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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 in-
terfering 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 lineshapes.

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 lineshapes [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 ex-
change coupling 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 asymmetric strengths [13-15]. This asym-
metry is commonly associated with differences between
the electron and hole components of the YSR wavefunc-
tion due to breaking of particle-hole symmetry by addi-
tional potential scattering [7-9, 16-18].

Within these conventional interpretations, the asym-
metries of the Kondo and YSR resonances seem unre-
lated. Surprisingly, our measurements reveal striking cor-
relations 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 mo-
ment 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 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 mag-

netic 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 spa-
tial variations of the Fano lineshape in (metal-organic)
molecules [24-27]. YSR states were observed in several
molecular systems, though without the aim of spatially
resolving their asymmetries [15, 28-34]. We find that
parallel tunneling through two molecular orbitals natu-
rally 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 Knud-
sen 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) im-
ages of the molecules displaying a bright elongated shape
(Fig. 1a); for details, see Supplementary Material (SM)
[35]. This appearance is attributed to a saddle-shaped
conformation with two upward- and two downward-
tilting pyrrole groups, reflecting competition between
molecule-substrate interactions and intramolecular steric
hindrance [19-21, 36, 37]. The absence of a central pro-
trusion shows that the central Cl ligand detaches from all
molecules during adsorption [21]. This de-chlorination
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, 38]. STM images reveal two distinct
types of molecules. Here, we focus on the majority type
(Fig. la), which exhibits both Kondo and YSR reso-
nances. Spectra taken on the other type (not shown)
exhibit inelastic spin excitations reflecting different in-
teraction strengths with the substrate.

To probe the Kondo resonance and its spatial variation
along the FeTPyP molecule, we record dI/dV spectra at
T = 1.1K in a magnetic field of 1.5 T which quenches
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Figure 1. (a) Topography of molecular island (V' = —800mV, 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 = 5mV, I = 100pA). (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' = 5mV, I = 100 pA, lock-in Vims = 100 peV).
Spectra are offset for clarity. Fits of the resonances to the Frota-Fano function (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 = 5mV, I = 100 pA, lock-in Vims = 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 (Hy — H_)/(Hy+ + H_) of the YSR resonances along the line indicated in (b). Peak heights H+ are determined
by a search algorithm for local maxima with an estimated error of 0.02 due to noise.

superconductivity in both substrate and tip. We find a
strong resonance with a shoulder at negative bias voltages
on the upper pyrrole (Fig. 1b,c red line). As the tip posi-
tion moves towards the center of the molecule, the peak
height reduces and eventually inverts its bias asymmetry
at the Fe center (Fig. 1b,c blue line). These resonances
are well fitted by Fano-Frota lineshapes [39, 40]

. iT/2
(6 ¢\/ oV —wo +iF/2> B ()

where A is the amplitude of the resonance at energy
wp, 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 contin-
uously and eventually inverts (Fig. le). (Fits are shown
as dashed lines in Fig. 1c; for a complete set of spectra
along the line indicated in Fig. 1b, see SM). The narrow
lineshapes and characteristic asymmetries suggest that
these are Kondo resonances probed by interfering tun-
neling paths [22, 41-43]. An observed splitting of the
resonance at larger magnetic fields further confirms the
magnetic origin (see SM).

In addition to the Kondo resonance for a normal-state
substrate, the exchange coupling also induces YSR bound

dr
W = ARe

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 super-
conducting, 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
[44]. A spectrum taken on the bare Pb(111) substrate
is shown in gray in Fig. lc. The superconducting en-
ergy gap is flanked by two pairs of coherence peaks at
4+2.65mV and +2.8 mV, reflecting the two-band charac-
ter of superconductivity in Pb [44].

dI/dV spectra on the FeTPyP molecule show a pair of
YSR resonances at +1.6 mV inside the superconducting
energy gap. Consistent with the observation of a con-
stant 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 Hy of
the YSR resonances are different at positive and negative
bias voltages. In Fig. 1f, we plot the measured asymme-
try (Hy — H_)/(Hy + H_) vs. tip position. Comparison
with the asymmetry variations of the Kondo resonance
in Fig. 1g reveals striking similarities. In particular, we
observe a particle-hole symmetric YSR spectrum exactly
where the Kondo peak exhibits a symmetric Frota peak
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Figure 2. (a-c) Topography of the molecule (background
black-white images, V' = 5mV, I = 100pA) with superim-
posed color plots extracted from a grid of spectra (feedback
opened at V' = 5mV, I = 100pA, signal modulated with
Vims = 100 peV). Color plots show (a) the dI/dV signal at
V = 0mV, (b) the amplitude A, and (c) the asymmetry pa-
rameter ¢ extracted from the Fano-Frota fits of the Kondo
resonance to Eq. (1). (d) dI/dV maps of the YSR states
recorded along the topography contour given by V = 5mV,
I = 100pA at positive bias voltage V = 1.6mV and (e)
at negative bias voltage V = —1.6mV (Vims = 15 peV). (f)
Asymmetry of the YSR state extracted from a grid of spec-
tra taken (feedback opened at V' = 5mV, I = 100 pA, signal
modulated with Vims = 15 peV).Background black-white to-
pography image recorded with V' = —800mV, I = 50 pA. All
images are recorded above the same area.

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

The YSR intensities at positive and negative bias volt-
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Figure 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 = 500pA,
and signal modulated with Vims = 10mV). Dashed lines
indicate locations of resonances identified as HOMO (V =~
—360mV) and LUMO (V =~ —1.08V). (b) Iso-density-of-
states maps of molecule recorded at bias voltages as indi-
cated in the top-right corners and corresponding to HOMO
(left) and LUMO (right) resonances (signal modulated with
Vims = 2mV and regulated at a conductance of 2.06nS).
Nodal planes are indicated by dashed lines.

ages are shown in Fig. 2d and e. At positive bias voltage,
the YSR intensity has its maxima on the ligand, resem-
bling 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. 2f. In agree-
ment with the line profile in Fig. 1f, 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. 2c. These experimen-
tal observations 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). The exchange coupling of one of the spin-carrying
orbitals leads to the Kondo resonance [45] 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
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Figure 4. (a) Schematic HOMO wavefunction (red/blue) and
spin-carrying molecular orbital (gray) on a surface for differ-
ent tip positions, with the corresponding Kondo lineshapes
in the insets. At the HOMO nodal plane, the lineshape 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). Due to 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.

exchange and potential scattering of substrate electrons
(as described by a Schrieffer-Wolff transformation), the
pronounced Kondo correlations imply that exchange cou-
pling is strongly dominant at low energies. Without ad-
ditional tunneling channels, one thus expects not only
a symmetric Kondo lineshape, but also symmetric YSR
resonances, reflecting approximately equal electron and
hole YSR wavefunctions.

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. 3a)
reveal a resonance centered at -360 mV which we identify
with the highest occupied molecular orbital (HOMO) and
which extends towards the Fermi level. We associate
the second tunneling path with this orbital. Its con-
stant 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 (Fig. 3b).
These nodal planes of the HOMO wavefunction imply
sign changes in the associated tunneling amplitude.

Strikingly, the nodal planes of the HOMO 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 (cp. Ref. [22] for magnetic adatoms).
For tip positions at the nodal planes, tunneling via the
HOMO is strongly suppressed. Then, tunneling proceeds

predominantly via the strongly exchange-coupled molec-
ular orbital, and leads to symmetric Kondo and YSR line-
shapes. Due to the sign change in the amplitude for tun-
neling 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 asymme-
try in the Kondo lineshape [see Fig. 4a for a sketch and
SM for a Green-function calculation relating this sign
change to the asymmetric Kondo lineshape 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 im-
purity spin is in the unscreened regime despite the sizable
Kondo correlations [30, 35]. Then, the ground state |e)
of the superconducting substrate has even fermion parity
and tunneling excites the substrate into the odd-parity
state |o) = vIle), in which the Bogoliubov quasiparticle
(with annihilation operator «y.) associated with the YSR
state is occupied. Due to the spin polarization of the
YSR state [7-9, 16, 17, 46-48], 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 be-
hind an excitation with antiparallel spin due to the spin-
singlet nature of Cooper pairs (see Fig. 4b for a sketch).
This implies that the amplitude FJ; for tunneling via
the strongly exchange-coupled orbital has opposite signs
for the two bias polarities, while the amplitude V}, for
tunneling via the HOMO is spin independent. A Fermi’s
golden rule calculation gives (see SM for details)

| lolEms + o @)

+
In accordance with our physical arguments, Oy = wI at
positive bias and O_ = 1y at negative bias, where 1,
annihilates a spin-o electron in the substrate. For equal
weights of the electron and hole YSR wavefunctions, we
have |<O|’(/JI|6>| = [(o|e+|e)|, and the YSR asymmetry re-
flects that the two tunneling paths interfere with oppo-
site 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 cor-
relation with the Kondo asymmetry. We note that the
conclusions would remain qualitatively unchanged for a
screened impurity spin.

Additional orbitals could also contribute to the par-
allel channel, but we find the lowest unoccupied molec-
ular orbital (LUMO) at a significantly higher energy of
1.08 V. This is consistent with spatial maps of the LUMO
(Fig. 3c), which have their highest intensity at the four
pyridine legs and unlike the HOMO do not match the
symmetry properties 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 tunnel-
ing into the substrate. Interference of the same tunnel-
ing paths also underlie a parallel asymmetry of the YSR
resonances. Our observations also suggest an alternative
understanding of YSR asymmetries, which have so far
been interpreted in terms of different electron and hole
wavefunctions due to potential scattering of substrate
electrons on the magnetic impurity. While this inter-
pretation suffices for magnetic adsorbates in the absence
of additional tunneling paths [49, 50], 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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by Deutsche Forschungsgemeinschaft through project
C03 of CRC 183.

[1] V. Madhavan, W. Chen, T. Jamneala, M. F. Crommie,
and N. S. Wingreen, Science 280, 567 (1998).

[2] J. Li, W.-D. Schneider, R. Berndt, and B. Delley, Phys.
Rev. Lett. 80, 2893 (1998).

[3] A. Schiller and S. Hershfield, Phys. Rev. B 61, 9036
(2000).

[4] O. Ujsdghy, J. Kroha, L. Szunyogh, and A. Zawadowski,
Phys. Rev. Lett. 85, 2557 (2000).

[5] M. Ternes, A. J. Heinrich, and W.-D. Schneider, J.
Phys.: Cond. Matt. 21, 053001 (2008).

[6] J. Figgins and D. K. Morr, Phys. Rev. Lett. 104, 187202
(2010).

7] L. Yu, Acta Phys. Sin. 21, 75 (1965).

[8] H. Shiba, Prog. Theor. Phys. 40, 435 (1968).

[9] A. I. Rusinov, JETP Lett. 9, 85 (1969).

[10] T. Matsuura, Prog. Theor. Phys. 57, 1823 (1977).

[11] O. Sakai, Y. Shimizu, H. Shiba, and K. Satori, J. Phys.
Soc. Jpn. 62, 3181 (1993).

[12] R. Zitko, J. S. Lim, R. Lépez,
Rev. B 91, 045441 (2015).

[13] A. Yazdani, B. A. Jones, C. P. Lutz, M. F. Crommie,
and D. M. Eigler, Science 275, 1767 (1997).

[14] S.-H. Ji, T. Zhang, Y.-S. Fu, X. Chen, X.-C. Ma, J. Li,
W.-H. Duan, J.-F. Jia, and Q.-K. Xue, Phys. Rev. Lett.
100, 226801 (2008).

[15] K. J. Franke, G. Schulze, and J. I. Pascual, Science 332,
940 (2011).

[16] M. E. Flatté and J. M. Byers, Phys. Rev. B 56, 11213
(1997).

[17] M. L. Salkola, A. V. Balatsky, and J. R. Schrieffer, Phys.
Rev. B 55, 12648 (1997).

[18] A. V. Balatsky, I. Vekhter, and J. X. Zhu, Rev. Mod.
Phys. 78, 373 (2006).

and R. Aguado, Phys.

[19] B. Liu, H. Fu, J. Guan, B. Shao, S. Meng, J. Guo, and
W. Wang, ACS Nano 11, 11402 (2017).

[20] C. Rubio-Verdd, A. Sarasola, D.-J. Choi, Z. Majzik,
R. Ebeling, M. R. Calvo, M. M. Ugeda, A. Garcia-Lekue,
D. Sénchez-Portal, and J. I. Pascual, Comms. Phys. 1,
15 (2018).

[21] D. Rolf, C. Lotze, C. Czekelius, B. W. Heinrich, and
K. J. Franke, J. Phys. Chem. Lett. 9, 6563 (2018).

[22] S. Frank and D. Jacob, Phys. Rev. B 92, 235127 (2015).

[23] J. Fernandez, P. Roura-Bas, and A. A. Aligia, (2020),
arXiv:2005.09090.

[24] U. G. E. Perera, H. J. Kulik, V. Iancu, L. G. G. V.
Dias da Silva, S. E. Ulloa, N. Marzari, and S.-W. Hla,
Phys. Rev. Lett. 105, 106601 (2010).

[25] R. Requist, S. Modesti, P. P. Baruselli, A. Smogunov,
M. Fabrizio, and E. Tosatti, Proc. Nat. Acad. Sci. 111,
69 (2014).

[26] W. Wang, R. Pang, G. Kuang, X. Shi, X. Shang, P. N.
Liu, and N. Lin, Phys. Rev. B 91, 045440 (2015).

[27] J. Meyer, R. Ohmann, A. Nickel, C. Toher, R. Gresser,
K. Leo, D. A. Ryndyk, F. Moresco, and G. Cuniberti,
Phys. Rev. B 93, 155118 (2016).

[28] N. Hatter, B. W. Heinrich, M. Ruby, J. I. Pascual, and
K. J. Franke, Nat. Commun. 6, 8988 (2015).

[29] S. Kezilebieke, M. Dvorak, T. Ojanen, and P. Liljeroth,
Nano Lett. 18, 2311 (2018).

[30] L. Farinacci, G. Ahmadi, G. Reecht, M. Ruby, N. Bog-
danoff, O. Peters, B. W. Heinrich, F. von Oppen, and
K. J. Franke, Phys. Rev. Lett. 121, 196803 (2018).

[31] L. Malavolti, M. Briganti, M. Hanze, G. Serrano,
I. Cimatti, G. McMurtrie, E. Otero, P. Ohresser, F. Totti,
M. Mannini, R. Sessoli, and S. Loth, Nano Lett. 18, 7955
(2018).

[32] J. Brand, S. Gozdzik, N. Néel, J. L. Lado, J. Ferndndez-
Rossier, and J. Kroger, Phys. Rev. B 97, 195429 (2018).

[33] M. Etzkorn, M. Eltschka, B. Jack, C. R. Ast, and
K. Kern, (2018), arXiv:1807.00646.

[34] S. Kezilebieke, R. Zitko, M. Dvorak, T. Ojanen, and
P. Liljeroth, Nano Lett. 19, 4614 (2019).

[35] Supporting Information.

[36] W. Auwirter, F. Klappenberger, A. Weber-Bargioni,
A. Schiffrin, T. Strunskus, C. Wéll, Y. Pennec, A. Rie-
mann, and J. V. Barth, J. Am. Chem. Soc. 129, 11279
(2007).

[37] X. Chen, S. Lei, C. Lotze, C. Czekelius, B. Paulus, and
K. J. Franke, J. Chem. Phys. 146, 092316 (2017).

[38] B. W. Heinrich, L. Braun, J. I. Pascual, and K. J. Franke,
Nano Lett. 15, 4024 (2015).

[39] H. O. Frota and L. N. Oliveira, Phys. Rev. B 33, 7871
(1986).

[40] H. O. Frota, Phys. Rev. B 45, 1096 (1992).

[41] A. Rosch, T. A. Costi, J. Paaske, and P. Wolfle, Phys.
Rev. B 68, 014430 (2003).

[42] H. Priiser, M. Wenderoth, P. E. Dargel, A. Weismann,
R. Peters, T. Pruschke, and R. G. Ulbrich, Nature
Physics 7, 203-206 (2011).

[43] M. Gruber, A. Weismann, and R. Berndt, J. Phys.:
Cond. Matt. 30, 424001 (2018).

[44] M. Ruby, B. W. Heinrich, J. I. Pascual, and K. J. Franke,
Phys. Rev. Lett. 114, 157001 (2015).

[45] E. Minamitani, Y.-S. Fu, Q.-K. Xue, Y. Kim, and
S. Watanabe, Phys. Rev. B 92, 075144 (2015).

[46] V. Kaladzhyan, C. Bena, and P. Simon, Phys. Rev. B
93, 214514 (2016).



[47] S. Korber, B. Trauzettel, and O. Kashuba, Phys. Rev.
B 97, 184503 (2018).

[48] L. Cornils, A. Kamlapure, L. Zhou, S. Pradhan, A. A.
Khajetoorians, J. Fransson, J. Wiebe, and R. Wiesen-
danger, Phys. Rev. Lett. 119, 197002 (2017).

[49] M. Ruby, Y. Peng, F. von Oppen, B. W. Heinrich, and
K. J. Franke, Phys. Rev. Lett. 117, 186801 (2016).

[50] D.-J. Choi, C. Rubio-Verdd, J. De Bruijckere, M. M.
Ugeda, N. Lorente, and J. I. Pascual, Nature Commun.
8, 15175 (2017).

[61] C. Rubio-Verdd, J. Zaldivar, R. Zitko, and J. I. Pascual,
(2020), unpublished.



SUPPLEMENTARY MATERIAL
EXPERIMENTAL DETAILS AND ADDITIONAL DATA

Experimental details

The Pb(111) substrate was cleaned by sputtering with Ne™ ions at 0.9kV under ultra-high vacuum conditions.
Annealing the sample at 430K leads to atomically flat and clean terraces. FeTPyP-Cl molecules were deposited
from a Knudsen cell at 673 K while the Pb sample was kept at 313 K. The as-prepared sample was cooled down and
transferred into the Joule-Thomson STM (by Specs). All experiments were carried out at a temperature of 1.1 K.

We used Pb-covered tips for all data shown in the main manuscript and SM. These were prepared by indenting the
tip into the clean Pb substrate while applying a voltage of V' = 100 V. Their spectroscopic properties were tested on the
bare Pb(111) substrate. The indentation procedure was repeated until the tip developed a bulk-like superconducting
Bardeen-Cooper-Schrieffer (BCS) energy gap of Ay, = 1.35meV. Such a tip is of amorphous nature and exhibits a
single gap, whereas the single-crystal substrate reveals the two-band superconducting properties pf Pb and exhibits
two distinct BCS gaps with Ay = 1.30meV and Ay = 1.44meV [1]. The sharp coherence peaks in the tip allow for
an effective energy resolution beyond the thermal Fermi-Dirac limit. In essence, the superconducting gap of the tip
leads to a shift of all sample features by A¢ip. As the tip’s quasi-particle density of states is symmetric in intensity
around the Fermi level, the tip does not modify any asymmetries in the spectral properties of the sample.

Differential conductance spectra were recorded using an external lock-in amplifier with a modulation frequency of
f =911Hz. The modulation amplitudes are given in the corresponding figure captions.

We use different feedback control methods for recording dI/dV maps. In the “constant-contour” mode, often
also referred to as “multi-paths”, we first record a constant-current image with certain feedback parameters. These
determine the height profile of the tip across the surface. This profile is subsequently used for scanning along the
same path with the desired bias voltage while recording the dI/dV signal. The data is exactly the same (but much
faster in its acquisition) as the dI/dV values extracted from a densely spaced grid of spectra recorded when opening
the feedback at the set contour value. Figs. 2d,e have been acquired with this method.

A bias voltage of 5mV was chosen when opening the feedback loop for the acquisition of all spectra in Fig. 1.
A small bias voltage is ideal as it ensures that only a small range of electronic states contributes to the tunneling
current. However, in the case of FeTPyP on Pb(111), the highest occupied molecular orbital (HOMO) extends across
the Fermi level and we observe a non-negligible contribution to the tunneling current. Hence, the image is not only
of topographic origin, but convolved with these states. For this reason, the STM image (Fig. 1b) does not only show
the tilted pyridine legs, which are expected to be highest in topography [2], but also the three lobes of the HOMO
resonance along the pyrrole saddle.

To map the iso-density of a particular orbital, the method of choice is to use the dI/dV signal itself for feedback
control [3]. This procedure has been employed for the acquisition of the maps in Fig. 3b.

Evolution of Kondo and YSR asymmetry along an FeTPyP molecule

In the main text, we show three representative spectra of the Kondo resonance and the YSR states measured along
the pyrrole saddle of FeTPyP. In Fig. S1b,c, we show color plots of a series of densely spaced spectra, taken along the
same line, for the Kondo and YSR states, respectively. These spectra were used to extract the asymmetry shown in
Fig. le,f in the manuscript.

Magnetic field dependence of Kondo resonance

To quench the superconducting state of substrate and tip, we applied an external magnetic field of B = 1.5T
perpendicular to the surface. The evolution of the Kondo resonance with increasing field strength is shown in Fig. S2.
At 3T we observe a clear splitting of the Kondo resonance, which can be reproduced by two Fano-Frota functions
shifted by +450ueV from the Fermi level. The observed splitting is larger than the £350ueV energy splitting expected
for a spin S = 1/2. We attribute this behavior to an underscreened S = 1 Kondo system [4]. However, we note that
our temperature and modulation broadening of \/(2V2,;) + (3.5k5T)2 = 390 peV is of the same order of magnitude,
preventing a clear assignment of the splitting.
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Figure S1. (a) Topography image of one molecule (same as in Fig. 1b) with an arrow indicating the line along which a set of
Kondo and YSR spectra have been recorded (V = 5mV, I = 100pA). The colored arrows mark the positions of the spectra in
Fig. 1 and are also used as markers in (b,c). (b) Color plot of dI/dV spectra of the Kondo resonance measured in an external
magnetic field of B = 1.5 T to quench superconductivity in substrate and tip (feedback opened at V = 5mV, I = 100 pA
and signal modulated with Vims = 100 ueV). These spectra have been used to extract the asymmetry shown in Fig. le. (c)
dI/dV spectra recorded with a superconducting tip and substrate in the absence of the B-field (feedback opened at V = 5mV,
I = 100 pA and signal modulated with Vims = 15 peV). The superconducting energy gap of the tip is indicated by dashed lines.
The YSR states appear as a pair of resonances symmetric in energy around the Fermi level, but asymmetric in intensity. These
spectra have been used to extract the asymmetry shown in Fig. 1f.

We also note that at a field strength of 1.5 T, we do not observe a splitting of the Kondo resonance, because the
thermal broadening is still much larger than the expected splitting. This justifies the fit with a single Fano-Frota
function.
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Figure S2. dI/dV spectra showing the evolution of the Kondo resonance with increasing magnetic field strength (feedback
opened at V =5mV, I = 100 pA, modulation voltage Vims = 100 peV). The spectra are offset for clarity. Red lines are fits
with one (at 1.5T) and two (at 3 T) Fano-Frota functions.

Identification of YSR coupling regime

The observation of a pair of YSR states reveals the exchange coupling to the substrate. However, this does not
allow for the identification of the many-body ground state, i.e., for the assignment of the screened or unscreened
spin state of the FeTPyP molecule (singlet and doublet many-body ground states, respectively). By approaching the
STM tip toward the molecule, the attractive potential of the tip lifts the molecule from the substrate. Hence, we can
investigate the shift of the YSR state with the associated decrease in the exchange coupling strength [5]. Figure S3



reveals that the YSR states move towards the superconducting gap edge upon tip approach. This behavior shows
that the molecule is in the unscreened regime. The narrow Kondo linewidth is in agreement with this assignment [6].
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Figure S3. Normalized dI/dV spectra upon tip approach on (a) the Fe center and (b) upper pyrrole (feedback opened at
V =5mV, I = 100pA, and subsequent variation of tip height z, modulation voltage Vims = 15 peV. The superconducting
energy gap of the tip is indicated by dashed lines. The YSR states shift toward the superconducting gap edge upon tip approach,
indicating that the FeTPyP molecule lies in the unscreened spin regime.

THEORETICAL CONSIDERATIONS

Model

We start by considering the spin state of Fe in FeTPyP. With the central Cl ligand detached, the molecule presum-
ably is in oxidation state +2 and its square-planar ligand field splits the Fe d-shell into four sets. For an unoccupied
topmost d,2_,2 orbital, this results in a S = 1 spin state. In order of ascending energy, one expects a doubly-occupied
dyy orbital, degenerate d,, and d,,, orbitals occupied by three electrons, and a singly-occupied d,= orbital. Due to the
largest overlap with the substrate, we expect the d,2 orbital to give rise to the Kondo effect, with the two unpaired
electrons being Hund coupled [7]. This picture is consistent with the observed spin splitting of the Kondo resonance
in a magnetic field (see Fig. S2) and with the observation of only a single Kondo temperature Tk, irrespective of tip
location. We also identify only a single Yu-Shiba-Rusinov (YSR) state. In particular, there is no evidence for a second
YSR state which splits off from the YSR peak or superconducting gap edge upon tip approach. These observations
are consistent with an underscreened Kondo effect, in which the S = 1 impurity spin is screened by a single channel
of substrate electrons.

The scanning-tunneling-microscopy (STM) data suggest that a second orbital is involved in determining the low-bias
tunneling spectra, both with and without superconductivity. In particular, the resonance centered at V = —360 mV
weakly overlaps with the Fermi energy (see Fig. 3a of the main text) and thus constitutes a second tunneling channel.
We identify this orbital with the HOMO. Mapping out this additional molecular orbital reveals nodal planes (see Fig.
3b of the main text) where its wavefunction changes sign. A central ingredient of our model is that tip-substrate
tunneling via this second orbital includes a substantial potential-scattering amplitude. To bring out the essential
physics, we will discuss our model in the following for the case that the HOMO is nonmagnetic in nature and
contributes potential scattering only between tip and substrate. It should be understood, however, that this is not a
necessary assumption for our model to explain the experimental results. If the HOMO is also magnetic, we merely
have to assume that it does not develop strong Kondo correlations (as indeed suggested by the data which exhibit only
a single Kondo temperature). In the absence of strong Kondo correlations, the exchange coupling has not yet flown
to strong coupling at the relevant energy scales (as set by temperature and the superconducting gap) and tunneling
between tip and substrate via the HOMO can include a substantial potential scattering amplitude in addition to
the exchange-scattering contribution. In this situation, one finds qualitatively the same results as in the reduced
model discussed below. In particular, we note that the exchange scattering amplitude contributed by tunneling via
a magnetic HOMO would also change sign at the nodal plane so that the coincidence of symmetric Kondo and YSR
peaks with the nodal plane is still be expected from such a modified model.

As a minimal model, we thus consider two molecular orbitals: (i) a singly-occupied orbital which derives from the Fe
d orbitals (but has nonzero amplitude both on the Fe center and the ligand as a result of hybridization) and develops
a magnetic moment due to an onsite interaction U, and (ii) a doubly-occupied orbital which represents the HOMO
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and has negligible onsite interaction. The annihilation operator for an electron of spin ¢ in the first, spin-carrying
orbital of energy e, is denoted by d,. We perform a particle-hole transformation for the second (HOMO) orbital,
resulting in a hole orbital of energy ¢, and hole-annihilation operator h,. (In the following, the hole nature of this
orbital will be left implicit.) Then, the Hamiltonian becomes

H=> et + D enctlhuete + > enhihy + Y eadld, + Udldld,d,
ko ko o o
3 [tnhbs,(0) + tradi v, (0) + trntrh, (0)hy + tratil, (0)d, + hic] (S1)

Here, electrons of wavevector k in tip and substrate are annihilated by v, and v, , respectively. The operators
¥;,(0) and ¥ 5, (0) annihilate electrons in tip and substrate at the location of the tunnel junction to the molecular
adsorbate. For the tip, the origin 0 is measured relative to a coordinate system attached to the tip.

The tunneling matrix elements ¢1;, and t74 between tip and molecule depend on the position R of the tip relative
to the molecule, and reflect the wavefunctions of the molecular orbitals. In particular, t7,(R) changes sign at the
nodal planes of the HOMO. There is no evidence in the data for nodal planes in the spin-carrying orbitals, so that
we assume that ¢7,4(R) has a fixed sign. The tunneling amplitudes ¢, and tr4 between molecule and substrate are
independent of tip position and fixed by the adsorption geometry of the molecule on the substrate. We finally note
that the tunneling amplitudes t1p, tr4, trn, and trg can be chosen as real by time reversal symmetry.

Kondo resonance

Fano lineshape of Kondo resonance

Fano lineshapes emerge from the interference of a resonant channel with a rapid dependence of the scattering
amplitude on energy and a nonresonant channel for which the energy dependence can be neglected on the scale of the
broadening of the resonance. In the context of adatom experiments, the nonresonant channel is frequently identified
with direct tunneling into the substrate which then interferes with a resonant scattering channel via the adatom which
results from the Kondo effect [8, 9]. For molecular adsorbates, tunneling between tip and substrate is presumably
mediated by molecular orbitals as long as the tip is positioned above the molecule [10]. In keeping with the model
Hamiltonian in Eq. (S1), we therefore neglect direct tunneling between tip and substrate and show that the Fano
lineshape is naturally explained by interference between tunneling paths associated with two molecular orbitals. A
recent study argued that similar processes are also relevant for Kondo resonances induced by magnetic adatoms [11].

Assuming weak tunneling between tip and molecular adsorbate, the differential conductance can be written as

dI 2¢2

v 727”/“%«? (eV), (S2)

where vy, is the electronic density of states of the tip and p,..+ (w) denotes the relevant spectral function of the substrate,
Prrt (W) = —2ImG .1 (w + in) (S3)
(n denotes a positive infinitesimal) with
rt=tpnht +tpadt (S4)
and G,..i (w + in) denoting the Fourier transform of the retarded Green function
G (t,8) = =i0(t = ){[r(t), 7T (t")])- (S5)

Since the spectral function is proportional to a unit matrix in spin space, we have dropped spin indices. We can then
write
dar - 2¢* , -1
v 747T VL 7Im {tenGrnt (eV)tin + tonGhar (eV)tra + tLaGant (eV)tLn +traGaar (eV)trat, (S6)
where the Green functions are defined by analogy with Eq. (S5) and the positive infinitesimal is left implicit.
As a consequence of the Kondo effect, the Green function G 44t (w 4 in) of the spin-carrying orbital exhibits a sharp
resonance at the Fermi energy. We therefore relate the remaining Green functions in Eq. (S6) to Gggi (w + in). This
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yields (see Ref. [9] for a similar expression in the case that the parallel channel originates from direct tunneling into
the substrate)

dl 2¢2 -1 ~
7= T47721/L7Im {tLngnnt (eV)ton
+ [tra + tLngnnt (€V)trngrrt (eV)tRAGaqt (eV)[tLa + tragrrt (eV)tRRIRAt (€V)ELH]} - (87)

Here, a capital G denotes a fully dressed Green function, a lower-case g denotes a bare Green function (g) or a Green
function including a subset of self-energy contributions (§). We sketch the derivation of Eq. (S7) in the subsequent
section. Since it can also be readily understood physically, we proceed first with a qualitative justification and focus
on how it predicts a Fano lineshape for the Kondo resonance. The first term within the curly brackets describes
tunneling from tip to substrate via the HOMO in the absence of the d orbital. Correspondingly, this term involves
the Green function

1 1

. _ | S8
ghh( ) wf€h*tRthRT(w)tRh w—eh,+Z7T(tRh)21/R ( )

of the HOMO including the self energy correction due to tunneling into the bare substrate. The latter enters through
the Green function grpi(w) of the bare substrate in the absence of the molecular adsorbate. Neglecting the spatial
extent of the molecule for simplicity, this Green function enters only with equal spatial indices of its two electron
operators, and we have

grri (W) = —imvR (89)

in terms of the electronic density of states vr of the bare substrate. The second term in the curly bracket collects
all contributions which proceed via the d orbital and are thus sensitive to the Kondo resonance. The contribution
involving #2 ; describes direct tunneling from the tip into the d orbital, dressed by its coupling to the remainder of the
system. Similarly, the term proportional to tth describes a process in which an electron tunnels from the tip into the
dressed d orbital via a multistep process involving the HOMO and the substrate. Finally, the terms involving ¢74tr
describe contributions which arise from interference of the previous two tunneling paths.

To bring out the essential physics of the Fano lineshape, we note that the two terms in square brackets in Eq. (S7)
are identical and complex. Defining the polar representation

VA = tq+ tongnnt (eV)trngrri (€V)tra, (S10)
Eq. (S7) becomes
dl 2¢2 -1 - )
W = T47T21/L 7Im {tthhhT (GV)tLh + A€l¢Gdd-r (CV)} . (Sll)

We evaluate Egs. (S10) and (S11) by keeping only the leading nonvanishing contributions of gy, (w) in the limit in
which the broadening of the HOMO is small compared to its energy €, measured from the Fermi energy. (It should be
evident that it is straight-forward to go beyond this approximation, but this is unnecessary for our purposes.) With
this approximation, gy, (eV) ~ —im(tgs)?vr/€; in the first term in curly bracket in Eq. (S11) and gppi (eV) ~ —1/¢p,
in Eq. (S10). This yields

; trnt
\/XBW/Q =tqg+ iWMVRth. (S12)
€n
Since the imaginary part of the right-hand side is proportional to the tunneling amplitude ¢, into the HOMO of the
molecule, the phase ¢ passes through zero and changes sign at the nodal plane.
Within a simple, but useful approximation, we can express the d-orbital Green function in the vicinity of the Fermi
energy as [12]

K

Gaar(eV) = 5 ex +iTk’

(S13)

where Zg denotes the intrinsic strength of the Kondo resonance, ex ~ 0 its energy, and Tk the Kondo temperature.
The shape of the Kondo resonance is frequently fitted more accurately by the Frota function [13]

—iZ i T
Gaat (eV) = oK LK

. 14
TK 6V—€K+iTK (S )
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Inserting this expression into Eq. (S11), we obtain

dr 262 ; ZK ’LTK
— | == 47%;R i ) S15
17 R Q{Ae 7TV eV —ex + iTx (815)

This expression has the same form as Eq. (1) of the main text. It also shows that the sign change of the HOMO
wavefunction changes the sense of asymmetry of the Kondo resonance, as we observe experimentally.

Green-function expression (S7)

In this section, we sketch the derivation of Eq. (S7) from Eq. (S6). This requires one to relate the various Green
functions entering Eq. (S6) to G4qi. Since interactions enter only on the d orbital, this can be done with the help of
the equations of motions of the Green functions. One readily finds the Dyson equations

Ghit = gt + nnttrRaG pat (S16)
Ghrt = gnnttrRRG RRY (S17)
Ghat = gnnitrnG Rat (S18)
Grut = 9rritRRGhpt + 9RRIERAG ant (S19)
Grrt = 9rrt + 9rritRAG LRt + GRRIERIG AR (S20)
Grar = 9rritrRRGhat + 9rRTERAG 44t (S21)
Grnt = GRRitRAYART (S22)
Gant = GarttRhGnnt (523)
Gart = Ganitrrgrrt + GadattRAGRRY - (S524)

Here, gppi (w) = 1/(w — €, + in) denotes the Green function of the uncoupled HOMO. The first six expressions result
from equations of motions involving time derivatives with respects to the first time argument of the Green function.
The last three identities follow from equations of motions with respect to the second time argument.

We first insert Eq. (S24) into Eq. (S23) and solve for Gy,i. This yields

1
Gant = GaattRiGRRIERAGRRT (525)
1 — tRRIRRIERRIRAT

and thus
Gant = GaattRiGRRI L RAGRNT - (526)

Similarly, inserting Eq. (S21) into Eq. (S18) and solving for Gj,4+, we find

1
Ghat = InnitRRIRRIERAG qat (527)
1 — gpnitrRrGRRITRA

and thus

Ghat = GnnitrRIRRITRAG 4at - (528)
Finally, we insert Eq. (S19) into Eq. (S16) and solve for Gj,+. This yields
1

Ghpt = Innt (1 +trrgrr1tRAG ant) (529)
1 — gpnitrRRGRRITRA
and thus
Ghrt = Gt + GunttRRIRRITRAG ant - (S30)
Inserting Eq. (526), we obtain
Ghnt = Ghnt + GnnitRRIRRIERAG 441t RAGRRTERR RN - (S31)

We can now insert Egs. (526), (S28), and (S31) into Eq. (S6) and obtain Eq. (S7).
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YSR resonances
Schrieffer- Wolff transformation

To understand the asymmetry of the YSR resonances at positive and negative bias voltages, it is convenient to
eliminate the spin-carrying d orbital as well as the HOMO by a Schrieffer-Wolff transformation and to obtain an
effective low-energy Hamiltonian.

The molecular d orbital leads to exchange and potential scattering terms,

Hy =Y IO ®R)S - 9L (0)0v, (0) + Y VO R (0)y, (0) (532)

with the impurity-spin operator S, the vector o of Pauli matrices, and the spinor of electron field operators ¢,(0) =
[¥a.1(0),%4.,(0)]T in the tip (« = L) and the substrate (o« = R; with 0 denoting the adsorption position of the
molecule). In contrast, the nonmagnetic HOMO gives rise to a potential scattering term only,

Hy =Y VI R)$E0)4,,(0). (833)

ao’

The Schrieffer-Wolff transformation yields

F 1
JD(R) = t,gth -= S34
aa( ) adad_€d+U €q ( )
for the exchange coupling and
- 1
VD (R) =t t% — 835
aa( ) adad_6d+U+€d_ ( )

for the amplitude of potential scattering from the molecular d orbital. Similarly, the HOMO results in the amplitude

1
VI(R) = taht:;’h: (S36)
h

of potential scattering.

In experiment, the tip-molecule coupling is much weaker than the molecule-substrate coupling. We thus neglect
the exchange and potential-scattering processes which only involve the tip (i.e., we set JédL) = VL(%) = VL(}B =0) and
treat terms which scatter electrons between tip and substrate perturbatively. In leading order, the molecule is then

coupled to the substrate through Jl(%d% and Vg}g as well as Vé’}:)- The strong Kondo correlations arise as the exchange

coupling flows to strong coupling at low energies, and we can thus neglect Vg{h) relative to J}(%C% in discussing low-bias
tunneling. For the same reason, scattering between tip and substrate via the spin-carrying orbital is dominated by
the exchange term, and we neglect VlgdL) and VL(d).

As a result of these considerations, we obtain the effective Hamiltonian

H=Hy+ H; (S37)
with unperturbed Hamiltonian
Hy =Y Ho+ J5h(R)S - 05(0)0vR(0). (S38)
and tunneling perturbation
Hy = }(0) [J,(%dg(R)s o+ VI (®R)] 41 (0) + hec.. (S39)

As time-reversal symmetry implies that all tunneling amplitudes can be chosen real, this also holds true for J g;), (R)

and VCEZ), (R). The Kondo correlations as well as the YSR states are induced by the exchange coupling between
molecular spin S and substrate included in Hy. Tunneling between tip and substrate proceeds via two separate
channels involving the molecular d orbital and the HOMO, respectively. While the second tunneling channel is
independent of electron spin, the first is spin dependent. According to Eq. (S36), the sign change of the HOMO
wavefunction at the nodal plane introduces a sign change of the potential scattering amplitude V(h)(R).



14
Asymmetry of YSR resonances

We now derive the tunneling current into the YSR state by Fermi’s golden rule. At large tip distances, tunneling
between tip and substrate is rate limited by the tunneling between tip and YSR state [14]. The resulting subgap
excitation (i.e., a quasiparticle occupying the YSR state) relaxes into the quasiparticle continuum by inelastic processes
which are more frequent than tunneling. As a consequence of the strong Kondo correlations, the YSR state originates
from strong exchange coupling Jrr between molecular orbital and substrate, with potential scattering Vrp being
a small perturbation. In this case, one expects that the electron and hole wavefunctions of the YSR states are
approximately equal. For instance, it is well known that the asymmetry between electron and hole wavefunctions is
due to nonzero potential scattering when modeling the impurity as a classical spin.

Motivated by the experiment, we assume that the YSR state is on the weak-coupling (unscreened) side of the
quantum phase transition between doublet (unscreened) and singlet (screened) ground states. (As mentioned in
the main text, this assumption is made for definiteness. Our conclusions would not change for a YSR state in the
strong-coupling state and the following arguments can be readily adapted to this case.) In this case, the substrate
superconductor is in a fully paired ground state |even) with even fermion parity, and tunneling is into the excited
odd-fermion parity state |odd) = ~f|even) with a quasiparticle occupying the YSR state (with Bogoliubov operator
ve). For simplicity, we assume a classical-spin model for the impurity in the following, i.e., we effectively keep only the
exchange coupling to S,. This suffices to elucidate the emergence of the asymmetry between the bias directions due to
the presence of two parallel tunneling channels. As this asymmetry is clearly associated with the different behaviors
of exchange and potential scattering under time reversal of the substrate Hamiltonian (for a given impurity spin), the
underlying mechanism is expected to be robust when extending the theory to include the full quantum nature of the
impurity spin. Developing such a theory would be an interesting problem for future research, but is beyond the scope
of the present paper.

To compute the tunneling rate between superconducting tip and substrate, we expand the electron operator of the
substrate into Bogoliubov operators. At subgap bias voltages, we only need to retain the contribution of the YSR
state. We take the impurity spin as polarized in the positive z-direction, so that the YSR bound state is polarized
along the negative z-direction. We can then write the substrate electron operators as

YR (r) = ue(r)ye + ... (S40)

and

Vra(r) = =il +..., (541)

with the ellipses referring to the contributions of above-gap quasiparticles. Here, we have introduced the electron and
hole wavefunctions u.(r) and v(r) of the YSR state. These equations reflect that due to the spin polarization of the
YSR state, removing a quasiparticle is associated with annihilating a down-spin electron. Conversely, removing an
up-spin electron from the ground state necessarily breaks a Cooper pair and its spin-down electron can subsequently
occupy the YSR state.
First consider tunneling from the tip into the YSR state of energy €4 at positive bias voltages. Fermi’s golden rule
gives the tunnel current
2me 9
Iy === > [{odd; Epi|Hileven; BCSL)[*6(eV — Epy, — €), (S42)
k,o

where |BCSy) and |ELx) denote the BCS ground state and a state with a single Bogoliubov quasiparticle of energy
Erx in the tip. According to Egs. (S40) and (S41) and in accordance with the spin polarization of the YSR state,
tunneling into the YSR state is due to spin-down electrons,
2me
1]+ = =5 37 l(odd; Erelth, (0) |=J52 (R)S + Vi) (R)| 11, (0) leven; BCSL)[?(eV = By — €.)
k

22 e (0)1? [~ R)S + VI (R)] S (B, (0)[BOSL)Po(eV — Eri —c.). (543)
k

The sum over k can be identified with the superconducting density of states of the tip,
|E|

\/ﬁﬂﬁ - B, (S44)

visc(E) =vg
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at energy = eV — €, so that we obtain

2
1y = 20 [~ RIS + VI R)] v scleV — c,) (845)
Importantly, the current involves interference between an exchange contribution associated with the molecular d orbital
and a potential scattering contribution associated with the HOMO. The relative sign with which these contributions
contribute directly reflects the fact that the tunneling current from tip to substrate is carried by spin-down electrons.
We will now see that the relative sign between these contributions is reversed at negative bias voltages, as in this
case, current is carried by spin-up electrons. This can be seen from Eqs. (S40) and (S41). Physically, tunneling of an
electron from the substrate into the tip breaks a Cooper pair in the even-parity ground state of the substrate. The
spin-down electron of the Cooper pair occupies the YSR state, while the spin-up electron tunnels into the tip. This
leads to

2me
1 === >~ [(odd; B¢ (0) [J;dg(R)s + VI (R)| ¥ri(0)]even; BCSL)[26(—eV — Epy — )
k
2me 2
= SO [ RS + Vi (®)] visclelV] - ) (846)

for the YSR resonance negative bias.
Comparing Eqs. (S45) and (S46), we see that the relative signs of the exchange and potential-scattering contributions
to the tunneling current differ between positive and negative bias voltages,

dar
dv

2
x [+ RS+ VY ®R)] (847)
+

with the other contributions being essentially independent of the bias direction. Indeed, the electron and hole wave-
functions of the YSR state should be approximately equal, |uc(0)] =~ |ve(0)|, due to the dominance of exchange
coupling to the substrate implied by the well-developed Kondo correlations observed in experiment. We thus con-
clude that the YSR resonances should be symmetric between the bias directions when tunneling into the nodal plane
of(t?e HOMO, and have opposite asymmetries on the two sides of the nodal plane as a result of the sign change of
Var (R).
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