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A magnetic impurity interacting with a superconductor develops a rich excitation spectrum formed
by superposition of quasiparticles and spin states, which appear as Yu-Shiba-Rusinov and spin-flip
excitations in tunneling spectra. Here, we show that tunneling electrons can also excite a supercon-
ducting pair-breaking transition in the presence of magnetic impurities, which is hidden for electrons
on bare superconductors. Combining scanning tunneling spectroscopy with theoretical modeling,
we map the excitation spectrum of a Fe-porphyrin molecule on the Au/V(100) proximitized sur-
face into a manifold of many-body excitations and follow their behavior across a parity-changing
transition. Pair excitations emerge in the tunneling spectra as peaks outside the gap in the strong
interaction regime, scaling with the pair correlation. Our results unravel the quantum nature of
magnetic impurities on superconductors and prove that pair excitations are parity detectors for
magnetic impurities.

Superconducting materials provide an ideal platform
for testing coherent dynamics of many-body states [1, 2]
and exploring their potential as qubits [3]. Pairing effects
lead to a many-body ground state formed by a conden-
sate of Cooper pairs, protected from quasi-particle ex-
citations by a pairing energy gap ∆. Excitation of the
superconducting ground state can be achieved by elec-
trons [4, 5], correlated pairs in Josephson currents [6, 7],
or microwave photons [8–10]. In bulk superconductors,
these excitations populate a continuum of Bogoliubov
quasiparticles (QPs) and admix with other states that
quickly quench their quantum coherence. Sub-gap quasi-
particle excitations, in contrast, can live long in a coher-
ent state, allowing detection and manipulation of their
quantum nature with high fidelity. For example, sub-
gap Andreev bound states in a proximitized link between
two superconductors host addressable doublet quasipar-
ticle and singlet pair-breaking excitations that can store
quantum information [1, 3]. Population of these excited
states follows parity-conserving rules: QP states are odd
in fermion parity and can be excited by adding or re-
moving a fermion to the even-parity BCS ground state
[Fig. 1(a)]. Pair excitations involve the creation of two
correlated QPs into an excited state and, thus, have even-
parity [11]. Therefore, they are accessible by absorption
of one microwave photon or by addition of two particles
with opposite spin.

Sub-gap excitations can be also produced by tunnelling
electrons from a scanning tunneling microscope (STM).
The most frequently observed case are excitations of Yu-
Shiba-Rusinov (YSR) [12–14] states, appearing when a
magnetic impurity interacts with a superconductor via
magnetic exchange J . YSR excitations appear in tun-
neling spectra as sub-gap bias-symmetric pairs of narrow
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FIG. 1. a) Scheme of the excitations of a superconductor
with energy gap ∆. The pair excitation (BCS) can be probed
by microwaves, while electrons can excite Bogoliubov quasi-
particles (QP). The arrow boxes refer to the number of QP
involved (eigenstates in the text). b) The exchange J induces
YSR bound states below ∆. Due to parity selection rule single
electrons cannot excite the pair excitation (BCS). c) Increas-
ing J, the ground state becomes odd in parity, and the BCS
state becomes accessible.

peaks [15, 16]. In the regime of weak exchange interac-
tion J compared to the pairing energy ∆, the peaks in-
dicate the excitation of long-lifetime QP states obtained
by adding a tunneling electron/hole into the BCS ground
state. Pair excitations are, however, forbidden because
this would require tunneling of two correlated electrons
simultaneously [Fig. 1(b)].

Here, we report the observation of pair-excited states
in the YSR excitation spectrum of an Iron Porphyrin
molecule on a proximitized gold thin film by means of
scanning tunneling spectroscopy. Owing to the mag-
netic anisotropy of the molecule, the YSR splits in mul-
tiple resonances both inside and outside the proximitized
gap. Additionally, the molecules exhibit a new resonance
amounting to twice the proximity induced gap ∆s of the
gold film, which we attribute to a pair excitation. Sup-
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FIG. 2. a) STM image of the epitaxial film produced by de-
positing 2 ML of Au on V(100) and annealing to 550◦C (VS

= 10 mV, I = 100 pA). Inset: constant height STM image of
the film’s squared lattice with 3 Å unit cell (VS = 10 mV). b)
dI/dV spectra measured on V(100) and on Au/V. c) Scheme
of the proximity effect; Andreev reflections at the interface
with the V(100) deplete the film DOS and open a gap in
the normal metal. d) STM image with Cl functionalized tip,
showing the different FeTPP and FeTPPCl species on 7 ML
Au/V(100) (VS = 300 mV, I = 30 pA), Inset: chemical struc-
ture of FeTPP-Cl. e) dI/dV spectrum measured on the center
of a 4-fold FeTPPCl molecule, indicating the two extra-gap
states (A,B) and the four intra-gap resonances (α, α∗, β, γ).
In gray: dI/dV spectrum on the bare substrate (VS = 3 mV,
I = 75 pA). STM and STS data analysed with the WSxM [17]
and SpectraFox [18] software packages.

ported by model calculations for quantum spins, we show
that inducing pair excitations with single particles does
not contradict parity-conserving rules because it is only
observed when the magnetic molecule lies in a Kondo-
screened regime. This regime is accessed when the ex-
change J becomes larger than ∆s, and the magnetic
impurity captures a QP, thus becoming Kondo-screened
[19–23]. From this ground state with odd fermion-parity,
single-particle tunneling allows now YSR excitations into
even states such as the BCS state and its higher-lying ex-
citations BCS [Fig. 1c].

Our measurements were performed at 1.2 K using a

STM (SPECS GmbH) under ultra high vacuum con-
ditions. We used a V(100) single crystal as supercon-
ducting substrate (critical temperature Tc= 5 K and su-
perconducting gap ∆V(1K)=0.75 meV). After sputter-
ing and annealing to 1000◦C, the V(100) surface appears
with the characteristic V(100)(5x1) oxygen reconstruc-
tion [24, 25], which does not affect the superconducting
properties of the surface [26–30]. The V(100)(5x1) sur-
face was then covered with gold films, with thicknesses
ranging from 1 to 10 ML, and shortly annealed to∼550◦C
to produce epitaxial layers [Fig. 2a]. The metallic films
show a square lattice with an inter-atomic spacing of 2.9
Å [inset Fig. 2a] compatible with a non reconstructed
Au(100) surface [31, 32], albeit some intermixing with
the vanadium substrate is expected [33].

The proximitization of the gold thin film was ascer-
tained by comparing dI/dV spectra over the films and
over the bare V(100)(5x1) surface [Fig. 2(b)]. To en-
hance the spectral resolution at the base temperature
(1.2 K) of our STM, we used superconducting tips, ob-
tained by deep tip indentations in the V(100) substrate.
The spectra on the vanadium substrate show an abso-
lute gap and two sharp peaks at ±(∆t + ∆V )/e = ± 1.5
mV [Fig. 2(b)], corresponding to the convolution of the
superconducting density of states of tip (∆t) and sam-
ple (∆V /e = 0.75 mV). Spectra on the investigated gold
films also exhibit a hard gap with similar width to the
vanadium substrate [34], but with a pair of very sharp
resonances at slightly smaller bias of ±(∆s+∆t)/e = 1.4
mV. These resonances, first described by de Gennes and
Saint James [35], arise from Andreev reflection processes
at the normal-superconducting (NS) interface [36–39],
and behave as (Bogoliubov) quasiparticle excitation reso-
nances of the proximitized gold films [Fig. 2(c)]. Interest-
ingly, the de Gennes and Saint James (dGSJ) resonances
shift to lower energy with increasing film thickness [40],
which is a useful knob for tuning the proximity gap ∆s

in the experiment.

Next, we deposited the organometallic molecule
iron tetraphenylporphyrin chloride (FeTPP-Cl) [inset of
Fig. 2(d)] on the proximitized gold films. This species
hosts a Fe3+ ion with a S=5/2 spin and a easy plane mag-
netic anisotropy [41, 42]. STM images like in Fig. 2(d)
show that some of the molecules maintain the Cl ligand
on the surface. These intact FeTPP-Cl species appear
with two different shapes in the images: species with
two-fold symmetric FeTPP-Cl interact weakly with the
substrate [40], while the four-fold symmetric molecules
that we investigate here behave as quantum impurities
coupled to the superconducting substrate.

Spectra on the four-fold FeTPP-Cl molecules are char-
acterized by a complex pattern of intra- and extra-gap
resonances, as summarized in Fig. 2(e). We typically find
three intra-gap pairs of peaks (α±, β± and γ±) in the re-
gion between ±∆t and ±(∆t+∆s). These resonances are
direct YSR excitations and appear with larger intensity
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FIG. 3. a) Line of dI/dV spectra measured across a 4-fold
FeTPPCl molecule (topography and sketch on the right) at
constant current (VS = 3 mV, I = 75 pA). The single spectra
on top is measured in the center and serves as a reference.
b) Contrasted part of the out gap portion of the line-scan to
highlight the signals A and B. c) Trace of the peaks energy
positions along the line profile in the negative bias portion.

at positive bias due to finite potential scattering compo-
nents in the tunneling [43, 44]. Since the α± resonance
appears close to ±∆t, its thermal excitations α∗± can also
be observed below ±∆t in the spectra.

In addition, dI/dV spectra show fainter peaks [A± and
B± in Fig. 2e] above the proximitized gap. Peak A can
be associated with a spin-flip excitation of the molec-
ular spin multiplet [41, 45, 46]. We attribute it to a
Ms = ±1/2 → Ms = ±3/2 transition because it lies
at 1.3 meV above the dGSJ peaks, the expected mag-
netic anisotropy energy (2D), being D=0.65 meV the
value of the axial anisotropy constant for this molecule
[40, 41, 47]. The origin of peak B observed at ∼ 0.6
meV outside the gap cannot be directly connected with
inelastic spin transitions. Instead, as we demonstrate in
the following, peak B corresponds to the excitation of a
pair of QPs over the superconducting condensate.

A hint on the origin of low energy excitations on super-
conductors can be obtained by measuring their evolution
with variations of exchange coupling J [20–23, 48]. We
found that in standard tunneling regime the STM tip ex-
erts an attractive force that distorts the flexible molecular
system and causes a controlled change of J . Furthermore,
this effect gradually decreases as the tip is placed away
from the center, causing that dI/dV peaks shift with the
tip position along the molecular axis. As shown in the
spectral map of Fig. 3(a), the three intra-gap YSR reso-
nances shift to lower energies as the measuring position
is laterally changed from the center of the molecule to-
wards the phenyl groups. For the α state the shift is

large enough to cross through the ∆t line and exchange
position with the thermal state α∗. This is a fingerprint
of a parity-changing quantum phase transition (QPT) in
the ground state of the molecule-superconductor system.

Unexpectedly, the extra-gap peaks A and B also
change with J [Fig. 3(b)], but following a different trend:
peak A vanishes towards the sides, while the B peak,
which is much fainter in the center, move to higher en-
ergies at the molecule edges. The scheme of Fig. 3(c)
depicts the complex evolution of each intra-gap peak
with the tip position, following the additional results pre-
sented in the supporting information (SI). The apparent
connection of the shifts of extra-gap peaks with intra-
gap excitations suggests they are all related to the same
many-body state, renormalized by changes in J induced
by tip. This state is formed by the spin S=5/2 of the
quantum impurity, with D ∼0.65 meV, when it is cou-
pled to the superconducting substrate with quasi-particle
excitation peaks at ∆s.

Theoretical model: To interpret the results we used
a minimal single-site model [49, 50], extended for quan-
tum impurities on superconductors by von Oppen and
Franke [51, 52]. Calculations using this model are light
and provide useful insights into the many-body spectrum
of the system. The Hamiltonian reads:

Hs = H0 +HM +HJ

H0 = ∆sc
†
↑c
†
↓ + h.c.

HM = DS2
z + E(S2

x − S2
y)

HJ =
∑

σσ′

c†σ[JzSzs
z
σσ′ + J⊥(S+s

−
σσ′ + S−s

+
σσ′)]cσ′

(1)

where H0 describes a single-site superconductor, and HM

accounts for the magnetic impurity spin anisotropy, also
including transversal components E. The term HJ rep-
resents the (anisotropic) exchange coupling between the
impurity and superconductor states, characterized by the
exchange couplings Jz and J⊥.

In Fig. 4a we display the evolution of excitation ener-
gies in a tunneling experiment with increasing D and J ,
obtained from the exact eigenstates of the Hamiltonian
in Eq. (1). Adding a tunneling electron (or hole) to the
ground state of the system leads to a change in fermion
parity. Therefore, only transitions between even and odd
parity states are allowed (blue and orange in Fig. 4a).
For the case of negligible exchange J , the anisotropy D of
the molecule splits the spin multiplet into non-degenerate
levels of equal Sz (left side in Fig. 4(a)). The ground state
is a product state of the molecular spin-doublet and the
superconductor BCS ground state:

|e〉 = |±1/2〉 ⊗ |BCS〉 = |±1/2〉 ⊗ (|0〉+ |↑↓〉) (2)

Tunneling experiments in this regime resolve peaks
caused by a QP excitation at ±∆s, and by an additional
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tions for electrons (solid lines) obtained from the Hamiltonian
of eq. 1. In the left side J=E=0, the magnetic anisotropy D
splits the spin multiplets by 2D. In-gap states arise when
the exchange coupling J is turned on. Around the QPT, even
and odd ground states are mixed by thermal excitations (van-
ishing lines). b) Simulation of a spectral map like in Fig. 3a
using the effective model, using as input the position of α and
the re-normalized D ([53]).

spin excitation at ±(∆s + 2D) [40, 41, 47]. The spin
multiplet in the BCS ground state can also be thermally
populated when kbT > 2D, as observed in Ref. [21].

A finite exchange coupling J [right panel in Fig. 4(a)]
mixes the spin multiplet with QPs states into sym-
metric and anti-symmetric combinations of entangled
molecular-spin and superconductor states with definite
total spin projection STz [54, 55]. As shown in Fig. 4(a),
symmetric states appear as excitations outside the gap,
while the anti-symmetric ones correspond to intra-gap
excitations. For example, the peak A in our experiments
corresponds to the excitation of the entangled symmetric
state with STz =1 [47], while the antisymmetric state is a
sub-gap state split off from the YSR excitation in the
presence of axial magnetic anisotropy [21, 51, 54, 55].
In fact, by including a small transversal anisotropy E
this state further splits into two, accounting for the res-
onances β and γ observed in the experiment (see supple-
mentary information [53]).

Increasing J above a critical value induces a QPT
[Fig. 3a], where the ground state becomes an odd par-

ity entangled state of impurity’s spin and a QP [22, 56]:

|o〉 = |1/2〉 |↓〉 − |−1/2〉 |↑〉 . (3)

From |o〉, only two even parity states can be reached by
a tunneling electron or hole: the state (2), resulting in
YSR peaks α, and the state:

|e〉 = |±1/2〉 ⊗ |BCS〉 = |±1/2〉 ⊗ (|0〉 − |↑↓〉). (4)

This second state is a pair excitation, i.e. the excitation
of two QPs over the BCS state: γ†↑γ

†
↓ |BCS〉 = |BCS〉

[11, 53]. The pair excitation lies at an energy 2∆s above
the YSR state and, as a consequence, the separation be-
tween the two even states is independent of molecular
anisotropy [Fig. 5(a)]. As we discuss next, peak B in the
spectra corresponds to this pair excitation.

In Fig. 4(b) we show a calculated spectral line profile
simulating the experimental results of Fig. 3a, obtained
by using the model Hamiltonian of Eq. (1). The input
parameters for the calculation are simply the exchange
coupling J , extracted from the position of α, the in-plane
anisotropy D = 0.65 mV, obtained from spin-excitation
measurements on weakly coupled molecules [40], and a
fitted transversal anisotropy component E [53]. The
qualitative good agreement of theory results with the ex-
perimental observations confirm that the multiple peaks
can all be attributed to the excitation of several many-
body states formed by the impurity spin interacting with
superconductor via a single orbital channel. Fermion par-
ity selection rules explain that peaks A, β and γ fade
away when the molecule enters in the strong interaction
regime. Furthermore, the stronger intensity of peak B
in this regime, and its shift with J agrees with the be-
haviour of pair-excitated state BCS.

To further corroborate the identification of peak B as
a pair excitation, we studied the evolution of peak A and
B [Fig. 5(a)] on 15 molecules lying on different regions
of the substrate and film thicknesses, with different mea-
sured values of ∆s [Fig. 5(b)]. In all these molecules, the
position of peak A with respect to ∆s, i.e. 2D, is un-
correlated from ±∆s [Fig. 5(c)]. On the other hand, the
position of peak B, measured with respect to α, scales
with ±2∆s [Fig. 5(d)].

The different evolution of the extra gap peaks A and
B with J is shown in Fig. 5(e), where we compare three
spectra acquired on the center of three molecules with
similar values of ∆s. The particle-hole asymmetry of
the α YSR peak and its energy position allows us to
identify that they lie in the different interaction regimes
indicated in the panel. Peak A slightly shifts to lower
energy with increasing J , due to renormalization of D
[47], and vanishes in the strong coupling case. Peak B,
in contrast, becomes more intense in the strong coupling
regime and follows the same the energy shift of α, but
spaced by 2∆s, as expected for the pair excitation.
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.

Discussion: To date, pair excited states were only
observed through adsorption of microwaves [1, 3] pho-
tons or Andreev pairs [7]. Fermion-parity conservation
forbids a single tunneling electron from exciting a pair
of Bogoliubov quasi-particles (the BCS state) in a super-
conductor. In our experiment, the observation of the pair
excitation with electrons was made possible by the exis-
tence of an odd-parity Kondo-screened ground state of a
magnetic molecule state on a superconductor, which en-
abled the excitation of two even-parity states [Fig. 3]: the
BCS state, leading to the intra-gap YSR resonance and
the BCS pair excited state, observed as peak B. Even if

this resonance appears outside the spectral gap, the pair
state in the proximitized film is a double population of a
subgap state and, hence, it is expected to have a larger
lifetime, facilitating its detection.

It is also interesting to note that the quantum spin
model used here accounted for all observed resonances us-
ing just one single channel. Multiple sub-gap excitations
resulted by entangled states of impurity and quasiparti-
cles, mixed by magnetic anisotropy constants D and E.
As we show in SI [53], a small value of E suffices to jus-
tify peak β, because the YSR excited state is integer and
with large spin. This model successfully explains the im-
portant role of transversal and axial anisotropy and the
effect of exchange on the magnetic anisotropy.

In conclusion, we have used a proximitized gold film as
a platform for studying many-body excitations in mag-
netic impurities [34]. The magnetic molecule FeTPP in-
teracting with the substrate electrons host subgap YSR
states and spin excitations outside the gap that are read-
ily described by a a superposition of superconducting
quasiparticles and impurity spin states using a zero-
bandwidth model. Interestingly, we also found an ex-
citation of a BCS pair state on molecules in the Kondo-
screened regime, which scales with the different pairing
energy of proximitized films of different thicknesses. This
is a hidden excitation of the BCS ground state for tun-
neling electrons that here was active for molecules with
a bound quasiparticle. These results represent a novel
route for addressing pair excitations on proximitized su-
perconductor. Furthermore, electron-induced pair exci-
tations are a smoking gun for unequivocally detecting the
parity of the ground state [21, 22, 29].
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I. SUPPLEMENTARY EXPERIMENTAL RESULTS

Line profile of a strongly coupled FeTPP-Cl

Most of the FeTPP-Cl molecules investigated behave
like the example shown in Fig. 3 of the main text.
However, some species appear in a different interaction
regime. In every case, we can identify the coupling regime
by analyzing both the energy shift of the α and B peaks
with the tip position over the molecule and the particle-
hole asymmetry (as shown in Fig. 5e).

In Supplementary Fig. 1 we study a FeTPP-Cl
molecule in the strong coupling regime and show that
this specie appears with protruding pair excitation spec-
tral features. A spectrum on the center of the molecule
(Supplementary Fig. 1a) appears with sub-gap YSR α
peaks lying close to zero energy (detected at ∆t/e bias,
because of the superconducting tip), indicating that it
lies very close to the quantum phase transition (QTP)
between the two YSR interaction regimes. Accordingly,
the molecule shows both A and B peaks outside the su-
perconducting gap with similar intensity.

As shown in Supplementary Fig. 1b, both the sub-gap
YSR α peak and the pair excitation peak B shift to-
wards higher energies as the STM tip moves away from
the molecule center. The stronger interaction regime ex-
plains the strong pair excitation detected in the spec-
trum.
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Supplementary Figure 1. a) Tunneling Spectrum of a 4-
fold FeTPP-Cl molecule measured at its center. The α peak
is tuned to the quantum critical point of QPT whilst the A
and B peaks outside of the gap are clearly distinguishable. b)
For the same molecule, a line of dI/dV spectra taken along
the transversal direction.

Dependence of molecule-surface interaction on tip
vertical position

The attractive effect induced by the STM tip over the
molecule can be slightly controlled via variations of tip
proximity to the molecule. In Supplementary Fig. 2 we
compare spectral profiles across the molecule in Fig. 3 of
the manuscript with different junction resistances. The
increased interaction with the tip for the higher resistance
case leads to larger variations of YSR peaks as the tip is
moved across. This dependence with the tip’s vertical
distance also proves that the observed variations of J are
not an intrinsic property of the molecule but are induced
by the interaction of the molecule with the STM tip [1].

x 
(n

m
)

x 
(n

m
)

(a)

(b) (c)

-Δt
-Δt

-Δt

15 pA
75 pA

I = 15 pA

I = 75 pA

Bias (mV)

Bias (mV)
-1 0 1

-1 0 1
0

1

2

0

1

2

0

1

2

x (nm
)

Supplementary Figure 2. a,b) Linescan of the molecule
presented in Fig. 3 of the main text at two set-point current
values (V= 3mV I = 15, 75 pA). c) The α peak energy shift
(dotted traces on the maps), both in strong and weak cou-
pling, is enhanced by raising the tunneling current.

Dependence of pair excitation amplitude on the
exchange interaction J

In Fig. 5 of the manuscript we have shown that the
pair excitation is a property of the molecule in the strong
coupling regime (the Kondo-screened regime). In Sup-
plementary Fig. 3 we plot the amplitudes of the pair ex-
citation peak B, measured at the center of a set of 15
FeTPP-Cl molecules, as a function of the corresponding
exchange interaction J . The molecules are those studied
in Fig. 5a of the manuscript. The value of J is obtained
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in each of them by fitting the position of YSR peaks α
with the theoretical model.

The intensity of the pair excitation B is very small
in the weak interaction regime (free-spin case). In this
regime and at zero-temperature, this transition should be
zero. The finite temperature of our experiment enables a
small excitation probability due to the thermal popula-
tion of the α YSR state. The pair excitation amplitude
increases significantly beyond the QPT, where now the
ground state is odd in fermion parity and enables di-
rect excitation of the pair state with a single tunneling
electron. We fit the behaviour with a Boltzmann distri-
bution obtaining a temperature T = (1.2 ± 0.2) K, that
is compatible with the experimental temperature.
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Supplementary Figure 3. Amplitude of the pair excitation
as a function of the exchange interaction between molecule
and surface J , for a set of 15 FeTPP-Cl molecules. The solid
line is a Boltzmann fit

Spectrum of a FeTPP-Cl in the normal state

We quenched the superconducting state of tip and sam-
ple with a perpendicular magnetic field of 2.7 T to study
the spectral shape of FeTPP-Cl at low energy in the
absence of superconductivity. The resulting spectrum
(Supplementary Fig. 4) reflects the presence of Kondo-
screening interactions and spin excitation, as we also find
in the superconducting state. In particular, we observe a
step excitation at 1.3mV (dashed line in Supplementary
Fig. 4) corresponding to the spin excitation Ss = 1/2 to
Sz = 3/2 (D = 0.65 mV) and a weak Kondo resonance
at 0 energy, signature of a ground state with Sz = 1/2.
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Supplementary Figure 4. dI/dV spectra of a 4-fold
FeTPP-Cl with an applied magnetic field of 2.7 T applied
in the direction perpendicular to the substrate. The super-
conducting gap of surface and tip is suppressed.
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S2. THEORETICAL MODEL

As mentioned in the main text, we describe the su-
perconductor by using a single-site model which is an
extension of the one discussed in Ref. [2]. Including the
tip, the Hamiltonian reads:

Hmodel = Hs +Ht +Hts, (1)

where Hs and Ht describe sample and tip, respectively,
and Hts is the tunneling Hamiltonian; Hs is a single site
superconductor coupled to a quantum impurity with spin
S = 5/2:

Hs = H0 +HM +HJ

H0 = ∆sc
†
↑c
†
↓ + h.c.

HM = DS2
z + E(S2

x − S2
y)

HJ =
∑

σσ′

c†σ
[
V δσσ′ + JzSzs

z
σ,σ′

+J⊥
(
S+s

−
σσ′ + S−s

+
σσ′
)]
cσ′ .

(2)

Here ∆s is the strength of the superconducting pairing
in the substrate, D and E are the axial and transverse
magnetic anisotropy of the molecule, and Jz and J⊥ are
the axial and transverse magnetic exchange couplings,
and V is the impurity scattering potential. The effects
of different terms on the spectrum of the system will be
described in the following subsections.

We also treat the Hamiltonian describing the super-
conducting tip, Ht, as a single-site superconductor:

Ht = ∆tc
†
t↑c
†
t↓ + h.c. . (3)

Finally, the tunneling between the tip and sample is de-
scribed by

Hts =
∑

σ

Tσσ′c†tσcσ′ + h.c. . (4)

with Tσσ′ = T0+T1S ·σσσ′ , where T0 is normal tunneling
and T1 is the spin-flip tunneling. Throughout we assume
no Josephson current or multiple Andreev reflections be-
tween the tip and the sample, as expected in the weak
tunneling regime.

The Hamiltonian (1) is invariant under time-reversal
symmetry (TRS) and commutes with the parity opera-
tor of combined the tip+sample system, PT = (−1)NT ,
where NT = Nt + Ns is the total electron number
operator. Notice that the tunneling Hamiltonian Hts

does not commute with the sample (tip) parity opera-
tor Ps = (−1)Ns (Pt = (−1)Nt). However, Ps is still a
good quantum number when considering the diagonaliza-
tion of H alone, as we shall do below. Thus, the Hilbert
space of the sample can be separated into two parity
sectors: even parity with Ps = 1 and odd parity with
Ps = −1. In addition to TRS and parity, Eq.(1) exhibits
other symmetries in certain limiting cases. For example,

in the limit where the transverse magnetic anisotropic
E vanishes, the Hamiltonian is invariant under the Z2

symmetry that maps ST,z → −ST,z and interchanges
ST,x ↔ ST,y, where ST = S + 1

2c
†
σσσσ′cσ′ is the to-

tal spin operator. This symmetry is generated by the
rotation Û = eiπST,yeiπST,z/2. In addition, we neglect
the scattering potential V in Eq. (2). This potential
breaks particle-hole symmetry (PHS) and would mod-
ify the spectral weights of the peaks as mentioned in the
main text. However, it does not modify the overall struc-
ture of the spectrum and only adds an additional fitting
parameter to the model. Therefore, for the sake of sim-
plicity, it can be taken to be zero, which renders the
model invariant under PHS.

Single site Superconductor

To gain some basic understanding of the single-site su-
perconductor model and fix the notations, let us start by
ignoring the magnetic molecule entirely:

Hs = H0 = ∆sc
†
↑c
†
↓ + h.c. . (5)

The Hilbert space of the above Hamiltonian is a four
dimensional linear space spanned by {|2〉 , |0〉 , |↑〉 , |↓〉},
where |σ =↑, ↓〉 = c†σ|0〉, |2〉 = |↑↓〉 = c†↓c

†
↑ |0〉, and |0〉

is the zero-particle or vacuum state. In this basis, the
Hamiltonian takes the following matrix form:

H0 =




0 ∆s 0 0
∆s 0 0 0
0 0 0 0
0 0 0 0


 (6)

Upon diagonalization, the eigenstates are{
|BCS〉 = 1√

2
(|2〉+ |0〉), |BCS〉 = 1√

2
(|2〉 − |0〉), |↑〉 , |↓〉

}

with (eigen-) energies {−∆s,∆s, 0, 0}, respectively. The
eigenstates have well defined parity: Ps|BCS〉 = |BCS〉,
Ps|BCS〉 = |BCS〉, i.e., they are even under parity,
whilst Ps|σ〉 = −|σ〉 (σ =↑, ↓), i.e. they are odd under
parity.

Supplementary Fig. 5 (a) shows the spectrum and
the possible transitions between the different states of
the sample in the single-site approximation. The even
and odd parity states are connected by a single cre-
ation/annihilation operator of an electron (or a Bogoli-
ubov quasi-particle, see below). However, the two even-
parity states are connected by two electrons/holes or two

Bogoliubov operators, i.e.
∣∣BCS

〉
∝ γ†↑γ

†
↓ |BCS〉 (see

Sec. S3). Note that the tunneling of a single electron
from the tip will always change the parity of the sample.

Let us consider now the tunneling between the tip
and the sample at zero temperature, when both, the tip
and the sample, are in their respective ground states:
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|GS〉 = 1
2 (|2〉t + |0〉t)(|2〉s + |0〉s) = |BCS〉t|BCS〉s.

When e.g. a spin up electron tunnels from sample to
tip (see Supplementary Fig. 5 (a)), we have

c†t↑c↑ |GS〉 =
1

2
|↑〉t |↓〉s . (7)

This corresponds to a transition of energy ∆s+∆t, whilst
the process in the opposite direction (from tip to sample)
involves an energy −(∆t + ∆s). This translates into two
peaks at ±(∆t + ∆s) in the tunneling spectrum, which
mimic the coherence peaks observed in the tunneling be-
tween two s-wave superconductors.

Spin-5/2 impurity with zero exchange coupling

Next, we consider how the excitation of the molecular
spin reflects on the tunneling spectra. Since D is a large
energy scale, we will first neglect the exchange coupling
and set Jz = J⊥ = 0. This limit is expected to capture
some of the physics on the weak coupling side of the quan-
tum phase transition (QPT, see below) [3, 4]. Now the
Hamiltonian of the sample is Hs = H0 +HM , where the
spin Hamiltonian HM accounts for the intrinsic magnetic
anisotropy of the molecular spin:

HM = DS2
z (8)

We assume easy-plane anisotropy (D > 0) and, for the
sake of simplicity, zero transverse magnetic anisotropy
E = 0. The effect of the latter will be discussed in the
last subsection where the spectrum of full Hamiltonian is
described.

Since in this limit there is no exchange coupling, the
Hilbert space of the sample is the tensor product of the
Hilbert space of the superconducting site and the molec-
ular spin (see Supplementary Fig. 5 (b)). We use the
basis {(|2〉 , |0〉 , |↑〉 , |↓〉) |M〉}, where M is the eigenvalue
of z-projection of the impurity spin, Sz. In the even par-
ity sector ST,z = Sz = M , which is half-integer (recall
that S = 5/2) and therefore, by TRS the eigenstates
{|BCS〉 |M〉 (

∣∣BCS
〉
|M〉}) with the ST,z = ±M are

Kramers pairs and therefore degenerate in energy. In
the odd parity sector, the Z2 discussed above ensures
the same for the eigenstates |σ〉 |M〉. Since D > 0, the
ground state is the doublet ST,z in the even parity sec-
tor, i.e. |GS〉 = |BCS〉

∣∣± 1
2

〉
. The eigenstates in the odd

parity sector describe single (quasi-) particle excitations
and, in this limit, have higher energy (see Supplementary
Fig. 5).

Let us consider the tunneling of a single electron be-
tween the tip and the sample in this limit. The tunnel-
ing Hamiltonian, Eq. (4), contains a spin independent
and spin-dependent terms with amplitude T0 and T1, re-
spectively. Since the tunneling current is second order
in the tunneling amplitude, there are three different con-
tributions. The term of order |T0|2 yields a spectrum
identical to the one described in the previous subsection.

The term of order T0T
∗
1 and its complex conjugate vanish

due to TRS (but they would not in an external magnetic
field that breaks TRS). Finally, the term of order |T1|2
accounts for the spin-flip processes which we discuss in
the following. One of the possible tunneling processes is:

c†t↓cs↑S+ |GS〉 = c†t↓cs↑S+

[
|BCS〉t |BCS〉s

∣∣ 1
2

〉]

∝ |↓〉t |↓〉s
∣∣ 3
2

〉
. (9)

This process involves an excitation of the molecular spin
and costs an energy ±(∆s + ∆t + 2D), the minus sign
corresponding to tunneling in the opposite direction (i.e.
from tip to sample). Transitions (Supplementary Fig. 5
(b)) to higher spin states are enabled by spin pumping
[5].

-Δ

-Δ

0 2D

4D

D = 0
J = 0

D > 0
J = 0

D > 0
0 < J < Jc

D > 0
J > Jc

Δ

Δ

2D

∝J

pair excitation

YSR

YSR

spin flip

QP excitation

BCS

Even

Odd

(a)

(b)

Supplementary Figure 5. (a) Spectrum of a single-site
superconductor with states labelled by fermion parity: even
(blue) and odd (orange) parity. When adding a spin S = 5/2
quantum impurity with easy-axis magnetic anisotropy D but
negligible exchange each eigenvalue split in three components.
(b) Effect of a finite exchange coupling together with axial
magnetic anisotropy on eigenvalues and eigenvectors. The
parity changing QPT occurs for exchange grater than a crit-
ical value. To simplify the notation the coefficients of the
linear combinations have been suppressed.
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Spin-5/2 impurity with finite exchange coupling

Next, we account for the exchange coupling between
the impurity and the substrate in the single site approx-
imation and explain how the parity changing QPT takes
place. The sample Hamiltonian is given in Eq. (2), where
HJ is the exchange term. We begin by investigating the
isotropic limit where Jz = J⊥ = J and D = E = 0, i.e.
HM = 0. The situation is not quite realistic but makes
the discussion of the QPT particularly clear.

In the isotropic limit, the total spin of superconductor
plus impurity ST is conserved. Therefore, the eigenstates
are organized into multiplets of 0 ⊗ 5

2 = 5
2 , for the even

parity sector with Ps = +1, and 1
2 ⊗ 5

2 = 2 ⊕ 3, for the
odd parity sector with Ps = −1. In the latter sector,
the lowest energy state belongs to the multiplet with the
smallest total spin, i.e. ST = 2. Note that, by intro-
ducing a new energy scale J > 0, the ground state is no
longer uniquely determined by ∆s (see Supplementary
Fig. 5 (c)). In particular, the parity eigenvalue Ps of
the ground state can change from even to odd by tun-
ing J , resulting in a QPT [6, 7]. The transition takes
place when the energies of the lowest energy states in
the even and odd parity sectors cross as J increases. For
a S = 5/2 quantum impurity in the isotropic exchange
limit the critical value is JC = 4∆/7.

Regarding the overall structure of the spectrum, in
the even parity sector, the spin of the single-site su-
perconductor is zero and therefore the exchange cou-
pling has no effect. The eigenstates take the form
{|BCS〉 |M〉 ,

∣∣BCS
〉
|M〉}, i.e, there are two eigenstates

per impurity spin Sz = M projection. The states with
the same superconductor component are Kramers pairs
for Sz = ±M and therefore degenerate in energy.

On the other hand, in the odd parity sector, the ex-
change coupling is effective and the total spin of the
eigenstates is an integer, as discussed above. In the mul-
tiplet with ST = 2, the eigenstate (

∣∣ 1
2

〉
|↓〉−

∣∣− 1
2

〉
|↑〉)/

√
2

with zero ST,z eigenvalue becomes the lowest energy
state. Indeed, for D > 0 both multiplets of ST split,
resulting in the states with the smallest ST,z eigenvalue
from both multiplets having the smallest energy. The Z2

symmetry implies that the eigenstates with the opposite
ST,z eigenvalue are degenerate.

Full Hamiltonian

We now discuss the combined effect of all terms in the
model of Eq. (2). In Supplementary Fig. 6 we show the
evolution of the spectrum as the values of the different
couplings are turned on up to values compatible with the
experimental ones. The blue and orange lines correspond
to the eigenstates with even and odd parity, respectively.
The solid lines are the levels reachable by tunneling elec-
tron (at 0th order in E) resulting in the terms of order
|T0|2 and |T1|2 in the tunneling current.

Consistent with the existence of large axial magnetic
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Supplementary Figure 6. Full evolution of even and odd
parity eigenvalues of the Hamiltonian as a function of the
model parameters: the magnetic anisotropy D, the exchange
coupling J , transverse anisotropy E and the ratio of the trans-
verse and longitudinal exchange p couplings. The solid lines
are the states reachable by tunneling one electron, while the
dotted are prohibited by spin selection rules.

anisotropy D in the molecular spin, we have assumed an
anisotropic exchange coupling where Jz 6= J⊥. We find
an optimal value for the ratio p = J⊥/Jz = 3. This value
is close to the one obtained by projecting a S = 5/2
spin onto the S = 1/2 pseudo-spin describing the lowest
energy doublet for a quantum impurity with D > 0 [8].
However, generally. the anisotropic exchange may result
from several different mechanisms [8].

Finally, we briefly discuss the effect of the transverse
magnetic anisotropy (E). In contrast to the anisotropic
exchange, which does not break the Z2 symmetry, the
transverse anisotropy does. This has no effect on even
parity states, where, due to the Kramers degeneracy,
states with opposite total spin z-projection are degen-
erate. On the other hand, the breaking of Z2-symmetry
leads to splittings of the energy of odd parity states whose
degeneracy is not protected by TRS. This effect accounts
for the splitting seen in the γ and β peaks discussed in
the main text. As the value of E used is rather small
(0.044 meV), we expect a small splitting. A first order
perturbation theory calculation for the degenerate states∣∣ 1
2 , ↑
〉
−
∣∣ 3
2 , ↓
〉

and
∣∣− 1

2 , ↓
〉
−
∣∣− 3

2 , ↑
〉

yields a splitting of

∆E ∼ 3
√

2E. Thus, we see that this small E can account
for a ∆E ∼ 0.2 meV separation between the two peaks.
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Symmetries of the system Nº of non-degenerate states. Nº of non-degenerate states.
Weak Coupling (J > JC) Strong Coupling(J > JC)

D = E = J = 0 TRS, Z2, FSRsub, FSRmol 2 1

D > 0, E = J = 0 TRS, Z2, FSRsub 6 3

D,J > 0, E = 0 TRS, Z2 6 7

D,J,E > 0 TRS 6 12

TABLE I. Symmetries of the model in various limiting cases. The acronyms and symbols stand for TRS = time reversal
symmetry, FSRsub = full spin rotation symmetry for substrate electrons, FSRmol = full spin rotation symmetry for molecular
spin, Z2= 180º rotation around the y-axis followed by a 90º rotation around the z-axis, .

The splitting of the remaining states is not substan-
tial and can be ignored in a first approximation. Fur-
thermore, the admixture of the states with different Sz,T
introduced by E is very small and is not expected to in-
troduce substantial changes to the discussion provided
above.

S3. PHENOMENOLOGY OF THE PAIR
EXCITATION

Starting from the even-parity BCS ground state (weak
coupling) in the zero-bandwidth model:

|BCS〉 = (u+ vc†↑c
†
↓) |vac〉 (10)

From [9] creation and annihilation operators of quasipar-
ticles excitations are:

γ†↑ = uc†↑ − vc↓
γ†↓ = uc†↓ + vc↑

γ↑ = uc↑ − vc†↓
γ↓ = uc↓ + vc†↑

(11)

The odd-parity ground-state (strong coupling) is the BCS
state with one excited quasiparticle:

|0〉 = γ†↑ |BCS〉
= (u2c†↑ + uvc†↑c

†
↑c
†
↓ − vuc↓ − v2c↓c

†
↑c
†
↓) |vac〉

= (u2 + v2)c†↑) |vac〉
= c†↑ |vac〉

(12)

Where we drop 2 terms and commuted one using
fermionic commutation relations. From this ground
state, by single electron tunneling, the system can return
to the |BCS〉 state by annihilating the excited quasipar-
ticle (YSR excitation):

γ↑c
†
↑ |vac〉 = (u+ vc†↑c

†
↓) |vac〉 = |BCS〉 (13)

or exciting another quasiparticle and reaching the excited
pair state:

γ†↓c
†
↑ |vac〉 = (v − uc†↑c

†
↓) |vac〉 =

∣∣BCS
〉

(14)
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