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Abstract

The exchange interaction of a brominated Co-porphyrin molecule with the Cooper
pair condensate of Pb(111) is modified by reducing the Co-surface separation. The
stepwise dehalogenation and dephenylation changes the Co adsorption height by a few
picometers. Only the residual Co-porphine core exhibits a Yu-Shiba-Rusinov bound
state with low binding energy in the Bardeen-Cooper-Schrieffer energy gap. Accompa-
nying density functional calculations reveal that the Co d,2-orbital carries the molecular
magnetic moment and is responsible for the intragap state. The calculated spatial evo-
lution of the Yu-Shiba-Rusinov wave function is compatible with the experimentally
observed oscillatory attenuation of the electron-hole asymmetry with increasing lateral

distance from the magnetic porphine center.
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The atomic-scale competition between superconductivity and magnetism is reflected by
Yu-Shiba-Rusinov (YSR) states induced by the exchange coupling of the atomic or molecular
magnetic moment with the Cooper pair condensate.!™ The YSR bound states appear with
binding energies inside the Bardeen-Cooper-Schrieffer (BCS) energy gap of the superconduc-
tor density of states (DOS). They were reported from early planar tunneling experiments?
and later from single-atom scanning tunneling spectroscopy (STS) of the differential con-
ductance (dI/dV, I: current, V: voltage) with a scanning tunneling microscope (STM).5
The use of superconducting tips in STS boosts the energy resolution beyond the Fermi-Dirac
temperature limitation and unveils the YSR levels as clearly resolved resonance pairs within
the BCS energy gap.” A seminal work on the competition between Kondo screening and the
occurrence of YSR levels® stimulated renewed interest in the bound states. A good part of
the ensuing research activities are presented in an excellent review article.”

The importance of YSR resonances is manifold. They are useful for the understand-

ing of pairing symmetries in superconducting phases,!®!3 for recognizing topological end



modes, 2 for elucidating quasiparticle and Cooper pair transport across magnet-super-
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conductor junctions and as subtle probes for magnetic properties and interactions,

such as for the axial anisotropy of single molecules,®® the dependence of the exchange in-

4

teraction on the molecular configuration®! or the emergence of spin moments of otherwise

diamagnetic molecules in a molecular environment. 3®

By the spectroscopy of YSR states, the
findings of the work presented here unveil the evolution of the exchange interaction between
a molecular magnetic moment and the Cooper pair condensate of an s-wave superconduc-
tor upon chemical modification of the molecule with the STM. The porphyrin molecule
5,10, 15, 20-tetrakis(4-bromophenyl)-porphyrin-cobalt (TBrPPCo) undergoes the sequential
removal of all Br atoms and the stepwise detachment of all phenyl groups. Only the re-
maining PPCo molecule exhibits a noticeable exchange interaction with the Cooper pairs of
Pb(111), which is evidenced by a YSR state in d//dV spectroscopy. The weakness of the
interaction is reflected by the low binding energy of the YSR resonance pair and the absence
of the Kondo effect of PPCo. Spectroscopies of molecular orbitals and supporting calcula-
tions evidence the importance of a Co d.2-orbital and its proximity to the superconductor
surface for the occurrence of the bound states. Moreover, by spatially resolved spectroscopy
an oscillatory behavior of the electron-hole asymmetry is observed whose period evidences
the coupling of the PPCo magnetic moment to the Pb(111) Fermi surface.

As shown in Figure la, the room temperature deposition of TBrPPCo on Pb(111) leads
to single-layer aggregates with a nearly square unit cell spanned by the Co centers with
mutual distances of |a;| = 1.58 nm and |ag| = 1.59nm. The molecular superstructure is
incommensurate with the Pb(111) lattice and neither lattice vector a; nor ay is oriented
along crystallographic directions of the surface ((110) is indicated by the white arrow in
Figure 1la). Previously, two conformational isomers with planar and buckled adsorption
geometry on Cu(111)%% and Ag(111)3" were reported after deposition at temperatures <
100 K. Deposition at room temperature in the present work gives rise to the planar species

only.
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Figure 1: Adsorption of TBrPPCo on Pb(111) and spectroscopy of the BCS energy gap. (a)
STM image of a TBrPPCo molecular island on Pb(111) with central Co atoms appearing
brightest (bias voltage: 100 mV, tunneling current: 50 pA, scale bar: 1 nm). The superstruc-
ture is spanned by a; and as. A single molecule at the island edge is indicated by the dashed
circle. The white arrow marks a (110) direction. (b) STM image of an isolated TBrPPCo
molecule (100mV, 50 pA, scale bar: 1nm). (c) Calculated relaxed adsorption geometry of
TBrPPCo on Pb(111). (d) Spectra of dI/dV acquired with a superconducting Pb tip above
clean Pb(111) and atop the Co atom center of TBrPPCo embedded in an island and isolated
on a substrate terrace (feedback loop parameters: 10mV, 50pA). H,, H_ denote heights
of spectral peaks associated with tunneling due to aligned condensation peaks of tip and
sample BCS DOS; § marks the energy gap width defined by the condensation peak distance.
(e) STM image of a TBrPPCo island (100 mV, 50 pA, scale bar: 2nm) with indicated spec-
troscopy sites. (f) Width § (reversed triangles) and asymmetry 7 (triangles) obtained from
dl/dV spectra atop the ten molecules marked in (e). The shaded area depicts the uncer-
tainty margin for 9.



For the desired single-molecule chemical modifications, individual molecules well sepa-
rated from molecular islands were needed. To this end, molecules at island kinks (dashed
circle in Figure la) were dragged several nm away from the island to defect-free sites on a
Pb(111) terrace. Such separated TBrPPCo molecules exhibit a crosslike shape (Figure 1b)
that is expected from the calculated relaxed adsorption geometry (Figure 1c¢). The submolec-
ular structural motifs are assigned to the Co atom (central circular protrusion) and the four
Br atoms (peripheral circular protrusions). Cross-sectional profiles along the two Br-Co—Br
axes show different lengths, 1.67nm (|| (110)) and 1.88nm (L (110)). In agreement with

3738 and the calculated relaxed adsorption geometry the Co

previous structure suggestions
atom resides at an on-top Pb(111) lattice site while the Br atoms prefer the proximity to
hollow sites. The latter may readily be adopted by the Br atoms at the ends of a molecular
axis oriented perpendicular to (110), while the other axis must bend by = 4° with respect
to (110) in order to allow the Br atoms of this axis to reside at hollow sites as well. The
resulting compression of TBrPPCo along this tilted direction is then in good agreement with
the measured reduced length.

To probe a possible magnetic exchange coupling of the molecule to the superconduc-
tor, dI/dV spectroscopy was performed atop the Co atom. Spectroscopy of the separated
molecule as well as of TBrPPCo embedded in an island resulted in data that are not dis-
tinguishable from spectra of the clean surface (Figure 1d). In particular, gap width § —
defined as the distance between the condensation peaks (dashed lines in Figure 1d) — and
electron-hole asymmetry n — defined as n = (H* — H~)/(H* + H~) with H* the condensa-
tion peak heights at positive and negative bias voltage — are the same within the uncertainty
margins. The zero-bias feature visible in all spectra is due to thermally induced quasiparticle
tunneling, as inferred from the good quantitative agreement between experimental data and
simulations that take the finite tip and sample temperature (5 K) into account (Supporting

Information). The apparent absence of YSR levels hints at an essentially vanishing mag-

netic exchange interaction between TBrPPCo and Pb(111). In vacuum, TBrPPCo possesses



a magnetic moment of 1.08 up (up: Bohr magneton), which is assigned to the partially occu-
pied Co 3d"-levels.3® The first-principle calculations used here (Supporting Information) give
rise to a magnetic moment of 0.96 g of the adsorbed molecule. This reduction of the molec-
ular magnetic moment is likely due to charge transfer from the surface, as likewise reported
for TBrPPCo on Cu(111).3¢ Spectral data acquired across the molecule, i.e., away from the
Co center, are likewise virtually identical with data recorded atop clean Pb(111). In order to
explore a possible impact of the adsorption site, d//dV data were acquired atop TBrPPCo
molecules embedded in an island (Figure le). For the ten indicated molecules that adopt
slightly different adsorption sites owing to the incommensurate molecular superstructure,

Figure 1f summarizes the extracted values for ¢ and n with no identifiable effect.
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Figure 2: Stepwise dehalogenation and dephenylation of TBrPPCo together with low-voltage
spectral data. (a)—(d) STM images of atomwise dehalogenated molecules —nBr (n =1...4)
(100mV, 50 pA, scale bar: 1nm). (e) dI/dV spectra (dots) of —n Br acquired atop the
central Co atom. Spectra of —nBr (n = 2...4) are vertically offset. Solid lines represent
fits to the data (Supporting Information). (f) 0 (reversed triangles) and 7 (triangles) as a
function of n. (g)—(j) As (a)-(d) for stepwise dephenylated molecules —mPh (m =1...4).
In (j) the calculated relaxed adsorption geometry of —4 Ph is presented. (k), (1) As (e), (f)
for —m Ph.

In the next step of the experiments, individual Br atoms and phenyl moieties were de-

tached (Supporting Information) to explore a possible effect on the magnetic interaction with

6



Pb(111). To this end, the peripheral Br atoms were abstracted atom by atom (Figure 2a—d).
For each product molecule, referred to as —n Br with n = 1...4, a dI/dV spectrum was
acquired atop the Co center (Figure 2e). Both ¢ and 7 (Figure 2f) are similar to observations
from intact TBrPPCo for all —n Br, indicating a similarly weak magnetic exchange coupling
of —n Br molecules to Pb(111) Cooper pairs as for TBrPPCo.

The TBrPPCo molecule was also dephenylated step by step leading to molecular prod-
ucts denoted by —m Ph (m = 1...4) (Figure 2g—j). Marked changes in dI/dV spectra occur
only for m = 4 (top spectrum of Figure 2k). The gap width § decreases and the peaks at the
gap edges adopt asymmetric heights. These modifications are assigned to the occurrence of
YSR resonances inside the BCS energy gap. In order to determine the binding energy and
electron-hole asymmetry of the YSR levels, spectral data were fit by considering temperature
and modulation broadening and by convolution of the tip with the sample DOS (Supporting
Information). The obtained binding energy of the single YSR state is ¢ = 1.18 meV, which is
very close to the BCS order parameter of the sample Ay = 1.31 meV at the sample tempera-
ture Ty = 4.8 K. This observation together with the higher resonance strength at positive bias
voltage supports the idea of a low magnetic exchange coupling between —4 Ph and Pb(111),
as well as of —4 Ph representing a spin S = 1/2 magnetic impurity. Calculations (Supporting
Information) unveil a —4 Ph magnetic moment of 1.02 ugp, similar to the moment for intact
TBrPPCo, which corroborates the treatment of the molecules as a magnetic impurity with
spin S = 1/2. Therefore, the occurrence of YSR resonances for —4 Ph can be attributed
to the enhanced hybridization between the Co d-orbitals and the substrate, which in turn
increase the exchange coupling compared to intact TBrPPCo. This conclusion matches the
bridge adsorption site of Co in —4 Ph (Figure 2j), which is coordinated by two Pb atoms
rather than one for the on-top site of Co in the intact molecule. Moreover, the calculated
Co vertical distance to the surface is 8 pm lower for PPCo than observed from TBrPPCo
(Supporting Information). Despite the increased hybridization between PPCo and Pb(111)

the magnetic exchange interaction remains weak, which besides the low binding energy of



the YSR state is reflected by the absence of an Abrikosov-Suhl-Kondo resonance that would
indicate the Kondo effect3*° (Supporting Information). This interpretation is in accordance
with a previous work, where the Kondo effect was only observed for those magnetic transi-
tion metal atoms on Re(0001) that induced YSR states sufficiently far from the BCS energy
gap edges.*! The resulting Kondo temperature for the molecules reported here is therefore

likely below the temperature accessible in the experiments.
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Figure 3: Orbital electronic structure of intact and manipulated molecules. (a) dI/dV spec-
tra of indicated molecules acquired atop the central Co atom (feedback loop parameters:
1V, 50pA). (b)—(d) Normalized constant-current maps of d//dV recorded at marked bias
voltages (arrows in (a)) for the (b) intact, (c¢) fully dehalogenated and (d) entirely depheny-
lated molecule (50 pA, scale bar: 1nm).

The increased hybridization of —4 Ph with Pb(111) can also be inferred from the molecu-
lar electronic structure seen in d/dV spectroscopy covering a wider bias voltage range. Such
data are presented in Figure 3a, which displays d/dV spectra acquired atop the Co atom of

intact TBrPPCo, —4 Br and —4 Ph. For the intact molecule, a broad peak at ~ —0.93 V and



a steplike feature with its rising edge at ~ 0.94 V are assigned to the highest occupied molec-
ular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO), respectively.
After removal of 4 Br atoms, the original HOMO signature is split into two steplike features
with rising edges at =~ —1.07V and ~ —0.66 V, while the LUMO spectroscopic signal occurs
at a similar voltage as observed for the intact molecule and is strongly attenuated. The
region of spectral data between the HOMO and LUMO of —4 Br remains depleted, similar
to TBrPPCo. Stronger modifications of the spectral data are observed for —4 Ph where the
HOMO signal nearly disappeared and the LUMO-associated feature turned into an enhanced
peak at =~ 1.28 V. In addition, a peak occurs at ~ 0.61 V with a tail straddling OV.

To further characterize these spectral signatures, spatial maps of d//dV were acquired
close to the aforementioned characteristic voltages (Figure 3b—d). In order to ensure a good
approximation of the constant-current d//dV map to the spatial variation of the sample
DOS, map data were normalized.*? The most important conclusion from these maps is the
spatial localization of the spectroscopic feature at 0.61V to the Co site, which is indicative
of a d,2-orbital character. Combining this assignment with the observed zero-bias straddling
of the orbital spectroscopic signature, which correspond to the overlap of the orbital with
the Fermi energy, lends support to the idea that the Co d,2-orbital is mainly involved in the
magnetic exchange interaction with the Cooper pairs and, thus, in inducing the YSR state.
The calculations confirm that the singly occupied d.2-orbital gives rise to the Co magnetic
moment.

After identifying the molecular orbital inducing the YSR bound states, the coupling of
the magnetic impurity to the Fermi surface of the two-band superconductor Pb(111)4344
remains to be explored. The spatial evolution of d//dV spectra with increasing distance r
from the Co center of —4 Ph was measured along (110) (Figure 4a) and along a direction
deviating from (110) (Figure 4b). The extracted spatially resolved asymmetry, n(r), is shown
in Figure 4c,d. Along (110) (Figure 4c) a clear oscillatory behavior of 7 is observed at a

finite distance from the Co atom, while it is less pronounced for directions off (110) (Figure
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Figure 4: Experimental spatial evolution of electron-hole asymmetry and comparison with
calculated DOS. (a) Series of dI/dV spectra acquired along (110) across —4 Ph. (b) As (a)
for a direction off (110). Feedback loop parameters for spectra in (a),(b): 10mV, 50 pA.
(c) Spatial evolution of n (dots) with Co center at r = 0.6nm (vertical dashed line). The
solid line is a fit to the data according to eq 1. (d) As (c) for an off-(110) direction with
the Co atom at r = 0.7nm. The dashed undulating line is the same as the solid line in
(c) for comparison. Insets to (c),(d): STM images of —4 Ph with marked spectroscopy sites
(100mV, 50 pA, 4.5nm x 4.5nm). The arrow indicates a (110) direction. (e) Calculated
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4d). The more pronounced oscillatory decay along (110) is most likely due to an electron-
focusing effect, which occurs for directions normal to flat Fermi surface contours. In this
case, many parallel scattering vectors spanning the flat contours are accumulated, giving
rise to a spatially extended scattering pattern. This interpretation is in agreement with
similar observations from buried Co atoms at Cu(111),% Ne atoms at Pb(100),** magnetic
impurities (Fe, Nd, Ni) at La(0001)%¢ as well as from Mn atoms adsorbed on Pb(111)4" and
recent simulations for arbitrary Fermi surfaces contours.*®4? For an isotropic Fermi surface
and a pointlike magnetic impurity at ry, the spatial evolution of the YSR state follows an

oscillatory decay given by

sin?[kp(r — 70) + 6F]
[k (r —ro)]¢?

r—7To

S

[¥u(r)]? o rexp | =2|sin(0" —07)]

(1)

with £+ denoting the electron (+) and hole (—) component of the wave function v, kg the
Fermi wave vector, §* the scattering phase shift, d the dimensionality of the scattering and &
the BCS coherence length. 14750 For the fit (solid line in Figure 4c) of experimental data by
the expression in eq 1, 07 — 6~ ~ 0 is assumed. This is a reasonable assumption because the
YSR energy ¢ = Ag-cos(dt—07) (Ref. 11) is close to Ag. Consequently, the exponential term
in eq 1 is nearly unity and it is thus difficult to extract information on £. The fit gives rise to
d = 2, which is in agreement with the calculated spatial decay (Figure 4e) and indicates that
surface effects dominate. Remarkably, kp = (8.23 £ 0.33) nm™! as determined from the fit
leads to a Fermi wavelength \p = (723+31) pm, which is significantly shorter than the Fermi
wavelength of A\p = 1160 pm reported previously for YSR states induced by a Mn atom on
Pb(111).47 The Fermi surface of Pb consists of a rounded octahedron with Fermi wavelengths
in the range of )\S) = 800-900 pm and a netlike structure enclosing the edges of the Brillouin
zone with )\(FQ) = 500-600 pm. The two sheets of the Fermi surface reflect the two-band
superconducting nature of Pb.434* The Fermi wavelength determined from the present fit

is in reasonable agreement with /\g), the inner Fermi surface displaying a combination of
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s, p and d electronic character. The complex Fermi surface of Pb and the difference in the
oscillation periods between the present and previous*” work indicate that using eq 1 with a
kr independent of the magnetic scatterer is too crude an approximation. Simulations taking
into account the complete electronic structure of Pb(111) as well as the spatial profile of the
scattering potential due to the d.z2-orbital of Co extracted from first-principles calculations
resulted in an oscillation period that is consistent with a Fermi wavelength of 700 pm (Figure
4e), in reasonable agreement with the experimental observations.

In conclusion, YSR resonances act as subtle probes for the magnetic exchange interac-
tion between an atomic or molecular magnetic moment with the Cooper pair condensate of
a superconductor. By controllable removal of molecular moieties of TBrPPCo on Pb(111)
the magnetic exchange coupling was increased owing to the gradually raised Co—surface hy-
bridization. The entirely dehalogenated and dephenylated residual PPCo molecule induced
a single YSR state in the superconductor energy gap. The underlying exchange coupling is
mediated by the Co d,2-orbital, which straddles the Fermi level evidencing its hybridization
with the substrate electronic structure. The spatial oscillation of the electron-hole asymme-
try demonstrates the presence of a magnetic scattering potential. For accurately describing
YSR states, the complex Fermi surface of the superconductor and the spatial profile of the
scattering potential must be considered.

Experimental method. The STM/STS experiments were performed at low tempera-
ture (4.8 K) and in ultrahigh vacuum (107° Pa). Surfaces of Pb(111) were prepared by Ar*
bombardment (partial pressure, 107* Pa; ion kinetic energy, 1.2keV; target current, 10 uA)
and annealing (570K). Highly purified (99.9 %) TBrPPCo powder was sublimated from
a heated (610K) Ta crucible and deposited on clean Pb(111) at room temperature. Pure
(99.95%) W wire (diameter, 0.25 mm) was chemically etched in 0.1 M NaOH and used as
the tip material, which was further treated in situ by field emission on a Au target. Super-
conducting tips were obtained by coating the tip apex with substrate material in the course

of repeated indentations into Pb(111) and optimizing the tip apex by single-atom transfer
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from the tip to the surface.’®® Images were acquired in constant-current mode with the
bias voltage applied to the sample. Spectroscopy of dI/dV proceeded via the sinusoidal
modulation (100 pV, s, 713 Hz) of the bias voltage and recording the first harmonic of the
resulting ac current across the tunneling barrier with a lock-in amplifier.

Theoretical method. Density functional calculations were performed using the Vienna

57,58 5

Ab-initio Simulation Package with projector augmented waves® and van der Waals
correction at the optB86b level.5%%1 For describing the YSR states, a previously reported

theoretical approach%? was used. More details are found in the Supporting Information.
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