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ABSTRACT:

Atomic-scale magnetic moments in contact with superconductors host rich physics based on the
emergence of Yu-Shiba-Rusinov (YSR) magnetic bound states within the superconducting
condensate. Here we focus on a magnetic bound state induced into Pb nanoislands by individual
vanadyl-phthalocyanine (VOPc) molecules deposited onto the Pb surface. The VOPc molecule is
characterized by a spin magnitude of /2 arising from a well-isolated singly-occupied d,, orbital and
is a promising candidate for a molecular spin qubit with long coherence times. X-ray magnetic
circular dichroism (XMCD) measurements show that the molecular spin remains unperturbed even
for molecules directly deposited on the Pb surface. Scanning tunneling spectroscopy and density
functional theory (DFT) calculations identify two adsorption geometries for this “asymmetric”
molecule (i.e. absence of a horizontal symmetry plane): a) oxygen pointing towards the vacuum
and the Pc laying on the Pb, showing negligible spin-superconductor interaction, and b) oxygen
pointing toward the Pb, presenting an efficient interaction with the Pb and promoting a Yu-Shiba-
Rusinov bound state. Additionally, we find that in the first case a YSR state can be induced
smoothly by exerting mechanical force on the molecules with the STM (scanning tunneling
microscope) tip. This allows the interaction strength to be tuned continuously from an isolated
molecular spin case, through the quantum critical point (where bound state energy is 0) and
beyond. DFT indicates that a gradual bending of the VO bond relative to the Pc ligand plane
promoted by the STM tip can modify the interaction in a continuously tunable manner. The ability
to induce a tunable YSR state in the superconductor suggests the possibility of introducing coupled

spins on superconductors with switchable interaction.

TEXT:
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Magnetic nano-objects in close proximity to superconductors have been proposed as possible
platforms for quantum computing, examples include entangled spin-photon states for ensembles
of magnetic moments in superconducting resonators'™ as well as topological states of coupled
magnetic moments.®® The interaction strength of the magnetic moment with the superconducting
phase is a key parameter when it comes to defining the physical properties of the system. While a
decoupled system is desirable for the realization of spin-photon states,'™ finite coupling between
the magnetic moment and the superconducting phase is necessary in order to utilize many-body
states such as Majorana edge modes at the ends of magnetic chains.®!!

The coupling between a paramagnetic impurity and a superconducting surface imposes a spin-
dependent scattering potential that locally perturbs the superconducting condensate and effectively
lowers the energy needed to break Cooper pairs. Locally, this gives rise to the formation of a
magnetic Yu-Shiba-Rusinov (YSR) bound state that appears as quasiparticle excitations within the
superconducting gap.'>'* For weak coupling the superconducting condensate remains composed
entirely of paired electrons. When the bound state energy is 0 a quantum phase transition'> occurs
and the ground state contains localized quasiparticles that screen the magnetic moment of the

impurity'® (see Figure 1a). Systems in both energy regimes have been reported for several species

17-20 15,2124

of magnetic atoms and molecules on different superconducting surfaces.

YSR states are observed in a scanning tunneling spectroscopy experiment as pairs of
conductance peaks inside the superconducting gap (Ao), positioned symmetrically with respect to
zero bias. The impurity’s magnetic moment, orbital configuration? and orbital overlap?® with the
surface are important parameters, which alter the YSR states,?’ yet these properties remain elusive

as STM measurements are typically insensitive to them. Notably, while the majority of

experimental work has been focused on magnetic impurities with large magnetic moments and
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significant magnetic anisotropy,'>!”?® theoretical reports mostly address spin % isotropic
impurities.'>'*?® Whereas magnetic atoms adsorbed directly onto a superconducting surface
typically interact strongly, magnetic molecules offer tunability of this interaction via design
flexibility of the ligand shell.?"*? The use of flat paramagnetic metal-organic molecules, such as
metal phthalocyanines (MPc), as spin carriers is particularly interesting. The non-covalent
interaction with the substrate is mediated through the organic ligands, forming a very robust
interface. At the same time, important parameters affecting the coupling with superconductors vary
with the number and direction of the singly occupied orbitals (the magnetic orbitals) characterizing
the metal ion coordinated by the organic ligand. In the series of MPc molecules, S=1/2 systems
have recently attracted a great deal of interest as potential qubits due to their long spin coherence
time? and addressability via electromagnetic radiation pulses. In particular, the “asymmetric”
vanadyl-phthalocyanine, VOPc, molecule exhibits room temperature quantum coherence thanks
to its coordination rigidity and an almost negligible orbital contribution, confirmed by a g factor
very close to 2.2 Moreover, a remarkable coupling with photons in a superconducting cavity
suggests the possibility of including VOPc in quantum circuits.>* The vanadyl unit is also present
in a weakly interacting dimer acting as a quantum logic gate and proposed for quantum
simulation.’!

In this letter, we deposit vanadyl phthalocyanine (VOPc) molecules onto a Pb(111)
superconducting surface (see Figure 1b). The crucial question of how the VOPc’s spin % is
modified upon adsorption onto a superconductor is addressed. A superconductor was chosen
because the superconducting gap was reported to affect spin lifetimes less than metallic surfaces.?!
Here, the chemical stability of the molecule on the Pb surface is established by X-ray photoelectron

spectroscopy (XPS) and the persistence of the molecular spin '2 on the superconducting surface is
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confirmed by X-ray magnetic circular dichroism (XMCD). Scanning tunneling microscopy, in
combination DFT calculations, finds two different absorption geometries for the VOPc molecules
on the Pb surface. These molecules can lie down on the Pb surface with the phthalocyanine ligand
exposing the oxygen of the vanadyl towards vacuum (labeled oxygen-up molecule throughout the
text) or with the oxygen of the vanadyl towards the Pb (labeled oxygen-down molecule),
analogously to what was reported for other surfaces.*?>* The oxygen-up molecules show negligible
spin-superconductor interaction, whereas oxygen-down molecules have sufficient interaction to
induce a Yu-Shiba-Rusinov bound state. We find that on oxygen-up molecules a YSR bound state
can be smoothly induced by moving the STM tip towards the molecule and exerting mechanical
force onto the VO center. Detailed DFT analysis identifies a tilt of the V=0 bond toward the
phthalocyanine ligand as a probable mechanism for the smooth increase in interaction strength
seen in STM measurements. These results open up the possibility of achieving a switchable spin-
superconductor interaction, of great relevance in quantum information technology based on spins

coupled through a superconductor.>

The experiments were carried out on two different samples: a monolayer film of VOPc on a Pb
(111) single crystal - optimal for the spatially averaging X-ray measurements - and individual
VOPc molecules on ultrathin Pb nano-islands grown on Si(111)-7x7,%® optimized for our low-
temperature scanning tunneling spectroscopy investigation (Figure 1b). Both samples expose a
(111) surface of Pb onto which the molecules were deposited, ensuring a comparable environment
(see Supporting Information for further details on both preparation methods). The single crystal
was used to establish the structural and magnetic integrity of the VOPc system on the Pb (111)
surface by combining XPS, XMCD and variable-temperature STM. The Pb nano-islands provide

a distinct advantage for the characterization of the spin-superconductor coupling via spectroscopy
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of the YSR state. The nanoscale spatial confinement of the Pb islands®’ allows the film to remain
superconducting up to high magnetic field, thereby suppressing the coherence peaks which may

otherwise overshadow a weakly bound YSR state close to the gap edge.

Individual VOPc molecules deposited on Pb islands appear as four-lobed objects of
approximately 1.5 nm diameter, mirroring the four-fold symmetry of the phthalocyanine ligand
(Figurelb inset and Figure 2a). We observe two types of STM topographies for the VOPc
molecules: some showing a protrusion in the center of the four-lobed structure and others showing
no central feature, Figure 2a. We attribute these two contrasts to two adducts of VOPc on the Pb
surface, one with phthalocyanine binding to Pb (oxygen-up) and one with oxygen binding to Pb
(oxygen-down).>*** To gain more insight into the electronic structure and the energetics involved
in the adsorption we performed periodic mixed Gaussian and plane-wave ab initio density
functional theory calculations (see also Supporting Information). Calculated STM images for both
adducts match well with the measured images and assign the oxygen-up configuration to the image
with the central protrusion (Figure 2b) and the oxygen-down configuration to the flat four-lobed
image (Figure 2c). In the oxygen-up configuration the interaction with the surface is mediated
through the m-system of the Pc whereas the oxygen atom of the vanadyl group participates
significantly in the binding for the oxygen-down configuration. Surprisingly, in their most stable
adsorption sites, both adducts have very similar binding energies of -5.77 eV (-133.0 kcal/mol) for
oxygen-up and -5.83 eV (-134.527 kcal/mol) for oxygen-down. Other possible adsorption sites are
also close in energy, within 0.03 eV (0.7 kcal/mol) for oxygen-up and 0.16 eV (3.7 kcal/mol) for
oxygen-down (see Table S1). This result matches well to the experimental observation that both

adsorption geometries are found with approximately equal probability. The presence of both
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oxygen-down and oxygen-up molecules on the Pb surface is further corroborated by the presence
of two main components in the Ols, V2ps.» and N1s regions®? observed in the XPS spectra (see

Figure S3).

The robustness of the magnetic moment of VOPc on Pb was verified by XMCD experiments
carried out at the DEIMOS beamline (SOLEIL synchrotron, France). Prior to this, the orientation
of the VOPc layer on Pb was confirmed to be the same as in the STM experiments by X-ray natural
linear dichroism, XNLD, measurements at the L3 vanadium edges (Figure S4). The molecules’
magnetic response was probed by recording X-ray absorption spectra (XAS) at the L>3 vanadium
edges using left and right circularly polarized light in a magnetic field of 6 T parallel to the X-ray
beam propagation at 4.2 K (Figure S5) and 2 K temperature Figure 1c. The presence of the
magnetic field quenches the superconducting phase. The XMCD spectrum was obtained as (o+ —
0~) where ot (07) s the absorption X-ray cross section for the helicity pointing to (opposite to)
the photon propagation. The XAS spectrum shows a structured shape at the vanadium L3 edge and
a broader asymmetric Lo edge. The oxygen K-edge dominates the spectrum above 530 eV.
Previous studies of VOPc on iron, cobalt, nickel,*® silver and silicon*? showed less-structured XAS
but are consistent with the higher energy-resolution findings obtained here. The relative dichroism
(XMCD%) reaches its maximum magnitude at 518 eV photon energy, of -40 % at 4.2 K and -51 %
at 2 K. A small, but significant, dichroic signal is also observed at the oxygen K-edge (see inset

Figure 1c¢). This shows that VOPc remains magnetic upon adsorption onto Pb.

In bulk, VOPc is in a 3d' configuration and the magnetic moment of 1 Bohr magneton stems

1.29

from the spin of the single electron in the d shell.”” The persistence of this spin 2 on the Pb surface

can be evaluated by recording the XMCD% signal evolution while sweeping the magnetic field
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from -6 T to 6 T at 2 K and 4.2 K temperature. This is an alternative approach, as the proximity of
the L, and L; edges makes XMCD sum rules analysis uncertain.>? The signal obtained can be
considered proportional to the magnetization of the system and its field dependence is in very good
agreement with the expected behavior for a 4 spin system (Figure 1d and Supporting Information).
Furthermore, a thick-film reference sample, prepared by drop-casting a VOPc 1 mM solution in
dichloromethane onto gold on mica, showed an XMCD signal very similar to that of the monolayer
sample (see Figure S6). Small differences can be related to the expected absence of preferential
orientation in the thick film. This confirms that VOPc molecules retain their spin %2 on the Pb

surface.

To quantify the coupling between the VOPc spin and the superconductor we use an STM at
0.5 K to measure differential conductivity spectra, dI/dV(V), of individual VOPc molecules on Pb
nano-islands. A normal-conducting metal tip was used for this characterization to prevent the
possibility of a YSR state developing due to the proximity of a superconducting tip.2* A magnetic
field of 0.1 T parallel to the surface was applied to reduce the magnitude of the coherence peaks.
We find that dI/dV(V) spectra acquired on individual oxygen-up and oxygen-down molecules
differ significantly (Figure 2d,e). The oxygen-down molecule shows two pronounced peaks within
the superconducting gap of the Pb island at |Ep/e| = 0.25 mV bias, whereas the oxygen-up molecule
shows just the superconducting gap of Pb and no in-gap features. The two peaks of the oxygen-
down molecule match to the electron- and hole-like excitations of a YSR state?® that appears upon
coupling of a local magnetic moment to the superconducting condensate of the Pb nano-island.
Similar YSR states have been observed for other types of metal-phthalocyanines.?>** The
coherence peaks of the superconducting substrate are readily observed in the spectrum of the

oxygen-up molecule while they are suppressed for the oxygen-down molecule. Outside the
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superconducting gap, no spectral features related to the presence of a spin excitation or a Kondo
peak were observed for both molecular orientations. The majority of investigated molecules (16
out of 19) match to this bimodal behavior, indicating strongly orientation-dependent spin-
superconductor coupling between the spin /2 of the VOPc and the Pb surface. In the oxygen-down
orientation the spin appears to be coupled strongly to the superconductor, whereas the molecular

spin is decoupled for the oxygen-up orientation.

Considering that the molecular spin mainly resides on the vanadium atom, it is remarkable to
find no YSR state for oxygen-up molecules where, according to DFT, the vanadium atom is 0.35 A

closer to the Pb surface. This suggests that the oxygen atom mediates the molecule-Pb interaction.

-as-alse-peinted-eut by XPSresults

The coupling mechanism between the unpaired electrons of the VOPc and the superconducting
surface can be elucidated by DFT as expected to be comparable to the amount the VOPc spin
delocalizes on the normal-conducting Pb surface. We find that the unpaired electron on the V atom
remains practically unperturbed in the oxygen-up configuration. It shows negligible spin
delocalization into the first layer of the Pb surface (< 0.002 electrons, calculated as the Mulliken
spin density, see Table 1). In contrast, oxygen-down molecules show a much stronger

delocalization (up to 0.025 electrons, see Table 1).

In order to gauge whether the calculated spin delocalization provides sufficient spin-
superconductor coupling for the formation of a YSR state, we performed the same calculation for
a known system: manganese(Il) phthalocyanine (MnPc) molecules on Pb(111). They were
reported to exhibit YSR bound states in the strong coupling regime.?? We find spin delocalization

into the Pb surface of 0.23, 0.11 and 0.11 electrons for Mn located on the top, bridge and hollow
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sites of Pb(111), respectively (see also Table S3). The variation found among the adsorption sites
agrees with the experimental findings reported by ref.?? Furthermore, after accounting for MnPc
having up to five singly-occupied d-orbitals instead of one, the spin delocalization is comparable
to that of oxygen-down VOPc. As such, our calculation predicts the observation of a YSR state for

oxygen-down VOPc and is consistent with the absence of a YSR state on oxygen-up VOPc.

Thus, the oxygen-up VOPc exhibits the unique property of being a magnetic molecule in
electrical contact with the Pb surface with a spin that is decoupled from the superconductor.
Controllably inducing coupling would give us the opportunity to study the emergence of the YSR
state. The STM tip provides such a means of perturbation; it is known to manipulate the properties

21,3943

of atoms and molecules on surfaces and has recently been applied to tune correlated

phenomena such as Kondo resonance,** as well as to modify the binding energy of YSR states.?’

Here, we exploit the effect of mechanical force exerted by the STM tip on the oxygen-up VOPc
molecules to promote the emergence of a YSR bound state. We find that a YSR state emerges
when the tip is very close, i.e., the mechanical interaction is significant. Since we are close to
point-contact (0.1-0.3 G,) estimates from literature place the force in the 10’s of nN range.®
dI/dV(V) spectra of oxygen-up VOPc molecules are acquired while progressively reducing the tip-
sample distance, (Figure 3a). At large tip-sample distances dI/dV(V) spectra show only a gap and
do not vary with tip movement. The AZ = 0 reference was chosen in this regime, at a junction
setpoint
of 1 nA and 5 mV. After a significant approach of the tip (AZ = -1.8 A) two conductance peaks
are observed at £0.43 mV, well separated from the edges of the superconducting gap. These peaks

are characteristic of the two quasiparticle excitations of a YSR state.

10
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In order to track the evolution of the YSR state we first fit the superconducting gap spectrum
and subsequently add two Lorentzian curves that fit the in-gap peaks (see Supporting Information
for details). This yields the bound state energy and peak height as a function of tip movement,
Figure 3b. For large tip-sample distances (AZ > -1.58 A) the spectra appear to be unperturbed by
the presence of the molecular spin. This indicates that the spin is initially decoupled from the
superconductor and no YSR state has formed. The first spectrum for which the fit yields an in-gap
state with significant confidence is at AZ=-1.58 A. By approaching the STM tip a YSR state
emerges, indicating increased coupling between molecular spin and superconductor. Further
approach leads to a gradual reduction of Ey eventually reaching zero energy at AZ = -2.1 A. At this
point we observe a sharp transition of the peaks’ asymmetry from positive to negative. By
approaching the tip even further, |Ey| increases again. This behavior has been attributed to be the
signature of a quantum phase transition from the weak to the strong coupling regime'¢ indicating
that the coupling induced by the tip can become strong enough to localize quasiparticles at the

VOPc.

DFT is used to determine how the STM tip induces the observed molecule-superconductor
coupling. Due to the chemical stability of the vanadyl, chemical interaction with the tip is unlikely;
as such our investigation was focused on mechanical effects. The negligible role of chemical
interaction is also suggested by the observation of a smooth and reproducible distance dependence
curve. This simplified model allows us to significantly reduce the parameter space and we find
that it reproduces the observation well. Surprisingly, a simple compression that approaches the
oxygen-up complex closer to the surface does not significantly increase the spin delocalization
onto the Pb (reaching only 0.004 electrons, Table 2). The vanadium d., orbital that carries the spin

is parallel to the Pb surface even under compression. Thus, direct overlap remains negligible

11
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(Figure 4b). Additionally, the symmetry of the d,, orbital is such that it does not strongly overlap
via ¢ interactions with the coordinated nitrogen orbitals of the Pc ligand, but rather with weak
© interactions. This significantly reduces the indirect coupling with the Pb surface through the Pc

ligand, observed for instance for CuPc on V,?* which would increase under compression.

By tilting the VO with respect to the surface normal, the symmetry of the whole system can be
lowered and spin delocalization induced. The tilt effectively moves the magnetic orbital out of the
Pc plane allowing d.y, dx- and d,- to mix, making the spin delocalization more effective on both the
Pc ligand and the Pb surface (Figure 4¢). Moreover, the xy component is shifted towards the Fermi
level, leading to a stronger interaction with the surface (Figure 4d).?>* To reach an amount of spin
delocalization comparable to that found for oxygen-down molecules requires a tilt of
approximately 30 ° (Figure 4c). Experimentally, such a tilt can be induced by a tip-molecule
interaction acting oblique to the surface. This same interaction is used when displacing VOPc

molecules laterally.

In order to rule out the possibility that the YSR state in the oxygen-down molecules is also
induced by the tip, we studied how the dI/dV(V) spectrum varies as the tip is withdrawn from the
molecule (Figure 3c). Notably, the YSR bound state energy and the peak intensity asymmetry
remain constant (Figure 3d). DFT calculations corroborate these observations, showing no change
in the spin delocalization (Table S4). The peak intensity asymmetry indicates that the oxygen-down
VOPc molecule is in a strong coupling regime regardless of tip perturbation. A relative increase
of the YSR resonance heights is observed, which can be attributed to increasing overlap between
the tip and molecule’s orbitals boosting the excitation probability of the YSR bound state. As such,

we conclude that the YSR state is already present on the unperturbed oxygen-down molecules.

12
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This study shows that the VOPc molecule on Pb offers a spin 2 system with full tunability of
the spin-superconductor interaction from decoupled to strongly coupled. XMCD measurements
confirm that VOPc retains its magnetic moment on the supercendueting Pb (111) surface at
temperatures below 4.2 K. STM and DFT find that the non-planar VOPc adsorbs in two binding
geometries: oxygen-down which is strongly coupled to the surface and shows a YSR-state, and
oxygen-up which is decoupled. Tilting the VO bond toward the Pc plane lowers the molecule’s
symmetry, smoothly increases spin-superconductor coupling and a fully tunable YSR state
emerges. The state can be tuned from the weak coupling regime, to past the quantum phase
transition marking strong coupling. This property makes VOPc a viable candidate for exploring
coupled states in arrays or chains of molecules. In particular, the VOPc/Pb system provides a
promising platform of decoupled molecular spins that are less than one nanometer away from the
superconductor and therefore in the extreme near-field. This approach may overcome the challenge
of reaching the strong spin-photon coupling limit for molecule-based quantum information

processing schemes.

13
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Figure 1. Magnetic signature of VOPc molecules on Pb. (a) Interaction scheme of a molecular
magnetic impurity (red circle) with the Cooper pairs of a superconducting surface; the three
different coupling regimes are, from top to bottom: decoupled spin, weak interaction
(superconductor locally perturbed) and strong interaction (quasiparticle localized at impurity). (b)
Large-scale STM image of the Pb nano-islands grown on Si(111)-7x7 (tunnel junction setpoint
2.0V, 0.1 nA) showing heights between 6 ML and 8 ML, as well as different sizes. Inset: STM
image of VOPc molecules on a Pb island (tunnel junction setpoint 1.0V, 0.1nA). (c) Top panel: x-
ray absorption spectra, XAS, acquired at the L3 vanadium edges with circularly polarized light
(ot red and o~ black) of a VOPc monolayer deposited on Pb(111). Bottom panel: x-ray circular
magnetic dichroism signal, XMCD (c* — ¢7) recorded at 2 K temperature and 6 T magnetic
field. Inset: zoom to XMCD of oxygen K edge. (d) Magnetization curves of VOPc on Pb acquired
at 2 K (blue dots) and 4.2 K (red dots) along with expected magnetization curves for a spin %2 with

a g value g = 2 (solid lines).
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Figure 2. Adsorption geometries and dI/dV(V) spectra of VOPc on Pb. (a) STM image of VOPc
molecules on a Pb island (tunnel junction setpoint 1.0 V, 0.1 nA); first molecule from top is in the
oxygen-up geometry, whereas the other two are in the oxygen-down geometry. (b) Calculated STM
image for oxygen-up and (c) oxygen-down geometry at 1.0 V bias; Image scale same as in (a).
(d) dI/dV(V) spectrum of an oxygen-up molecule (red curve) and spectrum of the bare Pb surface
on the same nano-island (blue curve); tunnel junction setpoint 5.0 mV, 1.0 nA, temperature 0.5 K,
magnetic field 0.1 T in the plane of the sample. (e) dI/dV(V) spectrum of an oxygen-down
molecule (red curve) and spectrum of the bare Pb (blue curve). Experimental conditions same as

in (d).
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Figure 3. Mechanical interaction with STM tip. (a) dI/dV(V) spectra of an oxygen-up molecule
recorded at different tip-sample distances. Line colors indicate the different coupling regimes as

illustrated by the color bar on the right. (b) The YSR bound state energy (Ep) and peak asymmetry
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for oxygen-up molecules obtained by fitting the spectra in (a) (see SI for details on fit routine). In
the weak coupling range the peak at V"> 0 has higher amplitude and Ey > 0 and in the strong
coupling regime the higher amplitude peak is at V <0 and Ep < 0. Peak asymmetry was calculated
as (At —A7)/(A" + A7) where A* (A7) is the area of the peak at +Ev/e (-Ev/e). (c) d/AV(V)
spectra of an oxygen-down molecule recorded at different tip-sample distances. (d) The YSR
bound state energy (Ev) and the peak asymmetries for oxygen-down molecules obtained by fitting
the spectra in (c). Temperature was 0.5 K and magnetic field 0.1 T for all measurements. Tunnel

junction setpoint 5.0 mV, 1.0 nA was chosen as AZ =0 A,
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Intensity (arb. units)

Spin delocalization=0.002e~  Spin delocalization=0.004e-  Spin delocalization = 0.024e"
dppy =3.80 A depy= 2:72A dpsv = 3.07 A Energy (eV)

Figure 4. DFT calculations for oxygen-up VOPc on Pb. (a) Ball-and-stick model of oxygen-up
VOPc (small balls) on the Pb surface (big balls, three layers shown). Isosurfaces of the spin density
(yellow: spin up, cyan: spin down) illustrate the varying spin delocalization for (a) optimized
geometry of the unperturbed molecule, (b) compressed VOPc and (¢) compressed VOPc with
additional tilt of VO by 30 ° toward the Pc plane. Pb surface to V distance, dpy-v, and amount of
spin delocalization into first Pb layer stated below each panel. The isosurface level was set to 107
electrons per unit cell. (d) Vanadium 3d projected density of states, pDOS, calculated for the three

structures (black: (a), blue: (b), red: (¢)).
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Table 1. Spin delocalization (e) calculated for the optimized geometries of the oxygen-up and

oxygen-down geometries on different adsorption sites.

oxygen-up

Pb(111) Top layer \% (0]
Top -0.0019 1.18 -0.14
Hollow -0.0012 1.18 -0.14
Bridge -0.0010 1.18 -0.14

oxygen-down

Pb(111) Top layer \% (0]
Top 0.014 1.18 -0.11
Hollow 0.025 1.19 -0.11

Table 2. Spin delocalization (e°) calculated for the optimized geometry of the oxygen-up (top

adsorption site) geometry and under different mechanical perturbation by the STM tip.

oxygen-up

V-Pb(111) distance (A) | V=0 rotation induced | Pb(111) Top layer | V 0
3.55 (optimized) - -0.0019 1.18 | -0.14
2.72 - -0.0043 1.16 | -015
3.07 30° 0.0237 1.04 | -0.17
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