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A magnetic impurity on a superconductor induces Yu-Shiba-Rusinov (YSR) bound states, detected by tunneling spectroscopy as long-lived quasiparticle excitations inside the superconducting
gap. Coupled YSR states constitute basic elements to engineer artificial superconducting states, but
their substrate-mediated interactions are generally weak. In this paper, we report that intramolecular (Hund’s like) exchange interactions produce coupled YSR states across a molecular platform.
We measured YSR spectra along a magnetic iron-porphyrin on Pb(111) and found evidences of two
orbital interaction channels, which invert their particle-hole asymmetry across the molecule. Numerical calculations show that the identical YSR asymmetry pattern of the two channels is caused
by two spin-hosting orbitals with opposite potential scattering and coupled strongly. Both channels can be similarly excited by tunneling electrons into each orbital, depicting a new scenario for
entangled superconducting bound states using molecular platforms.

A magnetic impurity placed on a superconductor creates a spin-dependent scattering potential that locally
distorts the bath of Cooper pairs and creates Yu-ShibaRusinov (YSR) bound states [1–3]. YSR states are localized around the impurity and can be probed by tunneling electrons or holes as quasiparticle excitations, showing in tunneling spectra as pairs of narrow peaks inside
the superconducting gap [4, 5]. Interacting YSR states
are the basis for engineering novel superconducting states
[6], with the perspective of manufacturing atomic scale
version of the Kitaev chain [7–10]. A crucial element
for the resulting many-body state is the nature of the
exchange interaction between spins. Most works considered substrate-mediated indirect exchange terms, which
are generally weak and rely on substrate’s nature. Here
we show that the strong direct Hund’s exchange interaction between different orbitals of a magnetic molecule
also produce a many body YSR state.
Atomic and molecular species with high spin can give
rise to multiple YSR channels, reflecting the manifold of
spin-carrying orbitals that interact with the superconducting substrate. Usually, molecules appear with a single YSR channel [11–18] due to their weak hybridization
with the substrate. This single channel may appear split
due to intrinsic molecular spin or vibration excitations
[12, 13, 15, 19, 20], or by interactions with other magnetic species [14]. A multichannel picture was reported
for some 3d transition metals [4, 21, 22]. In these systems, the spatial distribution of each YSR state reflected
the orbital shape of the corresponding spin-hosting state,
thus behaving as independent channels. Despite the crucial role of Hund’s exchange in determining the magnetic
ground state of an impurity, its effect in YSR states remains unknown.

Here, we report that a magnetic iron porphyrin on
the superconductor Pb(111) shows evidence of two YSR
channels interacting via intramolecular exchange interaction. Scanning tunneling spectroscopy reveals two YSR
excitations with identical particle-hole asymmetry distribution, that reverses over the molecular center. With
the support of numerical models, we find that this YSR
pattern is caused by two spin-carrying molecular states
with opposite potential scattering amplitude and linked
through Hund’s intramolecular exchange. The resulting many-body state interacts with the substrate via
two coupled YSR channels, both distributed according
to the combined shape of two molecular orbitals. In the
normal state, this many body spin appears as a narrow
Kondo resonance in the spectra, with similar intramolecular distribution than the YSR states. The results presented here motivate the use of spin chains and spinpolarized bands in extended molecular systems as alternative routes to produce interacting YSR states in superconductors.
Our experiments were performed in a Scanning Tunneling Microscope (STM) at 1.2 K and under UHV conditions (JT-STM by SPECS GmbH). We deposited chlorinated Fe-tetraphenyl porphyrin (FeTPP) molecules on a
clean Pb(111) substrate at room temperature, which lose
their chlorine ion upon adsorption [27]. On some metallic
surfaces [23, 28], FeTPP preserves its S = 1 spin state, albeit Fe(II) complexes can also adopt a higher integer spin
state [29–32]. The Pb(111) surface accommodates an incommensurate FeTPP square molecular lattice forming
a moiré superstructure [11, 12], visible in Fig. 1a as segments of bright and dark molecules. The dark species
show a rather weak hybridization with the substrate,
with inelastic spin excitations outside the superconduct-
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FIG. 1.
(a) STM topography of a FeTPP island showing the moiré pattern. (inset) STM topography of a single bright molecule. The two-fold shape reflects the saddleshape conformation acquired by the porphine core, with to
two pairs of nonequivalent pyrroles [23]. Scalebar represents
4Å(VS = 45 mV, I= 100 pA.) (b) STM topography of a bright
molecular segment (VS = 45 mV, I= 100 pA.) (c) dI/dV spectrum obtained with a superconducting tip taken over the center of a FeTPP molecule, as indicated with the red circle in a.
The bare Pb(111) spectrum is shown in black as a reference
(VS = 4 mV, I= 100 pA). (d) dI/dV spectra taken over the
center of bright FeTPP molecules along the moiré line in b.
The plots are obtained by numerically deconvolving the tip’s
superconducting density of states from dI/dV spectra, as in
[22]. Analysis of STM and spectroscopy data was performed
with the WSxM [24] and SpectraFox [25] software packages.

ing gap [23, 33, 34]. In contrast, bright molecules show
in-gap states indicative of a stronger hybridization with
the substrate, probably caused by a different molecular
registry with the Pb(111) atomic lattice [11].
We performed high-resolution dI/dV spectroscopy using a superconducting lead-terminated tip to enhance the
energy resolution beyond the thermal limit [11, 35–37]
(Fig. 1c). In addition to the characteristic double coherence peaks of the Pb(111) surface at VS ≈ ± 2.7 mV
[38] (∆1 and ∆2 in Fig. 1c), the spectra show two pairs
of sub-gap peaks, that we attribute to the excitation of
two YSR bound states [1–3, 5]. The YSR peaks appear at
bias voltages spanning from ±2.0 to ±2.3 mV, depending
on the molecule. By deconvolving the tip’s superconducting gap from the spectra (Fig. 1d), we find that the YSR
excitation energies lie in the range 0.5∆1 . i . 0.7∆1 .
The two YSR peaks frequently follow the trend shown
in Fig. 1d: their position, separation, and amplitude
change from one molecule to another. The energy i is
lower in molecular sites around the center of the bright
moiré segments, and lie closer to the coherence peaks at
the ends. The variations of YSR peaks’ position along the
lines reflect an increasing overlap of the incommensurate
molecular lattice with the lead surface atoms towards the
center [11, 33]: the smaller i values can be attributed

FIG. 2. (a) dI/dV spectroscopy on pyrrole (blue) and iron
(red) sites of a FeTPP molecule. YSR peaks appear with a
pronounced negative differential conductance characteristic of
quasi particle tunneling via YSR states [26] Inset: Constant
current dI/dV maps at the energy of hole and electron components of the YSR states, respectively. The locations of the
dI/dV curves are shown in circles. (b) Stacking plot of point
dI/dV along the FeTPP, numerically deconvolved following
ref. [22]. (VS = 4 mV, I = 100 pA). (c) The ratio between
peak’s amplitudes at each polarity (Ai (V > 0)/Ai (V < 0)
follows the same trend for both YSR excitations.

to a larger magnetic exchange J between molecular spin
and substrate Cooper pairs. This behavior proves that
the two peaks correspond to two distinct YSR interaction
channels, and excludes other scenarios providing multiple
subgap states, such as a single channel split by intrinsic
molecular excitations [12, 19, 20, 40], independent orbital
channels with different spatial distribution, as reported
for atomic impurities [21, 22], or substrate-mediated indirect exchange with with neighbor molecules [14].
Both YSR channels display a characteristic asymmetry in the intensity of their particle (p) and hole (h)
components. The p-h asymmetry is not homogeneous
within the molecule, but exhibits an intramolecular spatial distribution (see Fig. 2). Spectra on pyrrole and Fe
sites show the same YSR peaks but the amplitude of
their particle and hole components is reversed (see Fig.
2). Over the pyrrole groups (see Fig.2a), the positive
YSR peaks appear more intense, while over the Fe ion
hole-like excitations (VS < 0) are stronger. This intriguing p-h asymmetry pattern is identical for both 1 and
2 peaks (Figs. 2b,c), and is observed in all the bright
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Here n = 1, 2 indexes the molecular orbitals and
i = 1, 2 the combinations of substrate electron states that
form the different screening channels; dn,σ and ci,kσ are
the corresponding operators. The molecule is described
by a two-orbital Anderson impurity model with on-
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molecules of the moiré. Such p-h asymmetry is usually
interpreted in terms of the hybridization between the lowenergy molecular levels and the superconductor, which
breaks p-h symmetry in the normal state in the presence
of a finite potential scattering amplitude U [41, 42]. In
terms of the single-impurity Anderson model, a negative
(positive) potential scattering corresponds to a singly occupied energy level d close (far) to EF [i.e. d < Ud /2
(d > Ud /2), Ud is the Coulomb charging energy] leading to Bogoliubov quasiparticle (BQ) excitations in the
superconducting state with larger hole (particle) components [43–48].
The asymmetry pattern is consistent with a multiorbital molecular spin, where the two YSR interaction
channels are created by spin-hosting orbitals with different distribution and energy alignment. However, the
identical intensity pattern followed by both 1 and 2
YSR peaks indicates that they cannot be treated as two
independent orbital channels, as in [21, 22]. Instead,
we consider that intramolecular (Hund’s-like) exchange
is strong (JH  ∆), forming a robust many-body spin
state across multiple orbitals strongly interacting, and
coupled with the superconductor via two channels. In
this scenario, both YSR channels can be indistinguishably excited by electrons tunneling though each of the
two molecular orbitals. This case is the superconducting
analog of the inelastic excitation pattern of the S = 1
molecular spin found for Fe(II) complexes on Au(111)
[23, 31].
To validate such multichannel YSR picture in the presence of local variations of potential scattering, we simulated low-energy spectra using numerical renormalization
group (NRG) calculations. We considered two singlyoccupied orbitals with opposite potential scattering amplitudes and interacting via intramolecular exchange coupling to build up a molecular S = 1 state. The effective
Hamiltonian takes the following form:
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FIG. 3. (a) Simulated tunneling spectral functions for two
orbitals with strong Hund’s coupling JH = 0.3 (in units of
the (half)bandwidth) and with potential scattering U of opposite sign (model parameters Ud,1 = Ud,2 = 3, d,1 = −0.25
and d,2 = −2.74, the density of states in the band is ρ = 0.5
and the BCS gap is ∆ = 10−3 ). We plot results for the case
of both orbitals weakly hybridized with the substrate with
matrix elements V1,1 = V2,1 and V2,2 = −V1,2 , such that
2
2
πρV1,1
= 0.05 and πρV2,2
= 0.035 The orbitals are coupled
with an STM tip via hoping constants t1 and t2 . (b) Simulated spatial dependence of the tunneling hopping used in
(c) to account for the experimental distribution of p-h asymmetry. (c) Spectral map of YSR excitations with tunneling
hopping in (b).

site energies d,n and electron-electron repulsion energies
Ud,n , and an inter-orbital direct exchange (or Hund’s)
coupling JH that aligns the spins ferromagnetically. The
Zeeman term caused by an external magnetic field B
is also included. The operators are nn,σ = d†n,σ dn,σ ,
P
Sn = (1/2) αβ d†n,α σαβ dn,β and Sz,total = Sz,1 + Sz,2 .
The substrate is described by two copies of the BCS
Hamiltonian, one for each screening channel. The hybridization of molecular orbitals and substrate electrons
is given by the matrix elements Vn,i , which are chosen to
obtain YSR state energies in the experimental range.
To account for the spatial variations of U in the spectral maps, we included a spatial-dependent coupling term
with a STM tip through the term Htunnel in eq. 1. We
simulated two orbitals with potential scattering U of opposite sign, as suggested by the experiments. The resulting tunneling spectra [Fig. 3(a)] reproduce the key experimental findings: the two channels are indistinguishably excited by electron tunneling through either orbital,
and both YSR excitations show a clear p-h asymmetry
dictated by the U of the orbital selected by the STM
tip. The spatial variations of p-h asymmetry are readily simulated by inserting a spatial dependence to the
tunneling constants tn [Fig. 3(b)]. The resulting spec-
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tral map modulates the YSR amplitudes according to
the molecular orbital picked up by the STM tip at every
site [Fig. 3(c)], thus reproducing the intramolecular p-h
asymmetry observed in the experiments.
The multi-channel excitation and its response to U is
only obtained in the presence of strong Hund’s coupling.
We also note that the precise effect of the p-h asymmetry on U depends on the regime of hybridization amplitude Vn,i : in the weak regime (free-like spin) the YSR
p-h asymmetry reproduces that of the normal state DOS
(as in Fig. 3), but this behavior is reversed for channels in the strong-interacting regime (Kondo-screened)
[12, 49]. According to this behavior, the identical p-h
asymmetry pattern followed by both channels in the experiment is the result of both lying in the same interaction regime (i.e. we exclude an underscreened-like configuration formed by the combination of a strong channel
and a weak one).
The interaction regime of the two channels can be interrogated in the normal-state. We quenched superconductivity in both sample and tip by applying an external
magnetic field of B = 0.5 T. In Fig. 4a we compare the
dI/dV plots obtained over the Fe and pyrrole sites of the

FIG. 5.
Wide-range dI/dV spectra of a bright molecule
measured on the locations showed in the inset (VS = 1.5 V,
I = 3 nA, Vrms = 2 mV). Inset: Constant height conductance maps measured at VS = −200 mV and VS = +200 mV,
respectively (I = 200 pA).

FIG. 4. (a) dI/dV spectroscopy of a bright FeTPP molecule
once superconductivity has been quenched on both tip and
sample at B = 0.5 T. Blue and red curves were measured
on Fe and pyrrole sites, respectively, as shown in panel b
(VS = 15 mV, I = 1 nA). (b) Constant-height conductance
map obtained at VS = 100 µV representing the amplitude
distribution of the Kondo resonance. (c) dI/dV spectra of
FeTPP molecule with increasing out-of-plane magnetic field
(VS = 15 mV, I = 300 pA). (d) Simulated spectra and splitting with magnetic field for the parameter set used in Fig.3

FeTPP molecule, showing zero-bias features compatible
with Kondo physics. On the pyrroles, a sharp zero-bias
resonance appears in the low-energy spectra. On the center of the FeTPP molecule, the resonance has a strong
asymmetry characteristic of Fano-like processes, but with
the same line width as over pyrrole sites.
The Kondo resonance exhibits an enhanced sensitivity to the external magnetic field. A sizable splitting
is resolved at a magnetic field of B ∗ ≈ 2 T (Fig. 4c),
which is consistent with a weak-coupling regime, where
the Kondo temperature lies below the experimental temperature. To prove this, we simulated the spectral function in the normal state using parametrization regimes
that reproduce the positions of the experimental YSR
peaks in either weak and strong hybridization regimes.
For the later case, the Kondo linewidth is significantly
larger than the experimental one and cannot be split
by the applied magnetic field. For the weak hybridization scenario in Fig. 3, however, there is a narrow resonance due to a weak Kondo interaction regime, thermally
broadened [13, 50], that splits with B, thus reproducing
the experimental finding in the normal state (Fig. 4d).
The distribution of the Kondo resonance reveals the
shape of the many-body orbital hosting the molecular
spin [51–53]. A spatial map of the Kondo amplitude
(dI/dV at V∼0, Fig. 4b) reproduces an elongated shape
composed of a round protrusion over the Fe site and twofold symmetric lobes over the bright pyrrole groups. This
image resembles the YSR amplitude maps in the superconducting state (inset in Fig. 2(a)), where particle and
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hole components are localized on pyrrole or Fe sites, respectively.
This extended Kondo state can be related to frontier
molecular states, pictured in Fig. 5. The two YSR channels arise from a finite hybridization of two molecular
orbitals with metal states. A molecular resonance at
400 meV above EF appears extended over the pyrrole
groups with a shape similar to Kondo and YSR maps.
From its alignment and shape, we conclude that this corresponds to a spin-hosting molecular orbital with U > 0,
thus responsible for larger YSR particle components over
the molecular sides. Below EF the spectra is dominated
by a manifold of molecular states, with strong weight
over the organic ligand and over the Fe ion. Here, the
most probable scenario is that the Fe ion hosts a second
spin-carrying state (as in [23]) contributing to the total
molecular spin. Given its alignment below EF , this state
has opposite potential scattering (U < 0) and leads to
inverted particle-hole asymmetry over the center.
In summary, the scenario depicted here provides evidence for a novel quantum regime for superconducting
bound states induced by a magnetic molecule. We have
shown that the many-body molecular spin of the Fe(II)
complex FeTPP interacts with Pb(111) via two YuShiba-Rusinov channels, caused by two frontier molecular orbitals strongly coupled by intramolecular exchange.
As a consequence, both channels are indistinguishably
excited by tunneling events through each spin-hosting orbital and, therefore, appear with the spatial distribution
of the combined spin-hosting molecular states. These
results show that entanglement of YSR states can proceed via intramolecular exchange, as alternative to the
weaker substrate mediated exchange interactions. This
motivates further studies using spin chains in polymers,
or graphene ribbons as possible platforms to produce extended YSR bands.
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[15] S. Kezilebieke, R. Žitko, M. Dvorak, T. Ojanen, and P. Liljeroth, Nano Lett. 19, 4614 (2019),
arXiv:1811.11591.
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