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Superconductors containing magnetic impurities exhibit intriguing phenomena derived from the
competition between Cooper pairing and Kondo screening. At the heart of this competition are the
Yu-Shiba-Rusinov (Shiba) states which arise from the pair breaking effects a magnetic impurity has on a
superconducting host. Hybrid superconductor-molecular junctions offer unique access to these states but
the added complexity in fabricating such devices has kept their exploration to a minimum. Here, we report
on the successful integration of a model spin 1/2 impurity, in the form of a neutral and stable all organic
radical molecule, in proximity-induced superconducting break junctions. Our measurements reveal
excitations which are characteristic of a spin-induced Shiba state due to the radical’s unpaired spin
strongly coupled to a superconductor. By virtue of a variable molecule-electrode coupling, we access both
the singlet and doublet ground states of the hybrid system which give rise to the doublet and singlet Shiba
excited states, respectively. Our results show that Shiba states are a robust feature of the interaction between
a paramagnetic impurity and a proximity-induced superconductor where the excited state is mediated by
correlated electron-hole (Andreev) pairs instead of Cooper pairs.
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A quantum dot (QD) or impurity coupled to a super-
conductor constitutes a rich physical system in which
many-body effects compete for the ground state [1-9].
The ground state can take the form of a BCS-like singlet, a
spin degenerate doublet, or a Kondo-like singlet, depending
on the relative strengths of the characteristic energies of the
competing phenomena (charging energy, U, superconduct-
ing gap, A, Kondo energy, kzTx). For a weak Coulomb
interaction (U << A), the BCS singlet, composed of the
superposition of unoccupied and doubly occupied states of
the dot, prevails. Subgap excitations of this ground state are
the well-known Andreev bound states. This regime has been
explored in carbon nanotube [10,11] and nanowire [12,13]
devices where A can be large enough relative to U to allow
the BCS superposition state. For larger charging energy,
however, the doublet becomes the energetically favored
ground state (at temperatures above T) and a competition
between Kondo screening and Cooper pairing sets in at
temperatures below Ty [8,14]. For weak Kondo energy
(kgTx < A), the ground state is the degenerate doublet as
screening is incomplete due to a lack of quasiparticles at the
Fermi level. For strong Kondo energy (kzTx > A), quasi-
particles screen the spin and the Kondo singlet becomes the
ground state. Excitations on top of these ground states are the
Yu-Shiba-Rusinov (or simply Shiba) states [15—18]. First
experimentally observed in tunneling spectra of magnetic
adatoms absorbed on Nb [19], these states were recently
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shown to lead to topological Shiba bands required for the
observation of Majorana end modes in atomic chains
adsorbed on a superconducting surface [20-22].

Besides early tunneling experiments on Kondo alloys
producing conventional Shiba bands [23-25], the great
majority of investigations of superconductor-QD systems
are with magnetic impurities [2,7,19,26], nanowires [3,4],
or nanotubes [27-29] coupled directly to a bulk super-
conductor. In these systems, the singlet Shiba excited state
is created by breaking a Cooper pair which allows a
quasiparticle to pair with the localized spin in the quantized
system. A similar interaction may occur through proximity
induced superconductivity but has not been explored and
requires attention as proposals and investigations of
Majorana bound states engineered through proximity
induced systems grow [12,30-35].

The hybrid superconductor-molecule device grants a
unique exploration of the superconductor-QD phase diagram
as the energy spacing between molecular orbitals of a
molecule is typically orders of magnitude larger than the
other energy scales completely suppressing the formation of
the BCS-like singlet ground state and offering investigation
of the large-U regime. The added difficulty in fabricating
such devices has limited their investigation to only a few
studies [36,37]. Winkelmann et al. have achieved contact to
Cgo molecules using proximity induced gold and aluminum
electrodes which showed the interplay of a spin-1/2 impurity
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FIG. 1. Proximity induced interaction with an all organic
radical molecule and device design. (a) Schematic representation
of a radical molecule coupled to a proximity induced super-
conducting gold electrode. The red circle represents the unpaired
spin at the center of the molecule. (b) False-colored scanning
electron microscopy (SEM) image of a lithographically identical
junction with superconducting electrodes colored blue and gold
nanowire colored gold. The inset shows a SEM image of an
electromigrated junction after measurement, scale bar 50 nm.

coupled to intrinsically superconducting leads [36]. Gold is
an attractive intermediary material because it allows coupling
to a single molecule through a robust sulfur-gold bond
leading to higher stability and stronger coupling.

Here we report on investigations of the large-U regime
of the superconductor-QD system and the observation of
Shiba states in a completely proximitized superconducting
junction hosting a model spin 1/2 impurity. As opposed
to direct coupling to a bulk superconductor with a phase
coherent condensate giving rise to spin induced Shiba states,
Shiba states in our system are supported by correlated
electron-hole (Andreev) pairs. Figure 1(a) depicts this
situation in which a magnetic impurity (in our case a
molecule with an unpaired spin at its center signified by a
red circle, see Supplemental Material for details [38]) on the
left side is tunnel coupled to a proximity-induced super-
conductor on the right side. The proximity effect in the gold
is mediated by the well-known Andreev reflection process
that occurs at the interface between the normal metal (gold
region) and the superconductor (blue region) giving rise to
Andreev pairs in the gold leads [40] which can interact with
the molecule through an exchange coupling. As a result of a
variable molecule-electrode coupling for different devices,
we access both the singlet and doublet ground states (and
their corresponding Shiba excited states) of the large-U
superconductor-QD phase diagram. We further corroborate
these results through calculations based on the Anderson
impurity model while taking into account the proximity
induced nature of the gold electrodes.

Device design.—The junction fabrication and charac-

terization have been detailed in Refs. [41,42] which we

briefly summarize here. Figure 1(b) shows a false colored
scanning electron microscopy (SEM) image of a represen-
tative junction. The blue colored electrodes are the bulk
superconducting banks created by sputtering molybdenum-
rhenium (60/40, T, ~ 8.5 K). The gold colored nanowire
and contact pads are created by electron-beam evaporation
of gold (thickness, 12 nm). The gray vertical strip under the
junction is a AlO,/AuPd back gate which can be used to
electrostatically gate the junction. A combination of elec-
tromigration and a self-breaking technique is used to open a
nanogap in the gold nanowire. The inset shows a SEM
image of a typical nanogap after electromigration.

Several empty gaps are measured at low temperatures in
order to characterize the superconducting proximity effect
in the gold electrodes without molecules (see Supplemental
Material for details [43]. In order to carry out measurements
on the polychlorotriphenylmethyl (PTM) molecule (see
Supplemental Material for details [38]), a solution of
molecules (concentration 1 mM) is drop cast onto an array
of 24 junctions before electromigration. After the electro-
migration and self-breaking of all junctions, the solution
is evaporated leaving behind roughly a monolayer of
molecules and the sample is cooled down in a dilution
refrigerator (base temperature 100 mK).

We find that the normal state characteristics (and Kondo
effect) of the molecular junctions are consistent with
previous reports of the same molecule in completely gold
break junctions [46] (see Supplemental Material for details
[47]. Furthermore, from the linear conductance in the
Kondo regime we estimate an asymmetry in the couplings
(I',, Tg) to the leads of I', /T ~ 5 x 1074,

The superconducting state.—Moving now to the char-
acteristics in the superconducting state, the black curve in
Fig. 2(a) shows the differential conductance as a function
of voltage bias in the superconducting state (B = 0 T) for
device D. The red curve in the same panel is the measure-
ment in the normal state (B = 200 mT) showing the zero
bias peak arising from the Kondo effect discussed in the
Supplemental Material [47]. In the superconducting state
two peaks are discernible, symmetric in bias, accompanied
by side dips at higher bias which are qualitatively distinctive
from the empty junction curves shown in the Supplemental
Material [43]. These peaks signal excitations of the coupled
superconductor-QD system and have been shown to be
associated with (multiple) Andreev reflections (MARs) and
spin induced Yu-Shiba-Rusniov states. Conductance peaks
due to MARs, however, are not accompanied by side dips
and become less probable as the asymmetry between the left
and right leads is increased [3,27]. Asymmetries of I'; /Ty ~
1021073 in nanowire experiments are enough to com-
pletely suppress MAR contributions [3]. With the built-in
high asymmetry of the couplings and given the spin 1/2
Kondo effectin the normal state, a natural explanation for the
excitation peaks in our hybrid molecular devices is that they
originate from spin induced Shiba states.

Figure 2(c) shows a schematic of the coupling situation
and density of states. The blue colored electrode and
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FIG. 2. Characterization and calculations of a molecular junc-
tion in the superconducting state. (a) Low temperature (100 mK)
measurement of the differential conductance (dI/dV,) as a
function of voltage bias (V) of a radical molecular junction at
zero magnetic field (superconducting state) and 200 mT (normal
state). The blue dashed curve shows the same measurement at
1.2 K (B = 0 T). The inset shows the magnetic field dependence
of the Shiba peaks. (b) Theoretical calculations of the modeled
system taking into account the proximity-induced DOS of the
leads. (c) Schematic representation of the probing of the Shiba
excited state as a result of the coupling of the radical molecule
with the proximity-induced superconducting Au electrode.

corresponding DOS represent the hybridization of the radical
with the more strongly coupled electrode resulting in Shiba
excited states. Microscopically, these states arise from the
interaction of Andreev pairs at finite energy in the proximity-
induced lead and the unpaired spin of the radical molecule.
The weakly coupled gold lead on the left side probes the
hybridization of the molecule with the right electrode. This
results in conductance peaks in Fig. 2(a) at energies of
+(E, + &) where E, is the excited state energy and §; is the
proximity-induced gap of the probe electrode. In addition to
these peaks, side shoulders are visible at lower bias voltage
which we interpret as Shiba replicas. Shiba replicas are
visible for a sufficient density of quasiparticles in the minigap
of the probe electrode which is reasonable considering the
soft proximity-induced gap of our empty junctions (see
Supplemental Material [43]). With an increase in temperature
we furthermore observe the emergence of an anomalous
zero-bias peak [dashed curve in Fig. 2(a)] which we interpret
as a mini Kondo due to increased quasiparticle filling (see
Supplemental Material [50]).

A comparison of the characteristic energies (5, VS
kgTy) for device D allows us to determine the ground state
of the coupled system. The edges of the dips in Fig. 2(a)
roughly correspond to §; + 6 from which we calculate
an average induced gap of 6,,, = (6, + dg)/2 = 0.8 meV.

Compared with the Kondo energy extracted from the
normal state temperature dependence of the Kondo peak
(kgTx = 0.2 meV) (see Supplemental Material [47]),
we find that the average induced gap is 4 times larger.
In this device, the larger finite Andreev pair energy results
in a doublet ground state where the radical’s spin is not
sufficiently screened by quasiparticle states near the Fermi
energy in the superconducting state to allow the Kondo
singlet. Application of a perpendicular magnetic field,
however, allows us to tune the ground state from the
doublet to the Kondo singlet [see inset of Fig. 2(a)].

Our low temperature measurements are further supported
by calculations. Starting with a modified Anderson impurity
model (Anderson Hamiltonian coupled to leads modeled by
BCS Hamiltonians) we calculate the differential conduct-
ance as a function of bias voltage using the noncrossing
approximation [3,51,52] (see Supplemental Material for
details [53]). The broadening of the DOS due to the
proximity effect is handled by introducing the Dynes
function which is taken as a phenomenological broadening
term that softens the BCS DOS of the bulk reservoirs [3,62].
Figure 2(b) shows a conductance curve from this calculation
where the main features of the experimental curve can be
reproduced. A zero-bias peak is present when the order
parameter in the leads is set to zero (red curve). In the
superconducting state with 6 = 4kzTx (for calculations
0; = 6g = 0) and broadening (0.156), two peaks can be
seen with accompanying side dips at higher bias (black
curve). Note that we have also incorporated an asymmetry in
the lead couplings of I'; /T, = 1/2 to better model the
results. Quantitative differences are primarily due to the
exact shape of the DOS for each gold lead. Differences in
the lengths of the two gold leads (see Supplemental Material
for details [43]) mean the broadening for the two leads would
be different (5; # Og). Additionally, the shape of the gold
lead near the molecular junction ultimately plays a role in the
proximity effect and thus the shape of the DOS which would
require more intensive calculations.

Ground state spectroscopy in the superconducting
state.—Depending on the relative energies of the proxim-
ity-induced gap and the Kondo energy, the ground state of the
system, even in the superconducting state, can take the form
of a doublet for weak coupling (kgT'gx < 6,y¢) Or a Kondo-
like singlet for strong coupling (kgTx > J,,). By virtue of a
variable molecule-electrode coupling, we probe a large range
of Kondo energies relative to the average induced gap energy.
In the Supplemental Material [63] we show an overview of
the 7 devices (A—G) having similar characteristics ordered by
increasing Kondo energy. The Kondo temperature ranges
from (=1 K to 18 K) for the seven devices.

In Fig. 3 we show the weakest and strongest Kondo
energy devices (junctions A and G). For junction A a Kondo
peak cannot be discerned in the normal state [red curve
Fig. 3(a)] but a splitting (g = 2.1) of the background is
observed at higher magnetic fields [Fig. 3(b)]. We estimate
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FIG. 3. Ground state spectroscopy of the hybrid radical system.
(a) The differential conductance (dI/dV ) as a function of voltage
bias (V,) of a radical molecular junction at zero magnetic field
(superconducting state) and 200 mT (normal state) in the doublet
ground state regime (kgTx < J,y,). Inset shows calculations for
this regime (6 = 9kzTg). (b) Color plot of the differential
conductance (dI/dV,) as a function of voltage bias and magnetic
field for the junction in panel (a). (c) Excitation picture of the
ground and excited states in the doublet ground state regime.
(d) The differential conductance (dI/dV ) as a function of voltage
bias (V) of a radical molecular junction at zero magnetic field
(superconducting state) and 2 T (normal state) in the singlet
ground state regime (kgTx > J,y,). Inset shows calculations for
this regime (6 = 0.5kzTg). (e) Color plot of the differential
conductance (dI/dV,) as a function of voltage bias and magnetic
field for the junction in panel (d). (f) Excitation picture of the
ground and excited states in the singlet ground state regime.
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a Kondo temperature of ~1 K from the critical field
[B. ~0.5kpTx/(gug)] at which the background begins
to split in Fig. 3(b) (B, ~ 0.36 T). Following the analysis
for device D above, we estimate an average induced gap of
0.8 meV. Comparing the two energy scales (0.8 meV vs
0.09 meV), this device is similar to device D in which the
doublet ground state wins over the Kondo singlet. The inset
of Fig. 3(a) shows the calculations for this regime where
we have taken 6 = 9kzTk and built in an asymmetry of
I'x/T"; = 20 to better simulate the results. Shiba peaks in
this regime correspond to singlet excitations of the doublet

ground state. This situation is depicted in Fig. 3(c) in the
excitation picture where a thick barrier and reduced
quasiparticle states near the Fermi energy prevent the
Kondo singlet from claiming the ground state of the
coupled system. Here we signify the ground state and
the excited state by occupancies of the molecule and the
leads, |71, Micad)- The Shiba excited state for this ground
state, |},7), is a singlet composed of the molecule’s
unpaired spin and an electron from a correlated Andreev
pair in the leads (signified by the black arrow).

In Fig. 3(d) we present the device with the largest Kondo
temperature observed (18 K, estimated from the peak width).
Comparing the characteristic energies for this device
(Oavg = 0.7 meV, kgTx = 1.6 meV) we find that the large
Kondo energy allows for screening of the radical’s spin even
in the superconducting state. This results in a singlet ground
state at B = 0 T. Calculations for this regime are shown in
the inset of Fig. 3(d) where we have taken 6§ = 0.5k3T' g and
a broadening of 0.255. Excitations of this ground state are
the magnetic doublet. This is depicted in Fig. 3(f) in the
excitation picture. A weak barrier allows for screening from
electrons in the proximity-induced leads and a singlet state is
formed by the combination of the radical’s spin and an
electron in the leads.

Finally, using the average proximity induced gap, we
make a qualitative estimate of the bound state energies for
the 7 devices and extract the approximate ratios of
kgT /64y for which a quantum phase transition occurs
from the doublet ground state to the singlet ground state
(see the Supplemental Material for details [64]). Of the
seven devices studied, four were found to have induced
superconducting gaps with energies greater than their
respective Kondo energy, and three were found to have
energies less than their Kondo energy. Taken all together,
the data suggest that a quantum phase transition occurs for
kgT /6, between 0.9 and 1.1. This is in agreement with
STM studies of molecules on a Pb surface (kzTx/A ~ 1)
[2] but slightly higher than early numerical renormalization
group (NRG) theory calculations which predict a transition
at kgTx/A ~ 0.3 (Ref. [65]) and more recent investigations
in nanowire systems showing quantitative agreement
between experiment and NRG calculations for a phase
transition occurring at kzTx/A =~ 0.6 (Ref. [66]).

Conclusion.—In conclusion, we have presented an
investigation of the large-U superconductor-QD phase
diagram in the form of a radical molecule coupled to a
proximity induced superconductor. In the superconducting
state, we observe excitations which are characteristic of
Shiba states as a result of the coupling between the radical
and a proximity-induced superconductor. By applying a
finite magnetic field, the proximity effect can be suppressed
which allows a spin 1/2 Kondo effect. For the devices with
the weakest and strongest Kondo energies we are able to
probe both the doublet and singlet ground states which give
rise to the singlet and doublet Shiba excited states, respec-
tively. Finally, we estimate that the quantum phase transition
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from the doublet to the singlet ground state occurs for ratios
of kgT g t0 84y, from 0.9 to 1.1. These findings are supported
by calculations of the Anderson impurity model modified to
account for the proximity-induced superconducting electro-
des. Hybrid molecular junctions offer a unique investigation
of the superconductor-QD system. In particular, with a
suitable choice of molecule, an in-situ tunable Kondo effect
would allow direct driving of the singlet to doublet quantum
phase transition for a spin 1/2 impurity and extraction of the
energies at which it occurs [2,65,67].
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