector augmented-wave method, Phys. Rev. B
59, 1758 (1999).

43 N. Papior, N. Lorente, T. Frederiksen, A. Garćıa, and
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