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Magnetic adsorbates on superconductors induce a Kondo resonance outside and Yu-Shiba-Rusinov
(YSR) bound states inside the superconducting energy gap. When probed by scanning tunneling
spectroscopy, the associated differential-conductance spectra frequently exhibit characteristic bias-voltage
asymmetries. Here, we observe correlated variations of Kondo and YSR asymmetries across an Fe-
porphyrin molecule adsorbed on Pb(111). We show that both asymmetries originate in interfering tunneling
paths via a spin-carrying orbital and the highest occupied molecular orbital (HOMO). Strong evidence for
this model comes from nodal planes of the HOMO, where tunneling reveals symmetric Kondo and YSR
resonances. Our results establish an important mechanism for the asymmetries of Kondo and YSR line

shapes.
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Exchange coupling a magnetic adsorbate to a metallic
substrate induces a many-body Kondo resonance at the
Fermi level. Already initial observations of the Kondo
effect of single magnetic adatoms by scanning tunneling
spectroscopy revealed asymmetric Fano line shapes [1,2].
These have been interpreted as arising from interference
between tunneling via the adatom and direct tunneling into
the continuum of electronic states of the metallic substrate
[3-6]. On superconducting substrates, the exchange cou-
pling also binds a pair of Yu-Shiba-Rusinov (YSR) states
inside the superconducting energy gap [7-9], which coexist
with the Kondo resonance outside of the gap [10-12].
Corresponding tunneling-spectroscopy resonances appear
for both bias polarities with identical energies but asym-
metric strengths [13—15]. This asymmetry is commonly
associated with differences between the electron and hole
components of the YSR wave function due to breaking of
particle-hole symmetry by additional potential scattering
[7-9,16-18].

Within these conventional interpretations, the asymme-
tries of the Kondo and YSR resonances seem unrelated.
Surprisingly, our measurements reveal striking correlations
between these asymmetries when tracking them as a
function of tip position above a Fe-5,10,15,20-tetra-
pyridyl-porphyrin molecule (FeTPyP) with its spin moment
derived from the Fe center and large extent over the organic
ligand [19-21]. Placing the molecules on a Pb(111)
substrate, we investigate the YSR states in the presence
of superconductivity and the Kondo resonance while
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quenching superconductivity by a magnetic field. This
allows us to record YSR and Kondo spectra with the same
tip across the very same molecule.

These correlations suggest that the origins of the Kondo
and YSR asymmetries have to be reconsidered for our
system. Recent theoretical work by Frank and Jacob
suggested that the Kondo asymmetry of magnetic adatoms
originates from a parallel tunneling path through s or p
orbitals within the atom itself [22] (see also [23]). While
their predictions have not yet been validated by experiment,
experiments investigated spatial variations of the Fano line
shape in (metal-organic) molecules [24-28]. YSR states
were observed in several molecular systems, though
without the aim of spatially resolving their asymmetries
[15,30-36]. We find that parallel tunneling through two
molecular orbitals naturally explains the correlations
between the Kondo and YSR resonances, consistent with
and extending the basic picture proposed in Ref. [22].

FeTPyP-Cl molecules were evaporated from a Knudsen
cell heated to 400°C onto a Pb(111) surface held at 40°C.
This leads to the formation of densely-packed islands, with
scanning-tunneling-microscope (STM) images of the mole-
cules displaying a bright elongated shape [Fig. 1(a)]; for
details, see Supplemental Material (SM) [37]. This appear-
ance is attributed to a saddle-shaped conformation with two
upward- and two downward-tilting pyrrole groups, reflect-
ing competition between molecule-substrate interactions
and intramolecular steric hindrance [19-21,38,39]. The
absence of a central protrusion shows that the central CI
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FIG. 1. (a) Topography of molecular island (V = —800 mV, I = 50 pA). Inset: molecular structure of the FeTPyP molecule.
(b) Closeup of one molecule with the color-coded locations of the spectra in (c),(d) marked by arrows (V=35 mV,
I =100 pA). (c) dI/dV spectra of the Kondo resonance, measured in a magnetic field of B = 1.5 T. Gray spectrum taken on the
bare Pb(111) substrate, colored spectra taken at locations marked in (b) (feedback opened at V =5 mV, I = 100 pA, lock-in
Voms = 100 peV). Spectra are offset for clarity. Fits of the resonances to the Frota-Fano function [Eq. (1)] are shown as dashed brown
lines. (d) dI/dV spectra recorded with superconducting tip and substrate in the absence of the B field. The YSR states (marked by
dashed black lines) appear as a pair of resonances symmetric in energy, but asymmetric in intensity. The tip gap is indicated by gray
dashed lines. Peaks below this energy are due to thermal excitations of the YSR states. Gray spectrum exhibiting BCS coherence peaks
taken on the bare substrate, colored spectra taken at locations marked in (b). Spectra are offset for clarity (feedback opened at
V =5 mV, I =100 pA, lock-in V= 15 ueV). (e) Asymmetry parameter ¢ deduced from a Frota-Fano fit of the Kondo spectra
along the line indicated in (b) (zero marking the molecule’s center). Error bars represent the fit error. (f) Asymmetry (H, — H_)/(H, +
H_) of the YSR resonances along the line indicated in (b). Peak heights H_. are determined by a search algorithm for local maxima,

estimated error of 0.02 due to noise.

ligand detaches from all molecules during adsorption [21].
This dechlorination reduces the Fe oxidation state from +3
to +2, and the molecule is expected to lie on the surface in
an integer spin state [19-21,40]. STM images reveal two
distinct types of molecules. Here, we focus on the majority
type [Fig. 1(a)], which exhibits both Kondo and YSR
resonances. Spectra taken on the other type (not shown)
exhibit inelastic spin excitations reflecting different inter-
action strengths with the substrate.

To probe the Kondo resonance and its spatial variation
along the FeTPyP molecule, we record dI/dV spectra at
T =1.1 K in a magnetic field of 1.5 T which quenches
superconductivity in both substrate and tip. We find a
strong resonance with a shoulder at negative bias voltages
on the upper pyrrole [Figs. 1(b) and 1(c), red line]. As the
tip position moves toward the center of the molecule, the
peak height reduces and eventually inverts its bias asym-
metry at the Fe center [Figs. 1(b) and 1(c), blue line]. These
resonances are well fitted by Fano-Frota line shapes [41,42]

di | ir/2
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where A is the amplitude of the resonance at energy g, I" a
width parameter, ¢ a phase characterizing the asymmetry,

and B a bias-independent background. We find the same
width of (0.77 +0.03) meV for all spectra along the
molecule, while the asymmetry ¢ varies continuously
and eventually inverts [Fig. 1(e)]. [Fits are shown as dashed
lines in Fig. 1(c); for a complete set of spectra along the line
indicated in Fig. 1(b), see SM [37].] The narrow line shapes
and characteristic asymmetries suggest that these are
Kondo resonances probed by interfering tunneling paths
[22,43-45]. An observed splitting of the resonance at larger
magnetic fields further confirms the magnetic origin (see
SM [37]).

In addition to the Kondo resonance for a normal-state
substrate, the exchange coupling also induces YSR bound
states for a superconducting substrate. We investigate their
dependence on tip position in the absence of the external
magnetic field. Then, the Pb tip is also superconducting,
increasing our energy resolution beyond the Fermi-Dirac
temperature limit and shifting all features in the dI/dV
spectra by the tip’s energy gap A = 1.35 mV [46]. A
spectrum taken on the bare Pb(111) substrate is shown in
gray in Fig. 1(c). The superconducting energy gap is
flanked by two pairs of coherence peaks at +2.65 mV
and £2.8 mV, reflecting the two-band character of super-
conductivity in Pb [46].

dI/dV spectra on the FeTPyP molecule show a pair of
YSR resonances at £1.6 mV inside the superconducting
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energy gap. Consistent with the observation of a constant
Kondo width, their energies are independent of tip position
above the molecule, indicating that the exchange coupling
between substrate and molecule induces a single pair of
YSR states. Unlike the energy, the heights H of the YSR
resonances are different at positive and negative bias
voltages. In Fig. 1(f), we plot the measured asymmetry
(H,—H_)/(H, + H_) vs tip position. Comparison with
the asymmetry variations of the Kondo resonance in
Fig. 1(g) reveals striking similarities. In particular, we
observe a particle-hole symmetric YSR spectrum exactly
where the Kondo peak exhibits a symmetric Frota peak
[black spectra in Figs. 1(c) and 1(d)]. Comparing spectra on
both sides of this symmetry point, we observe an inversion
of the asymmetry of the YSR states, which parallels the
asymmetry inversion of the Kondo resonance.

To further corroborate these correlations, we map out the
Kondo and YSR resonances across the entire molecule.
Figure 2(a) presents an STM image (gray scale) of a single
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FIG. 2. (a)-(c) Topography of the molecule (background
black-white images, V =5 mV, I =100 pA) with super-
imposed color plots extracted from a grid of spectra (feedback
opened at V =5mV, I =100 pA, signal modulated with
Vims = 100 ueV). Color plots show (a) the dI/dV signal at
V =0 mV, (b) the amplitude A, and (c) the asymmetry parameter
¢ extracted from the Fano-Frota fits of the Kondo resonance to
Eq. (1). (d) dI/dV map of the YSR state recorded along the
topography contour of Fig. 1(b) (V=5 mV, I =100 pA) at
positive bias voltage V = 1.6 mV and (e) at negative bias
voltage V = —1.6 mV (Vo = 15 peV). (f) Asymmetry of the
YSR state extracted from a grid of spectra taken (feedback
opened at V =5mV, [ =100 pA, signal modulated with
Vims = 15 ueV). Background black-white topography images
are the same image as in Fig. 1(b). All images are recorded above
the same area.

FeTPyP molecule superimposed with zero-bias dI/dV
intensities extracted from a densely spaced grid of
dl/dV spectra. The four-lobe structure shows that the
Kondo intensity is largest on the molecular ligand. We
extract the local amplitude A [Fig. 2(b)] and phase
parameter ¢p [Fig. 2(c)] of the Kondo resonance across
the entire molecule by fitting all dI/dV spectra to the Fano-
Frota line shape [Eq. (1)]. The amplitude naturally follows
the dI/dV intensity at zero bias. Consistent with the line
profile in Fig. 1(e), the asymmetry exhibits reversed signs
above Fe atom and ligand.

The YSR intensities at positive and negative bias
voltages are shown in Figs. 2(d) and 2(e). At positive bias
voltage, the YSR intensity has its maxima on the ligand,
resembling the map of the amplitude of the Kondo
resonance. At negative bias voltage, the YSR intensity is
largest at the Fe center. These intensity distributions are
reflected in the map of the asymmetry shown in Fig. 2(f). In
agreement with the line profile in Fig. 1(f), we find reversed
asymmetries at the Fe center and the ligand. This map of the
YSR asymmetry is remarkably similar to the map of the
Kondo asymmetry in Fig. 2(c). These experimental obser-
vations strongly suggest a common origin of the Kondo and
YSR asymmetries.

The observations of a constant Kondo-resonance width
and YSR energy indicate that tunneling probes the same
excitations across the entire molecule. While details of the
spin state are not central to our model, the magnetic-field
splitting of the Kondo resonance suggests an S =1
impurity spin, carried by hybrid orbitals of the ligand-
field-split d states and the organic ligand [20] (see also SM
[37]). The exchange coupling of one of the spin-carrying
orbitals leads to the Kondo resonance [47] and the pair of
YSR states, both of which can be probed with varying
intensity across the entire molecule.

While virtual excitations of this orbital generate both
exchange and potential scattering of substrate electrons (as
described by a Schrieffer-Wolff transformation), the pro-
nounced Kondo correlations imply that exchange coupling
is strongly dominant at low energies. Without additional
tunneling channels, one thus expects not only a symmetric
Kondo line shape, but also symmetric YSR resonances,
reflecting approximately equal electron and hole YSR wave
functions.

The asymmetries of the Kondo and YSR resonances
point to a second tunneling path which exists in parallel
to tunneling via this strongly exchange-coupled orbital.
dI/dV spectra taken over a larger voltage range
[Fig. 3(a)] reveal one (or several) resonances beginning
at —360 mV which we refer to as the highest occupied
molecular orbital (HOMO) and which extends toward the
Fermi level. We associate the second tunneling path with
this orbital. A constant density-of-states map shows large
intensity at the Fe center, separated by two nodal planes
from maxima at the upper pyrroles of the molecular saddle
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FIG. 3. (a) dI/dV spectra taken on FeTPyP molecule (color-
coded locations marked in inset) and on the bare Pb substrate
(gray) (feedback opened at V =2V, I =500 pA, and signal
modulated with V. = 10 mV). Dashed lines indicate locations
of resonances identified as HOMO (V ~ —360 mV) and LUMO
(V~1.08 V). (b) Iso-density-of-states maps of one FeTPyP
molecule recorded at bias voltages as indicated in the top-right
corners and corresponding to HOMO (left) and LUMO (right)
resonances (signal modulated with V,, = 2 mV and regulated at
a conductance of 2.06 nS). Nodal planes are indicated by
dashed lines.

[Fig. 3(b)]. These nodal planes imply sign changes in the
HOMO wave function and thus in the associated tunneling
amplitude.

Strikingly, the nodal planes match with the locations
where the Kondo and YSR spectra are symmetric and their
asymmetries invert. This provides strong evidence for an
interference model involving two molecular orbitals rather
than parallel tunneling directly into the substrate (compare
Ref. [22] for magnetic adatoms). For tip positions at the
nodal planes, tunneling proceeds predominantly via the
strongly exchange-coupled molecular orbital, and leads to
symmetric Kondo and YSR line shapes. Because of the
sign change in the amplitude for tunneling via the HOMO,
the two tunneling paths interfere with opposite relative sign
on the two sides of the nodal plane, explaining the observed
inversion of the asymmetry in the Kondo line shape [see
Fig. 4(a) for a sketch and SM [37] for a Green’s-function
calculation relating this sign change to the asymmetric
Kondo line shape in Eq. (1)].

This model also provides a natural explanation for the
YSR asymmetry and its correlations with the Kondo
asymmetry. A shift of the YSR energy upon lifting the
molecule further from the substrate using tip-molecule
interactions implies that on the superconductor, the
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FIG.4. (a) Schematic HOMO wave function (red and blue) and

spin-carrying molecular orbital (gray) on a surface for different
tip positions, with the corresponding Kondo line shapes in the
insets. At the HOMO nodal plane, the line shape is symmetric.
(b) Tunneling into the superconducting substrate at positive (top)
and negative bias (bottom) populating the YSR excitation (right)
from an unscreened-spin ground state (left). Because of spin
polarization of the YSR state and singlet Cooper pairing, the spin
of electrons tunneling (into) from the substrate is (anti)parallel to
the impurity spin.

impurity spin is in the unscreened regime despite the
sizable Kondo correlations [32,37]. Then, the ground state
le) of the superconducting substrate has even fermion
parity and tunneling excites the substrate into the odd-
parity state o) = y{|e), in which the Bogoliubov quasi-
particle (with annihilation operator y,) associated with the
YSR state is occupied. Because of the spin polarization of
the YSR state [7-9,16,17,48-50], the odd-parity state |o) is
only excited by electrons whose spin is antiparallel to the
molecular spin, when tunneling from tip to substrate.
Conversely, when tunneling from the substrate into the
tip, the tunneling electron has parallel spin and leaves
behind an excitation with antiparallel spin due to the spin-
singlet nature of Cooper pairs [see Fig. 4(b) for a sketch].
This implies that the amplitude F J, for tunneling via the
strongly exchange-coupled orbital has opposite signs for
the two bias polarities, while the amplitude V, for tunnel-
ing via the HOMO is spin independent. A Fermi’s golden
rule calculation gives (see SM [37] for details)

dl
S| <ol 1S+ V0. (@)
+

In accordance with our physical arguments, O, = 1//1 at
positive bias and O_ =y, at negative bias, where y,
annihilates a spin-o electron in the substrate. For equal
weights of the electron and hole YSR wave functions, we
have |<0|1//1|e>\ = |(o|wy]e)|, and the YSR asymmetry
reflects that the two tunneling paths interfere with opposite
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relative sign for the two bias polarities. The relative sign
changes at the nodal plane due to V,, explaining the
asymmetry inversion of the YSR peaks and its correlation
with the Kondo asymmetry. We note that the conclusions
would remain qualitatively unchanged for a screened
impurity spin. Our model also captures that the Kondo
asymmetry as measured by the angle ¢ is small (compared
to ), while the YSR asymmetry is large (of order unity)
(for details, see SM [37]).

We find the lowest unoccupied molecular orbital
(LUMO) at a significantly higher energy of 1.08 V,
suppressing its contribution to the parallel channel. This
is consistent with spatial maps of the LUMO [Fig. 3(c)],
which have their highest intensity at the four pyridine legs
and unlike the HOMO do not match the symmetry proper-
ties of the Kondo or YSR asymmetries.

In conclusion, we have shown that the asymmetry of the
Kondo resonance across a magnetic molecule arises from
interference between tunneling through different molecular
orbitals, and need not involve direct tunneling into the
substrate. Interference of the same tunneling paths also
underlies a parallel asymmetry of the YSR resonances.
Our observations also suggest an alternative understanding
of YSR asymmetries, which have so far been typically
interpreted in terms of different electron and hole wave
functions due to potential scattering of substrate electrons
on the magnetic impurity. While this interpretation suffices
for magnetic adsorbates in the absence of additional
tunneling paths [51,52], we expect that our model will
be widely relevant for interpreting tunneling-spectroscopy
experiments probing magnetic molecules on normal-metal
and superconducting substrates.
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