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Abstract

A single molecule offers to tailor and control the probing capability of a scanning
tunneling microscope when placed on the tip. With the help of first-principles calcula-
tions, we show that on-tip spin sensitivity is possible through the Kondo ground state
of a spin S = 1/2 cobaltocene molecule. When attached to the tip apex, we observe a
reproducible Kondo resonance, which splits apart upon tuning the exchange coupling
of cobaltocene to an iron atom on the surface. The spin-split Kondo resonance provides
quantitative information on the exchange field and on the spin polarization of the iron
atom. We also demonstrate that molecular vibrations cause the emergence of Kondo

side peaks, which, unlike the Kondo resonance, are sensitive to cobaltocene adsorption.



Introduction. The decoration of metal probe-tips by a molecule intentionally picked up
from a surface has proven to be a powerful method to improve the measurement capabilities
of a scanning tunneling microscope (STM). The degrees of freedom of the molecule introduce
tip-surface interactions across the vacuum gap that are usually absent when using a metallic

3 and

apex. These interactions can endow STM with an enhanced sub-molecular resolution, 1~
provide new chemical insight.* 7 Detailed information can be gathered about single molecules
on a surface and the way they interact among each other, which is of interest to chemistry
and biology.®

To probe magnetic effects with a molecular tip it is necessary to have a magnetic molecule
at the tip apex. Recently, a tip decorated with a nickelocene molecule® [Ni(C5Hjs)s] was used
to monitor surface magnetism through the inelastic component of the tunneling current, '%:
which provides an electrical access to the nickelocene spin states.!? An exciting alterna-
tive could consist in using a magnetic molecule undergoing a Kondo effect, which is quite
common for magnetic molecules adsorbed on metal surfaces.'® This ubiquitous quantum phe-
nomenon occurs when a magnetic impurity —molecule or atom—couples to a non-magnetic
host metal.!* The conduction electrons of the metal spin-screen the impurity to form a sin-
glet below a temperature Tx. The screening occurs coherently causing the emergence of
a narrow resonance at the Fermi energy in the molecular conductance. Interestingly, this
so-called Kondo resonance changes when the Kondo impurity magnetically couples to its
local environment. By closely monitoring the resonance line shape, magnetic information
can be gathered through the impurity. Kondo atoms and molecules have been widely used in
STM for this purpose,'® 22 but the discrete interatomic separations imposed by the substrate
lattice prevent a detailed investigation. In a seminal work to circumvent this limitation,?? a
tip was decorated with a Kondo atom and its separation from another Kondo atom on the
surface was continuously changed. This study, however, suffered from the poor structural

and magnetic knowledge of the tip apex. To improve tip-control and simplify the proce-

dure, a Kondo effect carried by a molecular tip would be preferable, but its experimental



realization has remained elusive.

To build a molecular Kondo tip, we resort here to cobaltocene [Co(CsHs)s, noted Cc]
—a molecule of the metallocene family, which in vacuum has a spin S = 1/2 due to a singly-
occupied doublet (7., m,,). We show that Cc can be sublimated onto a metal surface and
subsequently picked up by the STM tip to produce reproducible Kondo physics at the tip
apex. With the help of first-principles calculations and dynamical correlations, we describe
the Kondo ground state and demonstrate magnetic tip-sensitivity across the vacuum gap.
We also show that the Kondo signature is intertwined with molecular vibrational modes
that depend on how cobaltocene is contacted to its metallic environment. The Cc-tip shows
great potential for probing surface magnetism besides displaying fascinating many-body
vibrational features.

Adsorption on Cu(100). After shortly exposing Cu(100) to a molecular flux (see Sup-
porting Information), single Cc molecules were found on terraces and on step edges of the
surface (Figure 1a). The Cc molecules on the terraces exhibited a ring-like pattern (inset of
Figure 1b) that we assign to a cyclopentadienyl group (CsHs, Cp hereafter) being exposed to
vacuum. The ring-like pattern observed and the apparent height of 400 +50 pm (Figure 1b)

2425 and point to a Cc adsorbed with its molecular axis parallel to

are typical for metallocenes,
the surface normal. We found that isolated Cc was preferentially adsorbed with the bottom
Cp ring centered on the hollow site of Cu(100) (see Figure S1 in Supporting Information).
Our density functional theory (DFT) calculations point to a bottom Cp ring positioned at
a distance of 259 pm from the surface (Figure 1c) with a 0.16 e~ charge transfer from the
molecule to the substrate, which corresponds to a moderate chemisorption. The projected
density of states (PDOS, Figure S2) indicates that the mixing of C(sp), Co(d,.) and Co(d,.)
orbitals results in the partially-populated . and m,, frontier molecular orbitals, giving a
magnetic character to cobaltocene on Cu(100). The computed magnetic moment of Cc is

carried by the Co atom and is 0.75 pp, which corresponds to an effective spin of S = 1/2.

The 7 orbitals are nearly degenerate and spatially add up to yield the ring-like shape of Cc
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Figure 1: (a) Cobaltocene on Cu(100) (image size: 20 x 15 nm?, sample bias: 20 mV,
tunneling current: 30 pA). Inset: x1.6 zoom of Cc molecules at a step edge. (b) Line profile
of a Cc on copper terrace. The profile was taken along the white line in panel (a). Inset:
Close-up view of Cc on a terrace (2 x 2 nm?, —70 mV, 20 pA). (c) Side view of the relaxed
structure of Cc on Cu(100) as computed by DFT. (d) Calculated wave-function density of
the 7, and m,, orbitals of Cc in vacuum and their linear combination.



(Figure 1d). These properties are similar to those of a nickelocene molecule that is adsorbed
on a surface? or on a tip.26

Cc-tip and Kondo resonance. To prepare a Cc-tip with atomic control, we transferred a
Cec from Cu(100) to the tip apex of the STM. The transfer process, which was analogous to

other metallocene molecules, %2527

consisted in approaching the tip towards the Cc molecule
within 100 pm from point contact at a bias of —20 mV or lower (see supporting information).
The presence of Cc on the tip apex produced a molecular pattern when imaging an adatom
(Figure 2a), which was otherwise featureless when using a metallic tip apex (Figure S1). The
molecular pattern is attributed to a Cc that is adsorbed on the tip apex with its molecular
axis tilted with respect to the surface normal. Three configurations were observed: a two-
lobe pattern with one lobe brighter than the other (noted 1), a two-lobe pattern with equal
intensities on the lobes (2), and a one-lobe pattern (3).

We used DFT to compute the structure of the Cc-tip. We mimicked the molecular tip by
considering a Cc molecule adsorbed on a Cu adatom on Cu(100) (Figure 2b) and calculated
the relaxed structure (see Supporting Information). We found an excellent agreement be-
tween the experimental and the simulated STM images (Figure 2¢). The relaxed structures
correspond to three stable configurations close in energy (Table S1). Configuration 1 and 3
correspond to a Cc bound to the Cu adatom trough two C atoms of the Cp ring, resulting
in a tilt angle of 16° with respect to the surface normal. Configuration 2 corresponds to a
Cc bound to the Cu adatom through one C atom of the Cp ring, resulting in a tilt angle of
4°. We note that similar stable configurations, where a Cu atom either interacts with a C-C
bond or a with C atom, are also observed in point contact measurements of a Cu-tip with a
Cgo molecule.?®

The computed magnetic moment of Cc on the tip shows negligible dependence on ad-
sorption configuration (Table S1). In the case of configuration 1, for instance, the magnetic
moment is 0.89 ug, the projection on the Co atom giving 0.83 pug —the charge transfer of Cc

to the metal tip is 0.12 e~. The spin-polarized PDOS (Figure S2) changes compared to Cc
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Figure 2: (a) Fe atom on Cu(100) imaged with three different Cc-tips noted 1 to 3 from left
to right (1.8 x 1.8 nm?, 60 mV, 30 pA). (b) DFT-computed relaxed structures for the Ce-tip,
and, (c) corresponding simulated STM images (0.8 x 0.8 nm?, isovalue: 0.004 nm~3). (d)
dI/dV spectrum taken with a Cc-tip above the bare Cu(100) surface (feedback loop opened
at —70 mV, 200 pA). Inset: Constant-height dI/dV image acquired with the Ce-tip above a
Fe atom (1.6 x 1.6 nm?, sample bias: —2 mV). The feedback loop was opened at distance of
z = 0.4 nm above the center of the Fe atom. (e) dI/dV spectrum of a Cc adsorbed at a step
edge of Cu(100) surface acquired with a Cu-terminated tip (=75 mV and 200 pA). Inset:
Constant-height dI/dV image acquired above a Cc adsorbed at a step edge (2.5 x 2.5 nm?,
sample bias: +4 mV). The feedback loop was opened at distance of z = 0.4 nm above one of
the Cc lobes. The vertical lines in panels (d) and (e) mark the position of Kondo side peaks
due to molecular vibrations.



on the copper surface. The effective spin S = 1/2 of the Ce-tip is now carried by an unpaired
electron in the m,, orbital, which corresponds to a singly occupied molecular orbital. The
7., orbital lies above the Fermi energy and corresponds to the lowest unoccupied molecular
orbital. The m,, orbital possesses a nodal plane perpendicular to the Cp ring (Figure 1d)
and produces the two-lobe pattern seen in the STM images of the Cc-tip. This behavior is
common to other cobaltocene derivatives.?’

Figure 2d presents a typical differential conductance (dI/dV') spectrum that was acquired
with Ce-tip 2 positioned above a Cu(100) terrace. The spectrum exhibited a sharp peak near
zero-bias and was flanked by peaks nearly symmetric with bias polarity (solid black lines in
Figure 2d). The dominant zero-bias peak is assigned to a Kondo resonance resulting from
the spin-flip scattering of tip conduction electrons by the S = 1/2 spin of Cc. The nearly
symmetric shape of the peak indicates that the quantum interference with the continuum
of the tip electrons is negligible.?® The spatial distribution of the Kondo resonance in the
molecule (inset of Figure 2d) follows the two-lobe pattern of the m,, orbital, revealing that
the Kondo effect is carried by this orbital.

The side peaks are assigned to a Kondo effect where tunneling electrons have their spin
flipped when elastically scattering off the Cc spin, but with sufficient energy to activate
a vibrational mode in the molecule.?" These peaks fall at biases corresponding to the vi-
brational excitation energies of the cobaltocene molecule.??3% Their intensity is higher at
negative bias compared to positive bias. Additionally, while the Kondo resonance showed
little dependence on tip configuration (Figure S3), the intensity of these side peaks changed
from tip to tip. For simplicity, in the following we restrain the presentation to Cc-tip 2 with-
out loss of generality. To enrich the discussion of the Kondo line shape, we include in our
analysis the Cc molecules that are adsorbed at the bottom of the edge of Cu(100) steps (inset
of Figure la; see also Figure S1). Remarkably, these Cc have same experimental markers as
the Ce-tip. They have a two-lobe pattern when imaged and their d//dV spectrum is nearly

mirror symmetric in bias to the spectrum acquired with a Ce-tip (Figure 2e).
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Figure 3: (a) dI/dV spectra of Cc adsorbed on a step-edge of Cu(100) for different tempera-
tures (feedback loop opened at —70 mV, 300 pA). For clarity, the middle and top spectra are
shifted vertically by 4 and 8 nS, respectively. The solid red lines are simulated line shapes
using Eq. (1) with ex = 0.5+0.1 meV. (b) Temperature-dependence of I' extracted from the
dI/dV spectra. The solid line correspond to the curve calculated using Eq. (2). (c¢) Set of
dI/dV spectra acquired with the Ce-tip positioned above a Fe for various tip-atom distances;
for clarity, the spectra were shifted vertically from one another by 1 uS. The distance z =0
corresponds to point contact (Figure S4). The solid red lines are a line shape simulation
based on a dynamical scattering model.3”3® We used the third-order formulas to include
Kondo physics and set the potential scattering U to zero. Inset: Sketch of the experimental
setup. (d) Distance dependence of the excitation threshold |eVp| (y-axis: left) and of the
exchange field (y-axis: right). The exponential fit described in the text is plotted as a solid
red line.



Cc-tip: Kondo effect. To validate the Kondo nature of the zero-bias peak, we probed
the temperature dependence of the dI/dV spectrum of the Ce-tip and that of the Cc at the
step edge. A set of spectra is presented Figure 3a. The peak broadened progressively with
temperature, which is a signature of a Kondo system. The dI/dV spectra were simulated

using a Frota function (solid red line in Figure 3a)3%4

o(eV,T) = h*%[\/if/(iF+eV— ex)| + oo, (1)

where R indicates the real part, while oy, h and ek are constants. The thermal smearing
introduced by the tunneling mechanism and the smearing of the lock-in detection were
also accounted for in the simulation.*! As shown in Figure 3b, the evolution of I'(T) with

temperature is well reproduced by 42

I(T) = 1.455/2+/ (2kpTk)? + (akpT)?, (2)

where kp is the Boltzmann constant. We obtain Tx = 4.3 £ 1.3 K and o = 5.0 0.3 (solid
line in Figure 3b). This asymptotic slope is close to the predicted value for a spin-1/2 Kondo
system in the strong coupling regime,*? while the relatively small value of Tk indicates a
weak coupling of Cc to the metal tip apex. Similar findings were reported for other Kondo
systems. 4344

To further evidence the Kondo nature the zero-bias peak, we magnetically coupled the

Ce-tip to a Fe atom on Cu(100) across the vacuum gap. The magnetic coupling of a Kondo

16,23 19,45

atom to another magnetic atom, or a magnetic electrode, is known to split the Kondo
resonance into two peaks. A typical set of dI/dV spectra recorded above the Fe atom at
different tip-atom distances z is presented in Figure 3¢ (z = 0 corresponds to point contact,
Figure S4). The spectra were acquired with one of the lobes of the Cc-tip centered on the
atom. While the z = 150 pm spectrum was indistinguishable from the one acquired above

the bare Cu(100), for smaller distances a splitting of the peak was apparent. The splitting



became increasingly stronger as z was decreased, the median energy position of the two
peaks remaining unchanged within experimental resolution. However, the intensity of the
two peaks was asymmetric for opposite voltage polarities.

To rationalize these observations, we follow our previous work on the nickelocene-terminated
tip, ! and use a simplified spin Hamiltonian to describe the magnetically coupled Cc-Fe sys-

tem (see supporting information and Figure S5):

]:I - _gMBBexgza (3)

where the z-axis corresponds to the out-of-surface direction —for simplicity, we neglect
the small tilt angle of Cc. Even though Kondo correlations are not explicitly accounted
for in Eq. (3), similar spin Hamiltonians have been shown to quantitatively describe the
energies of spin-split Kondo peaks. 6203743 Thig effective Zeeman Hamiltonian consists of
the gyromagnetic factor (g = 2), the Bohr magneton (up = 57.9 ueV/T), and the exchange
field (Bex) produced by the Fe atom and acting on Cc along the z-axis. Within mean-field

11,46 414

theory, Bex = |J|(S.re)/gpn, where (S, r) ~ 3/2 is the effective spin of Fe on copper
J is the magnetic coupling between Cc and Fe —we take the coupling to be Ising-like. The
spin-split zero-bias peak is then ascribed to a pair of conductance steps placed symmetrically
about zero bias. The steps in Figure 3c are associated to inelastic tunneling events in which
tunneling electrons excite Cc from its magnetic ground state |m = +1/2), with m as the
magnetic quantum number, to the excited state |m = —1/2). They are located at a bias
|eVo| = gupBex corresponding to the energy separating the two Zeeman levels.

A line shape simulation based on Eq. (3) and on a dynamical scattering model373® is
presented as a solid red line in Figure 3c. The simulated line closely reproduces the exper-
imental spectra. Figure 3d presents quantitative estimates for B, as extracted from the

simulations carried out at various distances z. The exchange field is an exponential function

of z of the form exp (—z/\) (Figure 3d) with a decay length of A = (23 + 1) pm, which

10



10114749 The coupling is

is characteristic of an exchange interaction across a vacuum gap.
|J| =~ 1.3 meV at the shortest probed Fe-Cc distance, similar to other exchange coupled sys-
tems. 450 Our simulations also capture the line shape asymmetry observed experimentally.
This asymmetry n = (hy — h_)/(hs + h_), which stems from a selection rule for spin exci-

3851 reflects changes in the inelastic step height at positive and negative voltage (h.

tations,
and h_). From our simulations, we found a constant value of n = 20 £ 5% for the shortest
tip-sample distances (solid lines in Figure 3c). Although this value must be handled with
care as the potential scattering was set to zero in our simulations,?° 7 provides a measure
for the adsorbate-related spin polarization owing to the Kondo nature of the Ce-tip.2%%?
With the help of an external magnetic field, the information gathered at the atomic-scale
with a Cc-tip, either through the exchange interaction or the spin polarization, should prove
sufficient for obtaining a magnetic contrast in STM images.

Cec-tip: Kondo side peaks. The coupling of the singly-occupied 7, orbital to molecular
vibrations leads to Kondo side peaks. These peaks are highlighted in the d*I/dV? spectrum
in Figure 4a acquired with a Cc-tip in configuration 2 (the spatial dependence of the most
salient mode is shown in Figure S6). The peak positions, which, as expected,® are symmet-
ric with bias polarity, are marked by a vertical line in the spectra. Figure 4b summarizes all
the peak positions observed experimentally in an energy range up to 50 meV, including the
peak positions observed in the spectra for Cc at the step edge (shown in Figures S7,S8). The
peak positions, hence the energies of the vibrational modes, show negligible dependence on
Cc adsorption or intramolecular position. Their intensity, instead, may change substantially
(Figures S7), which hints to modes having different electron-vibration couplings. This is
apparent when simulating the Kondo spectral function (Figure 4c, see Supporting Informa-
tion), where we fixed the position of the side peaks to the DF'T-computed vibrational energies
of configuration 2 (Figure 4b; all computed configurations are presented in Figure S8). A

satisfying agreement with experiment is found, but clearly some modes are favored in the

experimental line shape due to a stronger electron-vibration coupling. Further work will be

11
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Figure 4: (a) d*I/dV? spectrum of a Cec-tip in configuration 2 (feedback loop opened at
—70 mV and 2 nA). (b) Experimental (z-axis: top) and DFT-computed (z-axis: bottom)
vibrational energies. The experimental energies comprise those of the Ce-tip (blue lines) and
of Cc at the step edge (red lines). (¢) Computed spectral function of a Ce-tip in configuration
2 (top panel) and its derivative (bottom panel). (d) dI/dV spectrum of Cc adsorbed on a
terrace of Cu(100). The feedback loop was opened at —175 mV, 200 pA. (e) Computed
spectral function of Cc with a quasi-continuum of vibrational excitations (see text).
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needed to understand this behavior.?*

For a complete picture of the Kondo effect of cobaltocene, we present in Figure 4d a typical
dl/dV spectrum of single-Cc on a Cu(100) terrace. Compared to previous Cc-tip spectra,
the line shape has a more complex pattern. It is much broader with a dominant peak located
at 25 mV and a second peak at 125 mV, with a reproducible shoulder centered at zero-bias.
The Kondo spectral function can be again computed assuming that molecular vibrations are
still present when cobaltocene is adsorbed on the terrace (Figure 4e). The calculation was
performed with the computed vibrational frequencies, using the Kondo temperature and the
electron-vibration couplings as fitting parameters. The Kondo temperature was fixed to that
of the Ce-tip, implicitly assuming that the Kondo effect is still carried by a single molecular
orbital. The spectrum is broad showing two characteristic peaks at 30 mV and at 120 mV.
Despite the large number of parameters, the calculation conclusively shows the prevalence
of vibrational signatures in the spectrum. Unlike the Cec-tip, all possible vibrational modes
of Cc are excited in the range from 2 meV to 395 meV. This leads to a quasi-continuum
of excitations that are packed in two regions, one at 30 meV and the other at 120 meV,
corresponding to the distribution of modes in the molecule. The low-energy features in the
dI/dV can then be unambiguously assigned to a Kondo effect in the presence of strong
electron-vibration coupling in the Cc molecule.

Conclusion. We have shown that by decorating a STM tip with a cobaltocene molecule
it is possible to routinely produce a Kondo resonance at the tip apex, which is flanked
by side peaks resulting from vibrational excitations. The Kondo resonance can be used to
probe a magnetic exchange interaction across the vacuum gap and to determine a sample-
related spin-polarization. These results open the exciting perspective of obtaining a magnetic
contrast in the STM images by monitoring the changes in the Kondo resonance. A variety
of magnetic systems can be investigated in this way, ranging from simple ones, e.g. atoms
and molecules, to magnetic surfaces, complementing other spin-polarized scanning probe

techniques.®>°® The physics of two Kondo impurities may also be thoroughly explored with
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a Cc-tip, adding control to previous work by Bork et al.*> and extending it to single Kondo

molecules.
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