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C O N D E N S E D  M AT T E R  P H Y S I C S

Quantifying the quantum nature of high- spin YSR 
excitations in transverse magnetic field
Niels P. E. van Mullekom1, Benjamin Verlhac1, Werner M. J. van Weerdenburg1†,  
Hermann Osterhage1, Manuel Steinbrecher1, Katharina J. Franke2, Alexander A. Khajetoorians1*

Excitations of individual and coupled spins on superconductors provide a platform to study quantum spin impurity 
models as well as a pathway toward realizing topological quantum computing. Here, we characterize, using ul-
tralow temperature scanning tunneling microscopy/spectroscopy, the Yu- Shiba- Rusinov (YSR) states of individual 
manganese phthalocyanine molecules with high spin on an ultrathin lead film in variable transverse magnetic 
field. We observe two types of YSR excitations, depending on the adsorption geometry. Using a zero- bandwidth 
model, we detail the role of the magnetic anisotropy, spin- spin exchange, and Kondo exchange. We illustrate that 
one molecular type can be treated as an individual spin, whereas the other type is best described by a coupled spin 
system. Using the field dependence of the YSR excitations combined with modeling, we describe the quantum 
phase of each excitation type. These results provide an insight into the quantum nature of YSR excitations in mag-
netic field and a platform to study spin impurity models on superconductors in magnetic field.

INTRODUCTION
An individual spin impurity exchange coupled with a superconductor 
can lead to local in- gap excitations referred to as Yu- Shiba- Rusinov 
(YSR) excitations (1–3). These in- gap excitations define the energy 
difference between binding or unbinding a quasiparticle to the spin 
impurity. The excitation energy depends primarily on the competi-
tion between the superconducting pairing energy (Δ) and the Kon-
do exchange energy (JK) and defines two distinct regimes given by a 
bound or unbound quasiparticle. The transition between these two 
regimes is often referred to as the quantum phase transition (QPT). 
Experiments based on scanning tunneling microscopy/spectroscopy 
(STM/STS) have been widely successful at studying YSR excitations 
derived from atomic and molecular impurities (4–6). Nevertheless, 
most experiments were performed in the absence of a magnetic 
field. Yet, methods that involve magnetic field are essential to deter-
mine the parity of the quantum states involved in the excitation, 
namely the “excitation pathways,” as well as the spin state of the im-
purity. In contrast to high- spin impurities, for S = 1/2, the excitation 
pathway as a function of magnetic field simplifies (7, 8). This is be-
cause multiple interactions, such as interatomic exchange, compet-
ing Kondo exchange energies, and single- ion magnetic anisotropy, 
can be neglected. Yet, a vast majority of spin impurities on surfaces 
are derived from 3d or 4f atomic spins (9–11), where the total spin 
S > 1/2 necessitates consideration of competing energy scales on the 
excitation pathways.

Going beyond the S = 1/2 picture necessitates a quantum de-
scription that considers multiple energy scales, such as the Kondo 
exchange coupling in a number of channels (i.e., JKi), intra- atomic 
exchange (e.g., Hund), on- site Coulomb energies (e.g., U), and 
single- ion magnetic anisotropy (12). Spin impurity models are the 
most prevalent way to quantify the role of various interactions on 
the resultant excitation pathways (13–15). Most often, the descrip-
tion is reduced to a giant spin model, neglecting Hund’s exchange 

and the interplay of Coulomb interactions, and this giant spin is 
coupled to a bath. On a superconductor, the latter is often treated in 
a zero- bandwidth model which shows that the role of renormaliza-
tion (16) is rather weak, thus further reducing the computational 
complexity of the problem. On the basis of these model predictions, 
the excitation pathways of high- spin impurities is determined by a 
sensitive interplay between multiple energy scales, which can only 
be discriminated by systematically modifying an energy scale, for 
instance, by a magnetic field (13, 14). Certain experimental ap-
proaches have been used to modify the Kondo exchange energy in 
a limited range, enabling identification of the excitation pathways 
(17–19). While an applied magnetic field would be an ideal pertur-
bation (7, 8), the upper critical field of typical Bardeen- Cooper- 
Schrieffer (BCS) superconductors used in experiments corresponds 
to an energy much smaller than the desired Zeeman energies need-
ed to observe changes in the YSR excitations.

Here, we quantify the response of YSR excitations of high- spin 
impurities to a large transverse magnetic field. We start by deposit-
ing individual manganese phthalocyanine (MnPc) molecules on the 
surface of a quantum- confined and superconducting lead (Pb) film. 
MnPc molecules exhibit two distinct types of YSR excitations, de-
pending on the binding site and orientation of the molecule with 
respect to the substrate. Because of the combination of quantum 
confinement and spin- orbit coupling, we observe negligible changes 
to the superconducting gap structure in response to magnetic fields 
parallel to the surface, up to B∥ ≤ 4 T. Using the robustness of the 
superconductor, we quantify the changes of all the YSR excitations 
for each molecule type in the presence of an applied transverse mag-
netic field up to B∥ = 4 T. Unlike the expected behavior for a S = 1/2 
impurity, we observe a nonlinear and nonmonotonic evolution of 
the YSR excitations for both molecule types. We additionally ob-
serve multiple YSR excitations and a change of the total number of 
these excitations in magnetic field. Using a zero- bandwidth spin 
model, which considers JKi, single- ion anisotropy, magnetic ex-
change, and the Zeeman energy, we quantify the role of these vari-
ous interactions on the YSR excitations and the excitation pathways. 
On the basis of this, we identify trends in the model simulations, 
which reproduce parts of the observed spectra. We also illustrate 
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that the conventional model descriptions fail to capture vital aspects 
observed in the experiment in an applied magnetic field, suggesting 
that new theoretical understandings that consider transport- based 
effects and go beyond the zero- bandwidth picture may be necessary 
to understand the YSR problem in magnetic field.

RESULTS
To study YSR excitations in magnetic field, we started by deposit-
ing ultrathin Pb films on the surface reconstruction Si(111)- Ag 
(
√

3 ×
√

3). A schematic of the experiment is illustrated in Fig. 1A 
(see Materials and Methods and fig. S1). We intentionally worked 
with ultrathin Pb films due to their extraordinarily large in- plane 
upper critical field (H2

c
) (20, 21). We observed a robust hard su-

perconducting gap, which was insensitive to the value of B∥, up to 
4 T (fig. S2). Using these Pb films, we subsequently deposited 
MnPc onto the surface. Individual MnPc molecules preferentially 
adsorb on the step edges of the film. By using lateral manipulation 
with the STM tip (see Materials and Methods), we dragged indi-
vidual molecules onto chosen locations on a given terrace of the 
grown Pb film.

We classify two types of YSR spectra at zero magnetic field, as 
displayed in Fig. 1 (C and D), based on two distinct orientations of 
the MnPc ligands with respect to the underlying threefold axes of 
the Pb(111) lattice. We refer to the two types as MnPc1, where one 
of the ligand axes of the molecule is parallel to one of the high sym-
metry directions of the Pb(111) film, and MnPc2, where the ligand 
axes of the molecule are bisected by one of the high symmetry direc-
tions of the Pb(111) film (fig. S3). While there are variations in the 
YSR excitation energies for each MnPc type, we do not find a clear 
correlation of these variations with the underlying Moiré lattice or a 
specific binding site (see figs. S3 and S4). We also observe a low- 
defect density and reproduce the two spectral types for the same 
molecule that has been positioned on various sites of the film. We 
note that the interface can be seen through these films, as reported 
in (21), and therefore not all visible defects apparent in the images 
are necessarily at or near the surface. The two types of spectra cor-
relate with two types of Kondo- like excitations on a larger energy 
scale [see (22) and fig. S6]. We note that we observed a spatial de-
pendence on the intensity of the YSR excitations along the molecule, 
but all excitations were present at the various probed locations and 
at the same energies (fig. S5). Therefore, all the subsequent spectra 
are measured on the center of the molecule.

The YSR excitations of MnPc1 feature one pair of peaks with 
larger intensity at positive bias voltage, whereas MnPc2 shows three 
pairs of peaks with larger intensity at negative bias. The inversion in 
the asymmetry of the YSR excitations between the two types is typi-
cally considered attributed to inverting the excitation pathway, i.e., a 
change of the ground and excited states. We note that within the 
range of conductances in which the molecule remains stable on the 
surface, we do not observe a notable change in the YSR excitation 
energies for both MnPc types (19), which would help in identifying 
the ground state. On bulk Pb(111), both isolated and MnPc mole-
cules in a densely packed monolayer illustrate a three- peak struc-
ture (23). In that case, the three YSR excitations were ascribed to the 
excitation of anisotropy- split states from S = 1 molecules. The en-
ergy and the intensity of the states differed depending on adsorption 
site. This variation was attributed to variation in JK. Likewise, Kondo- 
like resonances have been observed for MnPc on both Pb(111) bulk 
and Pb thin films (6, 22), which qualitatively agree with the Kondo- 
like spectra taken on MnPc1 and MnPc2 (fig. S6).

Before exploring the observed magnetic field dependence of both 
MnPc1 and MnPc2, we describe the expected experimental behavior 
based on theoretical modeling. We use a zero- bandwidth model with 
both one (two) superconducting site(s) and one (two) spin site(s), as 
previously described in (14, 24). Such modeling can capture the in-
terplay between the YSR excitations, including various energy scales, 
such as exchange couplings and magnetic anisotropy. We addition-
ally consider a Zeeman term and a transverse anisotropy term in the 
magnetic anisotropy (see Materials and Methods). We do not con-
sider the effect of particle- hole asymmetry, which would lead to 
different YSR intensities at positive and negative biases, as we are 
primarily interested in the energy shift of the YSR excitations in re-
sponse to a magnetic field. Since all excitations are observable at the 
same energy on both sides of the gap, we capture all the relevant YSR 
excitations. It has been previously shown that such models capture 
the qualitative physics, as renormalization effects are typically weak 
in the YSR problem (14, 16). An example of our modeling is illus-
trated in Fig. 2B, in which the excitation diagram as a function of the 
magnetic field can be linked to the measurements. Our choice of 
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Fig. 1. YSR excitations of individual MnPc molecules on the surface of an 11 ML 
Pb film. (A) Schematic of the sample system studied, composed of individual 
MnPc molecules, an 11 Ml Pb film grown on a Si(111)- Ag (

√

3 ×

√

3) surface. 
(B) constant- current StM image of MnPc deposited on 11 Ml of Pb (VS = 90 mv,
It = 5 pA). Scale bar, 5 nm. (C) YSR excitations at B = 0 t of a typical MnPc1 type
molecule (blue). the substrate spectrum (black) was measured 4 nm away from the 
molecule. MnPc1 is characterized by having one of its ligand axes parallel to one of 
the high symmetry directions of the Pb(111) film [inset: MnPc superimposed over 
the Pb(111) lattice (black), the white dashed lines indicate ligand axes, and white 
arrows indicate high symmetry directions.] Scale bar, 1 nm. (D) YSR excitations at 
B = 0 t of a typical MnPc2 type molecule (red). the substrate spectrum (black) was 
measured 11 nm away from the molecule. MnPc2 is characterized by having one of 
its ligand axes bisected by one of the high symmetry directions of the Pb(111) film 
[inset: similar to (c), the field angle (α) is indicated with respect to the ligand axes] 
Scale bar, 1 nm. All spectra were measured with VS = 6 mv, It = 200 pA, Vmod =
20 μv, T = 30 mK, and a W tip. a.u., arbitrary units.
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considering two spin sites with magnetic anisotropy was motivated 
by previous ab initio electronic structure calculations of an individ-
ual MnPc molecule on Pb(111) (25, 26), aimed at understanding the 
Kondo behavior in this system (6, 22). On the basis of this input, it 
was shown that the Mn atom hosts a total spin S > 1/2, due to Hund’s 
exchange, and that there is a notable crystal field splitting. Moreover, 
in (26), it was further shown that the ligands can acquire a spin, 
which antiferromagnetically couples to the Mn atom. We also con-
sider the effect of a small hopping parameter t, in the limit where 
this does not perturb the superconductivity, as shown in (24) for 
two- impurity systems. The choice to add this hopping parameter 
was to consider the effect of substrate- mediated hybridization of the 
two channels, which may occur if one spin is located at the center 
and the other one at the ligand (25, 26).

On the basis of the zero- bandwidth model and the exploration of 
the parameter space, we can distinguish three categories of mag-
netic field–dependent trends: (i) a field- dependent splitting of the 
YSR excitations that are degenerate at B = 0 T. This occurs when the 
excited state is Kramer’s degenerate, or when the excited state has 

integer spin without magnetic anisotropy leading to a doubly degen-
erate state (e.g., ∣±1⟩) that can be accessed via selection rules (fig. S7, 
A and B). (ii) A nonlinear B- dependent evolution of a given YSR 
excitation. This occurs when rotational symmetry is broken, due to 
either magnetic anisotropy for S > 1/2, or when there is a difference 
in g- factor between two coupled spins (fig. S7, C and D). (iii) A 
change in the number of YSR excitations for B∥ ≠ 0 T. A change in 
the total number of YSR excitations is usually associated with a QPT 
of the ground state. For S > 1/2, there are two types of QPTs to con-
sider. (a) A change in the fermion parity of the ground state, namely 
a change in the number of bound quasiparticles. This change in par-
ity is always accompanied by a YSR excitation that crosses the gap 
center (fig. S7, E and F). (b) A parity preserving QPT that changes 
the ground state spin projection, which may lead to a change in the 
number of accessible excitations due to selection rules (fig. S7, G 
and H) (14).

Next, we review the measured YSR excitations of individual 
MnPc1 molecules as a function of B∥. In Fig. 3A, we plot the spectra 
in a high- resolution false color plot with increasing transverse field 
strength. For the subsequent descriptions, we focus on the subset of 
YSR excitations at one bias polarity to avoid confusion. For B∥ < 0.5 T, 
the sole YSR excitation shows an overall insensitive response to 
applied magnetic field. Around B∥ ≈ 0.5 T, the YSR excitation splits 
asymmetrically, with an asymmetric spectral weight favoring the 
state closer to the gap center. For B∥ > 0.5 T, the excitation with 
higher intensity shows a nonlinear evolution first trending toward 
the gap center and then after an inflection point moving toward the 
gap edge. The other split excitation at higher energy shows an al-
most linear evolution with a different slope from the former state 
and loses intensity as it approaches the gap edge. We note that none 
of the excitations crosses the gap center.

The B∥ evolution of the YSR excitations is a signature of the inter-
play of a transversal magnetic field and magnetic anisotropy. In Fig. 
3B, we illustrate the modeled YSR excitations for a single spin site 
S = 1 with axial and transverse anisotropy, coupled to a single super-
conductor site in a transverse magnetic field. We note that the mod-
eled YSR excitations are very sensitive to the interplay of the various 
parameters, and we chose the model parameters that best reproduce 
the experimental spectra (see fig. S8). We also display the corre-
sponding energy- level diagram (Fig. 3C). This scenario corresponds 
to an unbound quasiparticle in the ground state, i.e., a free- spin 
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energy of the ground state Egs + Δ.
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ground state. At B = 0 T, the model yields one YSR excitation that 
corresponds to the transition from the ground state to the Kramer’s 
degenerate doublet. Because of magnetic anisotropy, the ground 
state energy is insensitive to B∥ < 0.5 T. However, the excited state is 
a spin- ½ doublet that is affected by B∥ resulting in a splitting and the 
observed two branches. This observed splitting seems to occur at a 
finite value of B∥ due to the considered broadening in the calcula-
tion (see Materials and Methods). As B∥ increases, the Zeeman en-
ergy becomes larger than the magnetic anisotropy and the ground 
state aligns with B∥. This results in a nonlinearity in the B∥ depen-
dence of the ground state and produces an inflection point. Al-
though the simulation captures the observed trends well, there are 
other parameter sets that result in a qualitatively similar trend (fig. 
S8). However, in all the cases we simulated, the best match of param-
eters always yields a ground state with the same parity, i.e., no bound 
quasiparticles.

Next, we turn to the MnPc2 molecules, which exhibited three 
YSR peaks in zero field. In contrast to MnPc1, their ligands are not 
aligned with a high- symmetry axis of the substrate. In the presence of 
a transverse magnetic field, we need to further distinguish the orienta-
tion of the MnPc2 molecules with respect to the B field. Here, we 
showcase two examples with different alignment angles α: MnPc2(α = 
15°) and MnPc2(α = 45°), where α corresponds to the smallest angle of 
a molecular ligand axis (white dashed line in the inset of Fig. 1D) with 
respect to B∥ (red arrow) and α = 0 corresponds to B∥ being parallel to 
a ligand axis. We note that the orientation of B∥ remains fixed. In Fig. 
4A, we illustrate the typical case for MnPc2(α = 15°). With increasing 

B∥, we observe a peak (i) that hardly shifts except for a small bowing 
with an inflection point toward the gap edge B∥ ≈ 2 T. It also increases 
both in its intensity and linewidth for B∥ > 0.5 T, where a peak splitting 
off from the second peak (ii) merges in. Not only that peak (ii) splits at 
about B∥ ≈ 0.5 T but also the outermost peak (iii) is split at this applied 
magnetic field (red arrows). At the intermediate field of B∥ ≈ 0.5 T, we 
thus detect in total five YSR excitations. From the different splitting of 
both peaks (ii) and (iii), we conclude that the excitations must involve 
states with different spin projections. Above B∥ ≈ 1 T, the inner branch 
of peak (ii) is not discernable anymore from resonance (i), while also 
the outer branch from (ii) and the inner one from (iii) merge (ma-
genta arrows), reducing the number of observable YSR excitations to 
three. The other respective branches of peaks (ii) and (iii) move toward 
the gap edge with different slopes. The outer branch of peak (iii) cross-
es the coherence peak at B∥ ≈ 2.5 T (yellow dashed line) and continues 
outside the gap (yellow arrow). We note that when the branch of peak 
(iii) crosses the coherence peak, there are no observed sudden changes 
in the YSR spectra. Last, we do not observe a crossing or splitting of the 
merged peaks up to B∥≈ 4 T (fig. S9). This observation is contrary to 
the expectation of YSR excitations originating from different spin 
states that cross. It is also unexpected that the split- off branch from 
peak (ii) does not seem to continue after it merged with (iii).

In Fig. 4B, we illustrate the typical case for MnPc2(α = 45°). 
Peaks (i) and (ii) illustrate a nearly linear shift toward the gap edge 
with slightly different slopes, until B∥ ≈ 2.5 T. The outer peak (iii) 
remains relatively insensitive to a magnetic field up to B∥ ≈ 0.5 T 
and then subsequently splits (red arrow). The branch of peak (iii) that 
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Fig. 4. Transverse magnetic field dependence of the YSR excitations of MnPc2 given by coupled spins and two sites. (A) A false- color plot of the StS spectra of 
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of MnPc2(α = 45°) taken at B∥ steps of ΔB∥ = 0.1 t, up to B∥ = 3.5 t. (C) Simulation of the YSR spectra using the two site model with parameters: S1 = 1, S2 = 1/2, g1 = 1.5, g2 =
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moves toward the gap center merges with the shifted peaks (i) and (ii) 
at B∥ ≈ 2.5 T (magenta arrow). As also seen for MnPc2(α = 15°), the 
other branch of peak (iii) crosses the location of the coherence peak 
(yellow dashed line) and persists outside of the gap in increasing val-
ues of B∥, with diminishing intensity. The crossing of the branch of 
peak (iii) occurs at lower values of B∥, compared to the merging of all 
the other observed states (magenta arrow). The merging of these 
peaks remains up to B∥= 4 T (fig. S9), leading to a broadening of the 
overall linewidth and increasing intensity. This is like the previous 
case, and this merging persists for ΔB ≈ 1.5 T without the observa-
tion of a crossing or splitting of states. We note that the intensity of 
the branch of state (iii) observed outside of the gap decreases.

The observation that both orientations of MnPc2 show distinctly 
different B∥ dependence illustrates the importance of transversal an-
isotropy and thus the quantum nature of the YSR excitations. For 
both orientations of MnPc2, we modeled the YSR excitations as two 
spin sites with S1 = 1, representing the spin on the Mn center, and 
S2 = 1/2, representing the spin on the ligand. As the molecules lay in 
different orientations with respect to the underlying Pb lattice, the 
electronic structure of MnPc molecule, including its crystal field 
and hybridization, may vary. This can be mimicked by considering 
different values of D, E, JK, and S, compared to MnPc1. In Fig. 4 (C 
and D), we illustrate MnPc2(ϕB = 60°) and MnPc2(ϕB = 90°), the 
modeled YSR spectra for MnPc2(α = 15°) and MnPc2(α = 45°), re-
spectively, with ϕB defined as in Fig. 3B. Here, we consider a spin 
S1 = 1 with magnetic anisotropy coupled antiferromagnetically with 
a second spin S2 = 1/2 in a transverse magnetic field. We also display 
the corresponding energy- level diagrams (fig. S10) and transition 
amplitudes (fig. S11). The ground state of the system has two bound 
quasiparticles, with the YSR excitation creating an unbound quasi-
particle on one of the two superconductor sites. Because of the im-
pact of magnetic anisotropy on S1, the simulation yields three YSR 
excitations for B∥ = 0 T. In this case, the excitations labeled (ii) and 
(iii) are 2E1 and D1 + E1 higher in energy than (i), respectively, yield-
ing three YSR excitations. Creating an unbound quasiparticle on site 
2 involves four YSR excitations, transitioning to the singlet and trip-
let combination of S1 and S2 that are nearly degenerate (gray lines in
fig. S10), as well as nearly degenerate with the highest excitation of
S1 at B∥ = 0 T, yielding a total of three peaks at B∥ = 0 T.

Next, we consider B∥ > 0 T, for MnPc2(ϕB = 60°) in Fig. 4C.  
Excitation (i) first increases in energy and then becomes nearly 
constant for increasing B∥. Excitation (ii) follows the same trend as 
(i) with a slightly different slope. Peak (iii), which originates from
both the third excitation of S1 and the YSR excitations from S2, splits 
linearly in energy as B∥ increases (red arrow) and crosses state (ii) at 
B∥ ≈ 3.5 T (magenta arrow). The number of observable YSR excita-
tions thus changes from three (B∥ < 0.5 T) to four (0.5 T < B∥ <
3 T) and lastly to three (B∥ > 3 T). Last, we consider B∥ > 0 T, for
MnPc2(ϕB = 90°) in Fig. 4D. Excitation (i) increases linearly in en-
ergy for increasing B∥, in contrast to the ϕB = 60° case. Excitation
(ii) increases in energy and has an inflection (B∥ ≈ 1 T), resulting in
a crossing of the peaks (i) and (ii) at B∥ ≈ 3 T (magenta arrow). To
reproduce the one broad peak inside of the gap, we intentionally
chose g1 < g2 such that this crossing occurs at a higher value of 
B∥ and in tandem with the overlap of the YSR excitation stemming 
from the S2 (magenta arrow). Peak (iii) evolves the same as for 
MnPc2(ϕB = 60°). The number of observable YSR excitations thus 
changes from three (B∥ < 0.5 T) to four (0.5 T < B∥ < 3 T) and lastly 
to two (B∥ > 3 T).

While the model simulations of MnPc1 agree reasonably well 
with the experimental data, there are also clear differences in the 
simulated spectra and the experimental spectra with respect to 
MnPc2. There are three classes of observations that cannot be repro-
duced in the model for MnPc2: (a) certain nonlinear splitting, (b) 
the robustness of merged states in variable magnetic field, and (c) 
the physical nature of the observed out- of- gap excitations. As for 
(a), the model predicts a splitting of excitation (iii) that is symmetric 
in energy (red arrow), while in the experiment for MnPc2(α = 45°), 
we observe a nonlinear evolution of the split peaks, each of which 
has a different slope. In addition, the simulation does not capture 
the observed splitting of peak (ii) for MnPc2(α = 15°) around B∥ ≈ 
0.5 T (red arrow). Last, neither the intensities of the YSR excitations 
at B = 0 T nor the evolution of the intensities is captured correctly in 
the simulation. This may be due to state- dependent and potentially 
magnetic field–dependent scattering as well as cotunneling through 
molecular orbitals (27), which are not considered. Concerning (b), 
on the basis of the model parameters, we cannot reproduce a merg-
ing of YSR excitations that remain merged for substantial changes in 
B∥ (magenta arrows). This is most notable for α = 45°, where around 
B∥ ≈ 2.5 T, these merges remain robust up to B∥ = 4 T (fig. S9). This 
merging suggests that the expected excitations cannot be treated in-
dependently once the states become degenerate. Last, (c), the model 
will not properly capture the continuation of the YSR excitations 
near the gap edge into the quasiparticle continuum (yellow arrows) 
and its effect on the YSR excitations that remain inside the gap. We 
further discuss these points below. However, these differences can-
not be reproduced by considering substantially different values of 
the various model parameters, considering the constraint that both 
orientations of MnPc2 should stem from the same set of parameters. 
We note that we explored the effects of nonzero values of t. We gen-
erally found two effects at B = 0 T: (i) Eigenstates that were degener-
ate for t = 0 can become nondegenerate, and (ii) eigenstates become 
a mix of the two substrate sites, which both can result in additional 
transitions at B = 0 T. In addition, a nonzero t can also result in 
parallel YSR excitations as function of magnetic field. These effects 
are not observed (see fig. S12). Therefore, we set the term to zero.

The inability to capture the mentioned differences in the model-
ing of YSR excitations illustrates both the quantum nature of the 
problem and the potential need to consider typically neglected ef-
fects. As described above, the robust merging of the YSR excitations 
in variable magnetic field for both orientations cannot be complete-
ly described by exchange- coupled two- site excitations within the 
zero- bandwidth model [magenta arrows in Fig. 4 (A and B)]. Be-
cause of the nature of the YSR excitation, which links spin states of 
different spin projection, the Zeeman effect will lead to states cross-
ing rather than merging. This can change in the case of a QPT or a 
spin transition of a given multiplet. An abrupt change in YSR excita-
tions can occur near a QPT, which can result from either a change in 
fermion parity or a high/low- spin transition in the ground state. 
However, a QPT in fermion parity should be accompanied by one of 
the YSR excitations crossing the gap center which we do not ob-
serve. It has been observed that higher- order tunneling processes 
can lead to additional states near such a QPT (e.g., for S = 1/2) (8). 
However, it is not clear why higher- order processes would lead to a 
merging of states that persist for the observed ranges of B∥. In addi-
tion, we did not consider any nonequilibrium effects, like spin pump-
ing. In the case of pumping, simplistically, additional states would be 
expected to emerge, similar to higher- order tunneling processes, and 
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be dependent on, for example, It. Moreover, the nature of the QPT is 
not well- defined when spin rotation symmetry is broken, due to 
transverse anisotropy or a transverse magnetic field. This is a result 
of the quantum nature of the problem, in which there is not a well- 
defined quantum number that describes the relevant spin states.

Last, the nature of the excitations that extend outside of the su-
perconducting gap and their impact on the coincident YSR excita-
tions that remain in the gap are also not known. Traditionally, these 
can be explained by inelastic excitations (28–30). Pair excitations 
out of the gap have been observed at zero field (31). However, in this 
case, it is unclear what the role of spin- orbit coupling combined with 
the applied magnetic field are on such excitations, as SU(2) symme-
try is broken. These observations suggest that it may be important in 
future theoretical modeling to consider effects like renormalization, 
bath hopping, multi- electron processes, and cotunneling in these 
types of experiments.

DISCUSSION
In conclusion, we track the evolution of YSR excitations between 
quantum states of a high- spin molecule on a superconductor using 
transversal magnetic field. This is based on a methodological ap-
proach that takes advantage of the highly enhanced upper critical 
transverse field of a BCS superconductor with high spin- orbit cou-
pling when scaled to the two- dimensional limit. Taking advantage of 
this upper critical field enables one to study the spin- based behavior 
of individual impurities and their interactions in a variable magnetic 
field while remaining in the superconducting state. This approach is 
a pathway toward experimental methods that probe how spins evolve 
in magnetic field, such as electron spin resonance–STM (32), for ex-
ample, at milli- Kelvin temperature (33, 34), as well as ascertaining 
theoretical models about the role of YSR excitations on interacting 
spins (35, 36). This hybrid approach which combines spins and ultra-
thin superconducting films is not limited to probing YSR excita-
tions but can also be expanded to a number of other superconducting 
spintronic platforms, which are based on heterostructures of mag-
netic and nonmagnetic layers. We observe two different types of YSR 
excitations, MnPc1 and MnPc2, which are dictated by the orienta-
tion of the molecular ligands with respect to the underlying high 
symmetry axes of the Pb(111) surface. For each YSR excitation type, 
we observe behavior that, based on zero- bandwidth modeling, can 
be described by the interplay between one or multiple spins, mag-
netic anisotropy, and a transverse magnetic field. While the model-
ing qualitatively reproduces a number of the experimental features, 
there are also a number of unexpected experimental observations 
that are not readily reproduced by the conventional description of 
YSR excitations. For example, for MnPc2, we observed a merging of 
YSR excitations in applied magnetic field that persists. Likewise, we 
observed YSR excitations that shift out of the superconducting gap 
while concurrently observing YSR excitations in the gap, without any 
discontinuity. In addition to these unexpected observations, there is 
also a lack of observations that one might theoretically expect, such 
as a QPT in the spin projection or parity of the ground state which 
would be accompanied by a discontinuity in YSR excitations or any 
of the YSR excitations crossing the gap center. These observations 
motivate considering modeling that goes beyond, for example, the 
effects of cotunneling (37) on the atomic spin excitations, the pres-
ence of unexpected excitations and nontrivial electron- electron inter-
actions, as well as relevant Kondo renormalization and spin pumping 

effects. Moreover, these observations may motivate phenomenologi-
cal considerations of field- induced changes to the superconducting 
order parameter and its effect on the YSR excitations. These results 
present a pathway to study spin impurity models on superconduc-
tors in magnetic field and to explore the quantum nature of these 
excitations and their dynamics.

MATERIALS AND METHODS
We used a home- built ultrahigh vacuum STM/STS facility, which 
operates at T = 30 mK, where a magnetic field can be applied either 
perpendicular as well as parallel to the sample surface (34, 38). STS 
was taken using a lock- in method, with the modulation voltage ap-
plied to the sample. Si(111)−(7 × 7) was prepared by repetitive 
flashing to T~1450°C, as measured by a pyrometer aimed at the 
sample surface. Approximately 1 to 2 monolayer(s) (ML) of Ag 
was subsequently deposited at room temperature (RT) and post- 
annealed at T~ 575°C for 15 min to form the reconstruction Si(111)- 
Ag(

√

3 ×
√

3) (see fig. S1). Next, Pb was deposited, while the 
substrate was cooled on a liquid nitrogen cold stage (T~110 K). Last, 
the MnPc molecules were deposited on the substrate at RT, after 
which the substrate was transferred into a He flow- cryostat cooled 
transfer arm to stop the RT anneal time (4 min from cold stage to 
transfer arm) and transferred into the STM.

The prominent Moiré structure (39) and the resultant quantum 
well states (40, 41) of the Pb films are detailed in fig. S1. We focused 
on Pb films that were 11 ML thick. At smaller energy scales, we ob-
served a superconducting gap with an extracted gap value of Δ = 
1.29 ± 0.01 mV using a normal metal tip, similar to previous reports 
using STS (5, 42). The use of a normal tip combined with the mea-
surement temperatures allows eliminating the use of a supercon-
ducting tip and the necessary field- dependent deconvolution of its 
states on the spectra. In fig. S2, we illustrate a typical spectrum of the 
Pb surface as a function of in- plane magnetic field (B∥) up to B∥ = 
4 T, measured >4 nm away from any MnPc molecule center. MnPc 
molecules were laterally manipulated from the step edge of the Pb 
films and intentionally placed at various locations along the film 
surface. Lateral manipulation was performed with the following pa-
rameters (feedback closed, Vs = 10−200 mV, It = 1−2 nA).

The zero- bandwidth model used in this paper is composed terms 
for the substrate, YSR interaction, magnetic anisotropy, and ex-
change interaction all of which are described in detail in (14, 24, 31) 
as well as additional terms for the Zeeman energy of the spins sites 
and superconducting site

For the two spin and two superconducting sites model, this is

H = HSC +HJK
+HMAE +HJex
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Here, Si is the vector of spin operators for spin site i, and s = 1

2
τ

in terms of the vector of Pauli matrices τ. We note that without the 
Zeeman field on the superconducting sites, the B- field evolution is 
nonlinear (13). For the one spin, one superconducting site, i = 1, t = 
0 and HJex = 0.

To obtain the simulated YSR spectra, for each value of B, we cal-
culate the transition coefficient for every excited state

where ∣λ⟩ and ∣gs⟩ denote the excited and ground state, respectively, 
and subsequently plot two Gaussians at ±(Eλ − Egs) with amplitude 
a, and full width at half maximum = 0.1 mV to account for experi-
mental broadening. Last, all Gaussian peaks are summed resulting 
in the simulated spectrum A(E, B). This modeling does not consider 
potential scattering, which will induce an asymmetry between the 
electron- like and hole- like excitations. There is also a double count-
ing in our simulations for the transition coefficient a of the excita-
tions (i.e., considering excitations with electrons and holes).

Supplementary Materials
This PDF file includes:
Figs. S1 to S12

REFERENCES AND NOTES
1. l. Yu, Bound state in superconductors with paramagnetic impurities. Acta Phys. Sin. 21, 

75–91 (1965).
2. h. Shiba, classical spins in superconductors. Prog. Theor. Phys. 40, 435–451 (1968).
3. A. i. Rusinov, On theory of gapless superconductivity in alloys containing paramagnetic 

impurities. Sov. Phys. J. 29, 1101–1106 (1969).
4. A. Yazdani, B. A. Jones, c. P. lutz, M. F. crommie, d. M. eigler, Probing the local effects of 

magnetic impurities on superconductivity. Science 275, 1767–1770 (1997).
5. S. h. Ji, t. Zhang, Y. S. Fu, X. chen, X. c. Ma, J. li, W. h. duan, J. F. Jia, Q. K. Xue, high- 

resolution scanning tunneling spectroscopy of magnetic impurity induced bound states 
in the superconducting gap of Pb thin films. Phys. Rev. Lett. 100, 226801 (2008).

6. K. J. Franke, G. Schulze, J. i. Pascual, competition of superconducting phenomena and 
Kondo screening at the nanoscale. Science 332, 940–944 (2011).

7. t. Machida, Y. nagai, t. hanaguri, Zeeman effects on Yu- Shiba- Rusinov states. Phys. Rev. 
Res. 4, 033182 (2022).

8. S. Karan, h. A. huang, A. ivanovic, c. Padurariu, B. Kubala, K. Kern, J. Ankerhold, c. R. Ast, 
tracking a spin- polarized superconducting bound state across a quantum phase 
transition. Nat. Commun. 15, 459 (2024).

9. c. F. hirjibehedin, c. Y. lin, A. F. Otte, M. ternes, c. P. lutz, B. A. Jones, A. J. heinrich, large 
magnetic anisotropy of a single atomic spin embedded in a surface molecular network. 
Science 317, 1199–1203 (2007).

10. F. Meier, l. h. Zhou, J. Wiebe, R. Wiesendanger, Revealing magnetic interactions from 
single- atom magnetization curves. Science 320, 82–86 (2008).

11. F. donati, S. Rusponi, S. Stepanow, c. Wäckerlin, A. Singha, l. Persichetti, R. Baltic, K. diller, 
F. Patthey, e. Fernandes, J. dreiser, Z. Sljivancanin, K. Kummer, c. nistor, P. Gambardella, 
h. Brune, Magnetic remanence in single atoms. Science 352, 318–321 (2016).

12. A. A. Khajetoorians, M. valentyuk, M. Steinbrecher, t. Schlenk, A. Shick, J. Kolorenc, 
A. i. lichtenstein, t. O. Wehling, R. Wiesendanger, J. Wiebe, tuning emergent magnetism 
in a hund's impurity. Nat. Nanotechnol. 10, 958–964 (2015).

13. R. Zitko, O. Bodensiek, t. Pruschke, effects of magnetic anisotropy on the subgap 
excitations induced by quantum impurities in a superconducting host. Phys. Rev. B 83, 
054512 (2011).

14. F. von Oppen, K. J. Franke, Yu- Shiba- Rusinov states in real metals. Phys. Rev. B 103, 205424 
(2021).

15. S.- Z. Wang, X.- Q. Yu, l.- X. Wei, l. Wang, Q.- J. cheng, K. Peng, F.- J. cheng, Y. liu, F.- S. li, 
X.- c. Ma, Q.- K. Xue, c.- l. Song, Quantum spin driven Yu- Shiba- Rusinov multiplets and 
fermion- parity- preserving phase transition in K3c60. Sci. Bull. 69, 1392–1399 (2024).

16. R. Zitko, l. Pavesic, Yu- Shiba- Rusinov states, BcS- Bec crossover, and exact solution in the 
flat- band limit. Phys. Rev. B 106, 024513 (2022).

17. l. Farinacci, G. Ahmadi, G. Reecht, M. Ruby, n. Bogdanoff, O. Peters, B. W. heinrich, 
F. von Oppen, K. J. Franke, tuning the coupling of an individual magnetic impurity to a 
superconductor: Quantum phase transition and transport. Phys. Rev. Lett. 121, 196803 
(2018).

18. M. Uldemolins, A. Mesaros, G. d. Gu, A. Palacio- Morales, M. Aprili, P. Simon, F. Massee, 
interaction- driven quantum phase transition of a single magnetic impurity in Fe(Se,te). 
arXiv:2310.06030 [cond- mat.supr- con] (2023).

19. J. Brand, S. Gozdzik, n. néel, J. l. lado, J. Fernández- Rossier, J. Kröger, electron and 
cooper- pair transport across a single magnetic molecule explored with a scanning 
tunneling microscope. Phys. Rev. B 97, 195429 (2018).

20. h. nam, h. chen, t. J. liu, J. Kim, c. d. Zhang, J. Yong, t. R. lemberger, P. A. Kratz, 
J. R. Kirtley, K. Moler, P. W. Adams, A. h. Macdonald, c. K. Shih, Ultrathin two- dimensional 
superconductivity with strong spin- orbit coupling. Proc. Natl. Acad. Sci. U.S.A. 113, 
10513–10517 (2016).

21. A. Kamlapure, M. Simonato, e. Sierda, M. Steinbrecher, U. Kamber, e. J. Knol, P. Krogstrup, 
M. i. Katsnelson, M. Rösner, A. A. Khajetoorians, tuning lower dimensional 
superconductivity with hybridization at a superconducting- semiconducting interface. 
Nat. Commun. 13, 4452 (2022).

22. Y. S. Fu, S. h. Ji, X. chen, X. c. Ma, R. Wu, c. c. Wang, W. h. duan, X. h. Qiu, B. Sun, P. Zhang, 
J. F. Jia, Q. K. Xue, Manipulating the Kondo resonance through quantum size effects. Phys. 
Rev. Lett. 99, 256601 (2007).

23. n. hatter, B. W. heinrich, M. Ruby, J. i. Pascual, K. J. Franke, Magnetic anisotropy in Shiba 
bound states across a quantum phase transition. Nat. Commun. 6, 8988 (2015).

24. h. Schmid, J. F. Steiner, K. J. Franke, F. von Oppen, Quantum Yu- Shiba- Rusinov dimers. 
Phys. Rev. B 105, 235406 (2022).

25. d. Jacob, M. Soriano, J. J. Palacios, Kondo effect and spin quenching in high- spin 
molecules on metal substrates. Phys. Rev. B 88, 134417 (2013).

26. e. Minamitani, Y. S. Fu, Q. K. Xue, Y. Kim, S. Watanabe, Spatially extended underscreened 
Kondo state from collective molecular spin. Phys. Rev. B 92, 075144 (2015).

27. l. Farinacci, G. Ahmadi, M. Ruby, G. Reecht, B. W. heinrich, c. czekelius, F. von Oppen, 
K. J. Franke, interfering tunneling paths through magnetic molecules on 
superconductors: Asymmetries of Kondo and Yu- Shiba- Rusinov resonances. Phys. Rev. 
Lett. 125, 256805 (2020).

28. S. Kezilebieke, R. Žitko, M. dvorak, t. Ojanen, P. liljeroth, Observation of coexistence of 
Yu- Shiba- Rusinov states and spin- flip excitations. Nano Lett. 19, 4614–4619 (2019).

29. A. J. heinrich, J. A. Gupta, c. P. lutz, d. M. eigler, Single- atom spin- flip spectroscopy. 
Science 306, 466–469 (2004).

30. B. c. Stipe, M. A. Rezaei, W. ho, Single- molecule vibrational spectroscopy and microscopy. 
Science 280, 1732–1735 (1998).

31. S. trivini, J. Ortuzar, K. vaxevani, J. c. li, F. S. Bergeret, M. A. cazalilla, J. i. Pascual, cooper 
pair excitation mediated by a molecular quantum spin on a superconducting 
proximitized gold film. Phys. Rev. Lett. 130, 136004 (2023).

32. S. Baumann, W. Paul, t. choi, c. P. lutz, A. Ardavan, A. J. heinrich, electron paramagnetic 
resonance of individual atoms on a surface. Science 350, 417–420 (2015).

33. M. Steinbrecher, W. M. J. van Weerdenburg, e. F. Walraven, n. P. e. van Mullekom, 
J. W. Gerritsen, F. d. natterer, d. i. Badrtdinov, A. n. Rudenko, v. v. Mazurenko, 
M. i. Katsnelson, A. van der Avoird, G. c. Groenenboom, A. A. Khajetoorians, Quantifying 
the interplay between fine structure and geometry of an individual molecule on a 
surface. Phys. Rev. B 103, 155405 (2021).

34. W. M. J. van Weerdenburg, M. Steinbrecher, n. P. e. van Mullekom, J. W. Gerritsen, 
h. von Allwörden, F. d. natterer, A. A. Khajetoorians, A scanning tunneling microscope 
capable of electron spin resonance and pump–probe spectroscopy at mK temperature 
and in vector magnetic field. Rev. Sci. Instrum. 92, 033906 (2021).

35. n. Y. Yao, l. i. Glazman, e. A. demler, M. d. lukin, J. d. Sau, enhanced antiferromagnetic 
exchange between magnetic impurities in a superconducting host. Phys. Rev. Lett. 113, 
087202 (2014).

36. M. Schecter, O. F. Syljuåsen, J. Paaske, cooper pair induced frustration and nematicity of 
two- dimensional magnetic adatom lattices. Phys. Rev. B 97, 174412 (2018).

37. F. delgado, J. Fernández- Rossier, cotunneling theory of atomic spin inelastic electron 
tunneling spectroscopy. Phys. Rev. B 84, 045439 (2011).

38. h. von Allwörden, A. eich, e. J. Knol, J. hermenau, A. Sonntag, J. W. Gerritsen, d. Wegner, 
A. A. Khajetoorians, design and performance of an ultra- high vacuum spin- polarized 

HJex
= S1 ⋅ Ĵex ⋅ S2
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