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ABSTRACT

The control of the Kondo effect is of great interest in single-molecule junction due to its potential applications in spin based
electronics. Here, we demonstrate that the Kondo effect is reversibly switched on and off in an iron phthalocyanine (FePc)
single-molecule junction by using a superconducting Nb tip. In a scanning tunneling microscope-based Nb-insulator-FePc-Au
junction, we achieve a reversible switching between the Kondo dip and inelastic electronic tunneling spectra by simply adjusting
the tip-sample distance to tune the tunnel coupling at low temperature. Further approaching the tip leads to the picking up of the
molecule to the tip apex, which transfers the geometry of the single-molecule junction into a Nb-FePc-insulator-Au type. As the
molecule forms an effective magnetic impurity embedded into the superconducting ground states of the Nb tip, the out-gap Kondo
dip switched to an in-gap Yu—Shiba—Rusinov state. Our results open up a new route for manipulating the Kondo effect within a

single-molecule junction.
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1 Introduction

Single-molecule junctions are a promising system to study
their rich physical phenomena, such as quantum many-body
phenomenon, spin transport, and spin interactions, and most
importantly, the realization of single molecular logic devices
[1-10]. Typically, in a magnetic molecule junction, the molecular
spin can be probed as a Kondo effect that manifests itself as a
conductance anomaly at the Fermi level when it is coupled to
a metallic system [11, 12]. Controlling the Kondo effect in
atomic precision can effectively achieve the manipulation over
the spin states at the single molecule level [1, 6, 13]. Therefore,
searching for a simple, in-situ, highly reversible, and reproducible
way to manipulate the Kondo effect of a single molecular junction
is crucial and desirable for every single-molecule device and
potential applications in spin-based electronics.

Scanning tunneling microscopy/spectroscopy (STM/S) is a
powerful tool to form an effective single molecule break junction,
to manipulate its site mechanically, and to probe the electronic
structure at the single molecule level [14, 15]. The switching
of the Kondo effect has been achieved in a STM-based single-
molecule junction by using adatom adsorption [16-19], electric
field [20-22], and magnetic field [23]. However, the introduction
of specific conditions makes the manipulation of Kondo effect
complex and limited. So far, there are few reports on a simple,
reversible, and in-situ manipulation of the Kondo effect in a
single-molecule junction.

Recently, other electrode materials, instead of normally-
used gold electrodes, have been selected to bring additional

freedom into the manipulation of conductance in the single-
molecule junction [24-26]. Here, using low-temperature STM
equipped with a superconducting Nb tip, we study the Kondo
resonance switching in a single iron phthalocyanine (FePc)
molecule tunneling junction. In the STM-based Nb-insulator-
FePc-Au junction, two types of tunneling spectra depending
on the adsorption sites at Au surface are observed. One type
shows a sharp Kondo dip near the coherence peak while the
other exhibits inelastic electronic tunneling spectra (IETS) due
to vibrational modes. Strikingly, for the molecule adsorbed on
a defined surface site, the Kondo resonance can be reversibly
switched to the IETS via changing the tip-sample distance to
tune the tunnel coupling. Furthermore, by picking up the FePc
molecule onto the apex of the Nb tip, the geometry of the
single-molecule junction is changed into a Nb-FePc-insulator-
Au type. Instead of a Kondo resonance, we observe a series of
in-gap peaks originating from Yu-Shiba-Rusinov (YSR) states,
which indicates that the molecule forms an effective magnetic
impurity embedded into the superconducting ground states
of the Nb tip. The superconducting tip approaching induced
Kondo resonance switching provides new insight for in-situ
control of the spin-states within a single molecule junction.

2 Results and discussion

The FePc molecule exhibits two flat-lying adsorption
configurations on a Au(111) surface. In both configurations,
the FePc molecules show a “cross” with a bright spot at the
center in the STM image. For the configuration I, the “cross”
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rotates with respect to the molecular center by 15° compared
with configuration II (Figs. 1(a) and 1(b)). Based on the
previous theoretical calculations, we attribute such distinct
features to different adsorption sites where the Fe atom in
configuration I is at a bridge site, while in configuration II
it is at the top site [23, 27]. In the differential conductance
(d1/dV) spectra collected by a normal W tip at ultra-low
temperatures of 40 mK, the configuration II FePc shows a
sharp dip near Er which was attributed to the Kondo effect in
previous STM work [23]. In contrast, the configuration I
FePc exhibits pairs of step features symmetric with respect
to Er, which originate from an inelastic electron tunneling
process [28] (Fig. 1(c)).

To further suppress thermal excitations and enhance the
energy resolution [29, 30], we use a superconducting Nb tip to
study the electronic states of the FePc molecule adsorbed on
Au(111). The dI/dV spectra now show a very different behavior.
First, both of them now have a U-shaped gap feature with
a gap size of 2A = 2.2 meV near the Fermi level. The gap is
attributed to the s-wave Bardeen-Cooper-Schrieffer super-
conducting gap (SC) of the Nb tip (Fig. SI in the Electronic
Supplementary Material (ESM)). The dI/dV spectrum of
configuration I shows a large intensity suppression with a step
feature at around +9 mV (red curve in Fig. 1(d)). The step
edge is significantly sharper than the one in the dI/dV spectra
obtained by the W tip shown in Fig. 1(c), demonstrating
that the energy resolution is further enhanced by using a
superconducting tip. In striking contrast to configuration I,
the dI/dV spectrum of configuration II shows a sharp Kondo
dip separated by the two superconducting coherence peaks
located at around +1.1 mV (black curve in Fig. 1(d)). The
dI/dV line-cut across the configuration I FePc molecule using
Nb tip shows the spatial distribution of the Kondo dip. In both
center Fe atom and ligands of FePc molecule, the Kondo dip
can be detected. When the lateral distance between tip and
molecules increases, the Kondo dip disappears and the U-shaped
superconducting gap is recovered (Fig. 1(e)). It indicates that

Config. | (b)

[

=
E
2=)
[}
T

Config. Il

Nano Res.

the Kondo effect is not only localized at the central Fe atom,
but also distributed to the outer ligands.

Except for the energy-resolution enhancement, the use
of a Nb tip on the FePc/Au(111) system results in a new type
of single-molecule break junction—a Nb-insulator-FePc-Au
junction, where the normal Au and superconducting Nb tip
serve as the source and drain, respectively. Normally, an
electrostatic gate is used to shift the chemical potential of the
molecular level. Inspired by recent works on the tunnelling-
barrier-induced quantum transition [30, 31], conductance
plateau [32], and magnetic interaction [33-37], we adjust the
Nb tip-molecule distance to tune the tunnel coupling and
spin-states of FePc molecule in the single-molecule junction.

Figure 2(a) shows the process of adjusting the Nb tip-sample
distance to tune the tunneling coupling schematically. We first
put the tip upon the Fe center of one FePc molecule. As
increasing the tunneling current leads to the decrease of the
tip-molecule distance in the constant-current feedback STM
mode, we change the setpoint of the tunneling current while
keeping the sample bias constant to precisely control the
tip-molecule distance. As the tip-molecule distance decreases,
for the configuration I molecule, the dI/dV spectra initially
keep their IETS features despite the increased intensity. When
the tunneling current is set to about 16 nA, the step feature
instantly transfers to the Kondo dip feature. The sharp
transition from IETS to Kondo dip can be clearly observed in
both waterfall plot and image plot of the setpoint-dependent
dI/dV curves, as shown in Figs. 2(b) and 2(c). Similarly, for
the configuration II molecule, the Kondo dip feature transfers
to the IETS feature at the critical setpoint current of 9 nA
(Figs. 2(d) and 2(e)). Such discrepancy between the transition
critical currents may attribute to the fact that type I molecule
is more energetically stable than type II [27], which makes the
transition from II to I easier than the transition from I to II.

We next focus on the approach and withdrawal of the
Nb tip to check the reversibility of manipulating the Kondo
resonance. We take the configuration II molecule for instance.
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Figure1 Two configuration FePc molecules on Au(111) surface characterized by the superconducting Nb tip at a base temperature of 40 mK. (a) and (b)
Typical STM images of configuration I and II FePc molecules, respectively, showing the “cross” of configuration II rotates with respect to the molecular center
by 15° compared with configuration I (scanning setting: bias: Vs = —1.5 V, setpoint I; = 100 pA). (c) dI/dV spectra obtained on configuration I and II FePc
molecules by a normal W tip, showing strikingly different electron states for the two configurations of the molecule. Successive spectra are offset for clarity.
(Vs=-5mV, I = 1 nA, Vinod = 50 uV). (d) dI/dV spectra obtained on configuration I and II FePc molecules by a superconducting Nb tip. Except for the
additional superconducting gap feature contributed from the tip, the step edge is sharper than the one collected by the W tip, indicating the energy-resolution
enhancement of the Nb tip. Successive spectra are offset for clarity (Vs = —10 mV, I = 0.5 nA, Vimod = 50 pV). (e) dI/dV line cut along the white arrow in (b),
showing the spatial distribution of Kondo dip across the configuration II FePc molecule (Vs = —10 mV, I; = 1 nA, Vinod = 50 pV).
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Figure 2 Switching between Kondo dip and IETS through adjusting the Nb tip-sample distance in a FePc single-molecule junction. (a) Schematic view
of varying the distance between Nb tip and molecule on Au(111) to tune the spin-state of a FePc molecule on Au(111). (b) The waterfall plot of dI/dV
spectra obtained on the center of the configuration I FePc molecule under different tunnel barrier values where setpoint current is changed with an
unchanged sample bias, showing the switching from IETS feature (red curves) to the Kondo dip feature (black curves). (c) Color image plot of normalized
dI/dV spectra corresponding to (b), clearly showing the sharp transition from the IETS feature to a Kondo feature marked by the blue arrow. (d) The
waterfall plot of dI/dV spectra obtained on the center of the configuration II FePc molecule under different tunnel barrier values, showing the switching
from the Kondo tip feature (black curves) to IETS feature. Setpoint: Vs = =10 mV. (e) Color image plot of normalized dI/dV spectra corresponding to (d),
-10 mV,

showing clearly the sharp transition from the Kondo feature to IETS feature marked by the blue arrow. Setting parameters: ((b)-(d)) setpoint: Vs

Vinoa = 50 uV.

As the tip approaches the FePc molecule center, the Kondo dip
feature remains unchanged until a critical tunneling barrier
current of 9 nA. After the current of the junction exceeds the
critical point, the Kondo dip feature immediately switches to
the IETS feature (Fig. 3(a)). This single molecule junction is
stable under large tunneling current of 20 nA. As shown in the
upper part of Fig. 3(a), the single molecule junction switches
back to the initial configuration after crossing the same critical
point of 9 nA. The spectra feature of this process is shown in
Fig. 3(b). Note that the molecule adsorption site did not change
during the whole manipulation process. The reversible in-situ
switching between the Kondo dip and the vibrational-mode
assisted IETS is clearly demonstrated. In fact, we find that the
use of a normal W tip also results in the Kondo-IETS transition.
But, comparing with the critical conductance observed by a W

tip (Fig. S2 in the ESM), the superconducting Nb tip leads to a
lower current threshold and the ensuing transition is much
more stable.

For the FePc/Au(111) system, the theoretical work
demonstrates that Kondo effect strongly depends on both the
d-orbital distribution near the Fermi level and the strength of
the spin-electron coupling [27]. But in experiments it has also
been reported that the saddle-shaped porphyrin molecule
adsorbed on Au(111) exhibited the IETS feature due to exchange
coupling between the local spin and substrate, and that it is
weaker than for a molecule with a planar configuration where
the Kondo effect is normally present [28]. Therefore, we
propose that the origin of the transition between the Kondo
effect and IETS is the variation in the spin distribution of
molecule and the exchange coupling between the local spin
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Figure 3 Reversible switching between Kondo effect and IETS under continuous tunneling barrier current. (a) A color-scale plot of dI/dV spectra of
center of the FePc molecule under a combined process of increasing and decreasing tunnel barrier values, respectively. The critical setpoint for both
approaching and withdrawing process is 9 nA, indicating the superconducting Nb tip provides more stability during manipulation of single FePc molecule
configuration switching. (b) A waterfall plot of dI/dV spectra collected on center of the FePc corresponding to (a), showing a clear transition between
Kondo dip and IETS. Successive spectra are offset for clarity. Setpoint: Vs = =10 mV, Viod = 50 pV.
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and the substrate [30, 31], which is altered as the tip approaches
the molecule.

We notice that the energy of the steps in the IETS shifts
toward the Fermi energy with increasing tunneling barrier
conductance. The shift can be rationalized, if the large tunneling
current has a large effect on the exchange coupling between
the FePc molecule and the Au substrate, which will raise the
energy of the vibrational mode [38]. In addition, the energy
of step peaks does not shift with the increasing magnetic field
[23]. Therefore, the inelastic electron tunneling is resulted
from the low-energy vibrational mode but not a spin-flip
process [28].

By further increasing the tunneling current, the super-
conducting Nb tip will undergo a quasi-contact process, which
may allow the Nb tip to pick up a FePc molecule (Fig. 4(a)).
The top panel of Fig. 4(b) shows the topographic image before
picking up a single FePc molecule. By placing the tip on top of
the molecule marked by white circle, the molecule adsorbs
onto the apex of the tip. The topographic image probed by the
FePc/Nb tip is shown in the bottom panel of Fig. 4(b).

The molecule pick-up process changes the tunneling junction
configuration from the Nb tip-insulator-FePc-Au (Fig. 4(c))
into the Nb tip-FePc-insulator-Au type (Fig. 4(d)). Under this
circumstance, and since the Fe atom carries a magnetic moment,
the FePc can form a magnetic impurity embedded in the
superconducting state of the Nb tip. After picking up the FePc
molecule, the dI/dV spectra on the bare Au surface show two
particle-hole symmetric peaks in the superconducting gap. We
attribute these in-gap states to the Yu-Shiba—Rusinov states
[39, 40] induced by the magnetic molecule adsorbed onto the
apex of the superconducting Nb tip. To confirm the YSR
origin, we continuously tune the tunneling tip-sample barrier
and find that these in-gap states shift as the tunneling barrier
current increases (Fig. S3(a)), which is in excellent agreement
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Figure 4 Reversible switching between Kondo resonance and Yu-Shiba-

Rusinov states through picking up a FePc molecule. (a) Schematic view
of the absorbed magnetic FePc molecule onto a Nb tip. (b) The STM
topographic image shows that a magnetic FePc molecule is absorbed onto
the apex of the Nb tip using single atom/molecule pick-up technique (Vs =
-1V, I: = 0.5 nA). (c) Typical dI/dV spectra in a Nb-insulator-FePc-Au
tunneling junction, showing a Kondo dip. (d) Typical dI/dV spectra in a
Nb-FePc-insulator-Au tunneling junction, showing two in-gap YSR states.
Setpoint, ((c)-(d)): Vs =-10 mV, It = 0.5 nA, Vinoa =50 V).
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with the behavior of a quantum phase transition of YSR
states [30]. For comparison, we also probe the dI/dV spectra
from -3 to +3 mV of the atomically flat Au(111) surface with
increasing tunneling barrier current using a pure Nb tip
without FePc molecule (Fig. S3(b)). Nb tip and Au(111) surface
form a superconductor-insulator-metal junction, leading to a
clean superconducting gap without the emergence of in-gap
states. We find that the picking-up process is also reversible. By
applying a pulse on the Au surface, the single FePc molecule
drops back onto the Au surface. After dropped back, some
FePc molecules keep the original configurations where in-gap
YSR states change into the Kondo dip again (Fig. S4(a)-S4(c))
in the ESM). However, in some cases, as the dropped-back
molecules are not stable on the surface, their position and
configurations can be changed by the STM tip during the
scanning (Figs. S4(d) and S4(e) in the ESM).

3 Conclusions

In conclusion, we studied the Kondo resonance switching in
a single molecule junction by STM/S. We firstly distinguish
two distinct configurations of the FePc molecule adsorbed on
Au(111) using a superconducting Nb tip. Topographically they
exhibit a 15° rotation angle difference while spectroscopically
one configuration shows a sharp Kondo dip while the other
displays striking IETS features. Significantly, two dI/dV features
can be switched via manipulating the tunnel barrier by the
STM tip under a narrow barrier conductance window. The
switching between these two features is highly reversible and
reproducible. Furthermore, by picking up the FePc molecule
onto the apex of the superconducting Nb tip, Yu-Shiba-
Rusinov like features emerge inside the superconducting gap,
which indicates that the molecule forms an effective magnetic
impurity embedded in the superconducting ground states
of the Nb tip. Our study strongly suggests that tuning
the tunneling barrier is a promising simple method to realize
in-situ reversible Kondo switching in a single molecule junction
and it is indeed a leap forward towards practical manipulation
of the electronic structure of a single molecule device.

4 Methods

41 Sample preparation

Commercial FePc molecules (Sigma-Aldrich) were sublimated
from a molecular evaporator after thermal purification. The
FePc molecule was deposited on Au(111) at an evaporation
temperature of ~ 520 K for less than 1 min. The Au(111)
substrate was held at room temperature in the evaporation
process of FePc. The Au(111) sample was prepared by
repeated cycles of sputtering with argon ions and annealing
under 800 K.

42 STM/S

STM/S experiments were conducted in an ultrahigh vacuum
(1 x 107" mbar) LT-STM system. Chemically etched tungsten
tips with Au coated and superconducting Nb tips were
calibrated on a Au(111) surface before use. STM images were
acquired in the constant-current mode at a base temperature
of 40 mK. Differential conductance (dI/dV) spectra were acquired
at 40 mK by a standard lock-in amplifier at a frequency
of 973.0 Hz under the modulation voltage Vmea = 0.05 mV.
The Nb tip was fabricated via mechanical cut of a Nb rod and
calibrated on a clean Nb(110) surface prepared by repeated
cycles of sputtering with argon ions and annealing at 1,200 °C
(Fig. S1 in the ESM).
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