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Magnetism and in-gap states of 3d transition metal atoms on
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Magnetic atoms on heavy-element superconducting substrates are potential building blocks for realizing topological
superconductivity in one- and two-dimensional atomic arrays. Their localized magnetic moments induce so-called Yu-Shiba-
Rusinov (YSR) states inside the energy gap of the substrate. In the dilute limit, where the electronic states of the array atoms are
only weakly coupled, proximity of the YSR states to the Fermi energy is essential for the formation of topological superconductivity
in the band of YSR states. Here, we reveal via scanning tunnel spectroscopy and ab initio calculations of a series of 3d transition
metal atoms (Mn, Fe, Co) adsorbed on the heavy-element superconductor Re that the increase of the Kondo coupling and sign
change in magnetic anisotropy with d-state filling is accompanied by a shift of the YSR states through the energy gap of the
substrate and a crossing of the Fermi level. The uncovered systematic trends enable the identification of the most promising
candidates for the realization of topological superconductivity in arrays of similar systems.
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INTRODUCTION

Recently, theoretical predictions and experimental indications of
topological superconductivity in one-'""> and two-dimensional'®°
arrays of magnetic atoms coupled to bulk superconductors have
triggered renewed interest in the building blocks of such systems,
i.e. single magnetic atoms coupled to bulk superconductors.?'~>°
Magnetic atoms locally induce pairs of bound state resonances
inside the gap of their host superconductor, known as Yu-Shiba-
Rusinov (YSR) states'° One route toward topological super-
conductivity is to weakly couple these states in so-called YSR bands,
which can be realized by a dilute array of magnetic atoms on the
surface of a superconductor.'’?® In order to enter the topologically
nontrivial phase, the YSR band has to cross the Fermi level Eg. This
requires the width in energy and the separation from E; of the YSR
states of the atomic building blocks to be sufficiently small.

In a classical picture, the energy position Eysg of the YSR state
with respect to Er depends mainly on the s-d- or Kondo exchange
coupling Jx of the local spin of the atom to the substrate
conduction electrons3* For low Jg, the peaks merge with the
coherence peaks at the gap edge 4, whereas for higher Ji, they
shift toward Eg and eventually cross it, commonly referred to as a
quantum phase transition.>” For even higher Jy, the in-gap states
merge with the coherence peaks again. However, different effects
complicate this picture calling for detailed experimental investiga-
tions. The YSR state is accompanied by the formation of the Kondo
state.>3° Orbital effects®**”*° and magnetic anisotropy®>>® can
lead to multiplicity and shifts, and exchange interactions between
the atoms may split or shift the YSR states.?>*°* It is known since
the 1960s that there is a systematic trend in the evolution of the

Kondo screening, which is intimately connected to Ji, within the
series of 3d transition metal atoms doped into the bulk or onto the
surface of various host metals. The Kondo temperature decreases
for each unpaired d electron in the band, showing a minimum in
the middle of the series for Mn and monotonically increasing
toward lower (Cr, V, and Ti) and higher (Fe, Co, and Ni)
occupations.**™*° This systematic behavior has been ascribed to
a renormalization of the Kondo coupling driven by Hund’s
coupling of the electrons in the successively occupied d orbitals.*®
Apart from the Kondo coupling, the energetic position of the YSR
state is influenced by the magnetic anisotropy due to crystal field
splittings.®® Therefore, it is interesting to experimentally investi-
gate the interplay of Kondo coupling, magnetic anisotropy, and
YSR binding energy in a series of 3d transition metal atoms
adsorbed on the same superconducting substrate. Such a
classification has been lacking so far, but is strongly desired
regarding the design of topological superconductivity in dilute
arrays of atoms on elemental superconductors.

Here, we report on a combined experimental and ab initio
investigation for the heavy-element superconductor Re as a
substrate (T.=1.6K), for which strong indications of topological
superconductivity have been previously reported in densely packed
iron chains.'> We show that the YSR state energy is shifting through
the gap by increasing the 3d-orbital occupation going from the
middle towards the right end of the 3d transition metal series, which
correlates with a simultaneous increase in the Kondo coupling, and a
transition from easy-axis to easy-plane magnetic anisotropy as
revealed by spin-excitation spectroscopy. Moreover, the YSR state
energy is affected by the adsorption site of the transition metal
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atom. For Fe atoms adsorbed on the hexagonal close packed (hcp)
site, the YSR state overlaps with the Fermi energy, and the magnetic
anisotropy favors an orientation of the spin in the surface plane.
Both of these properties would favor the emergence of topological
superconductivity in a dilute array made of such impurities.

RESULTS

Topographic signatures

The preparation of an atomically clean (0001) surface of a Re
single crystal and subsequent successive deposition of Mn, Fe, and
Co onto the cold substrate (T< 10K, see Methods) usually results
in a statistical distribution of atoms on the two possible hollow
adsorption sites, face-centered cubic (fcc) and hcp. Figure 1a, b
show constant-current images of samples where either Mn and Fe
(a) or Co and Fe (b) have been deposited (see Supplementary Note
1 and Supplementary Fig. 1 for an overview image). Prior to these
co-deposition experiments, all species were individually deposited
and investigated, which enabled us to discern them. The atoms
can be distinguished by their apparent height and their
adsorption site with respect to the atomic lattice of the Re(0001)
surface (Fig. 1a) determined from manipulated atom images.*’
The adsorption sites of Mn and Co have been determined by their
relative positions with respect to that of Fee. and Fepc, atoms,
which have been characterized in a previous work.'> Fe atoms
have a fcc-hcp ratio of about 1:4 after deposition, appear with
heights of 65pm for Fer. and 75pm for Fe,, and can be
manipulated between the two sites by atom manipulation (see
Methods). Mn atoms adsorb only on the fcc hollow sites, appear
with a height of 90 pm and cannot be manipulated to the other
site. Co atoms occupy only hcp hollow sites after deposition, but
can be manipulated to the fcc site and vice versa. They appear
with heights of 95 pm for Cog.. and 85 pm for Copp.

Kondo resonances and spin excitations

In Fig. 1c—g, we start by studying the spectroscopic signatures of
the different species on the (0001) surface of Re in the normal
metallic state in a larger energy window around Eg (see
Supplementary Note 2 and Supplementary Fig. 2 for spectra
measured on more atoms of each species). Superconductivity was
quenched by applying an external magnetic field of B, =50 mT,
higher than the critical field of bulk Re (B.= 20 mT),*® perpendi-
cular to the surface. The Mng atom in Fig. 1c features a step-
shaped excitation around +1 meV on a largely flat background,
which is assigned to a spin excitation as discussed below. Due to
the absence of a resonance around the Fermi energy, we conclude
that the Kondo energy scale kgTy is considerably smaller than the
experimental thermal energy of 0.025 meV. On the other hand, the
Coy.c atom in Fig. 1f reveals a broad resonance, which indicates a
relatively strong Kondo coupling of its magnetic moment (see the
comment on the spatial extent of the resonances in Supplemen-
tary Note 3). Using the fit to a Frota function (dashed line, see
Supplementary Note 3), a correspondingly large Kondo energy of
ksTc=1.03meV can be approximated via Wilson's*® definition
kgTk = 0.27T ywum from the half width at half maximum ywum. The
Concp atom in Fig. 1g shows neither a spin excitation nor a Kondo
resonance in a range of +20meV around Eg, signaling a vast
quenching of its magnetic moment. The Fe¢. (Fig. 1d) and the
Fencp atoms (Fig. 1e) reveal both kinds of features, i.e. symmetric
steps around +£1 meV (see arrows) and Fano resonances at Ef,
indicating an interplay of spin excitations and relatively weak
Kondo coupling.>® Comparably small Kondo energies of kgTy=
0.18 meV (Fer) and 0.10 meV (Fey,c,) are consistently estimated
from the fits to Frota functions (dashed curves, see Supplementary
Note 4). Note that there is an additional broad resonance for Fey,p,
which points towards a second Kondo screening channel with a
larger Kondo temperature comparable to that of Co.
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Fig. 1 Topographic and spectroscopic signatures of the 3d

transition metal atoms. a Constant-current STM image of Mn and
Fe atoms on different adsorption sites as indicated. The lattice of
surface Re atoms determined from atom-manipulation images is
overlayed (white circles). b Constant-current STM image of Co and
Fe atoms on different adsorption sites as indicated (Scale bars in a, b
have a length of 1 nm, V=6mV, /=200 pA). c-g Tunnel spectra
taken in the normal metal state of the substrate (B,=50mT).
Normalized tunnel spectra taken on (c) Mn¢. (Vsiap = —6 MV, Isap =
3 nA, Vmod =100 ”V): (d) Fefccr (e) Fehcp: (f) Cofccr and (g) Cohcp (Vstab
=20mV, lsap =3 NA, Vinog =40 V). For Fe, the black dashed lines
are fits to the sum of Frota functions, and broadened step functions
at the positions indicated by the black arrows (see the different
contributions indicated by gray dashed lines shifted vertically for
clarity). For Cog, the black dashed line is a fit to a Frota function

Magnetic moments and anisotropies

In Fig. 2, we investigate the magnetic-field dependence of the
different spectroscopic features. The excitation observed on Mng¢,
see Fig. 23, linearly shifts as a function of B, reminiscent of the spin
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Fig. 2 Magnetic-field-dependent tunnel spectra and energy level diagrams. a Normalized tunnel spectra measured on Mng.c (Vstap = —6 MV,
Istab = 3 NA, Vinog = 100 pV, spectra from 0.05 to 3T and 4 to 7T were measured on two different atoms). b Normalized tunnel spectra
measured on Fegc (Vstap = 3 MV, lstap = 1 A, Vinoq = 60 V). ¢ Normalized tunnel spectra measured on Feyp (Vi =3 MV, fseap = 1 NA, Viog =
60 pV). d Normalized tunnel spectra measured on Coy, (gray) and Cog (blue-purple, Vo, =3 mV, lyap, = 1 nA, Vinog = 60 V). The spectrain ¢,
d are vertically offset for clarity. The black arrows in ¢ mark the position of the supposed inelastic excitation at B, = 50 mT. e-h Magnetic-field-
dependent eigenenergies of the effective spin Hamiltonians which are consistent with the experimental data in the same row on the
left, using the following parameters: () Mng, S=2, K=—-156meV, g=2; (f) Fer, S=3/2, K=+1.55meV, g=2; (g) Fenpp, S=3/2,
K=+0.79 meV, g = 1.5; (h) Co¢, S = 1/2. The black arrows indicate the tunnel-electron-induced transitions from the ground state fulfilling the
selection rules. The clouds illustrate the regions where many-body Kondo correlations can occur involving almost degenerate ground states

separated by AS,=+1 or —1

excitation of an atom with a uniaxial out-of-plane magnetic
anisotropy.”’ For Feq., see Fig. 2b, the resonance and spin
excitation evolve into two step-like features (each above and
below Eg), the former almost linearly increasing and the latter
decreasing in energy with a crossing at B,=6T. For B,=11.5T the
latter reaches Ex accompanied by the reappearance of a zero-bias
resonance (see Supplementary Note 5 and Supplementary Fig. 5).
This behavior is very reminiscent of the B, evolution of the
features seen for an atom with easy-plane magnetic anisotropy.>?
For Feycp, see Fig. 2¢, the behavior is qualitatively similar (see also
Supplementary Fig. 4), but heavily obscured by a strongly
asymmetric Fano line shape of the zero-bias resonance, the
weakness of the excitation feature (arrows) and the broad
background resonance. Finally, the Kondo resonance seen on
the Coy, see Fig. 2d, does not show any change up to 8T, as
expected from a strongly Kondo-coupled impurity.”® The Conep
spectrum remains featureless in external magnetic field.

Published in partnership with Nanjing University

In order to further support these conclusions on the magnetic
anisotropies and Kondo couplings, and to quantify these
parameters, we simulate the tunnel spectroscopy data using
models based on the effective spin Hamiltonian
=g Stgu 85, M
which includes a uniaxial anisotropy term with the coefficient of
the magnetic anisotropy K, the spin quantum number S, and the z-
component of the spin operator S, and a Zeeman term with the
atom’s g-factor, the Bohr magneton pg, and the strength of the
magnetic field applied in the z-direction perpendicular to the
substrate plane B,. The spin value S was determined by calculating
the total magnetic moment of the atoms u from ab initio
electronic structure methods, and using the relation y = gSug with
the assumption g=2. The geometry was optimized and the
preferred adsorption sites were determined by using the Vienna
Ab-initio  Simulation Package (VASP, see Methods and
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Table 1. Comparison of the parameters from the experiments and from the ab initio calculations
AE [meV]  pyasp [Us] S = “g’:?’ ksTk/Are experiment  |Jkpg| calc.  Kexp/Are €xperiment  Kyasp/Age calculated  Eysp/Age experiment

Mng¢c —14.6 3.94 2 <0.1 0.32 —6.12+0.51 —-10.78 +0.90 + 0.08

Mnyp 3.76 2 - 0.42 - —10.86 -

Fefec 139.5 3.08 3/2 0.71+£0.17 0.82 +6.08 + 0.41 +10.27 +0.47 £0.15

Fenep 2.84 3/2 0.39+0.12 0.91 +3.10+£0.50 +6.04 +0.16 £ 0.08

COfec 229.2 2.02 1(1/2) 4.04+£0.74 1.52 - +16.27 —0.94 +0.06

Cohep 1.54 1 (0) - 1.97 - +2.98 -

Energy difference between the adsorption sites AE = E¢. — Epcp, Obtained from VASP calculations, total magnetic moment of the atom pyasp obtained from
VASP, and the resulting effective spin values S (note that, for Co, the experimental data suggests the values given in brackets). Experimental Kondo energy
scales kgTy and Kondo couplings |Jkpr| calculated from TD-DFT within KKRJ. Uniaxial anisotropy coefficients K deduced from the fitting of the experimental
spectra to the perturbation theory (Mn¢. and Fer.) and Multi-Frota (Fey,.,) models using the calculated effective spins S, in comparison to the values obtained
from the VASP method. YSR state energies Eysg extracted from the experimental data. The energies are given with respect to the substrate energy gap of Age =
0.255 meV, where meaningful. The errors in the experimental parameters have been estimated from the analysis of different atoms from each species

Supplementary Note 6).>*° For calculating the magnetic
moments, besides the VASP package, two implementations of
the Korringa—Kohn-Rostoker (KKR) Green function method based
on an embedding scheme have been applied: the code developed
in Budapest (KKRBp)>’*® and the program developed in Jiilich
(KKRJ)>*™®" (see Methods). The VASP results are summarized in
Table 1; the results of the other methods are given in
Supplementary Note 7. The energy differences between the
adsorption sites fit well to our experimental findings of the
preferred sites. The magnetic moments of the atoms show the
usual decrease from the middle toward the end of the series (Mn:
~4ug; Fe: ~3ug; Co: ~2up), but with an overall reduction by 1ug as
compared to the values of the free-standing atoms calculated
from Hund’s rules for 5, 4, and 3 unpaired d electrons, and a
consistently smaller moment for the hcp with respect to the fcc
species. The decreased magnetic moments of the atoms may be
attributed to the delocalization of the d electrons due to the
hybridization with the metallic substrate, which is stronger for the
hcp site due to a larger relaxation towards the surface
(Supplementary Note 6). The magnetic moment of Copp
decreases with respect to that of Cof. and almost vanishes
within KKRBp, indicating the strong tendency towards a complete
quenching of its magnetism, which can be rationalized within the
Stoner picture (Supplementary Note 7). The resulting approximate
values of the spin quantum number S used within the effective
spin model are given in Table 1. Note, that the full physics of 3d
transition metal atoms adsorbed on the metallic surface of a 5d
transition metal is correctly described within the concept of a
Hund's impurity,”® where the assumption of a discrete integer or
half-integer spin may be no longer valid. However, as was shown
before,*® the magnetic-field dependence of the spin excitations of
a Hund’s impurity are, in many cases, still modeled well by the
perturbation-theory model®® using the effective spin Hamiltonian.
Therefore, we use it here in order to rationalize the excitations and
zero-bias resonances, as well as to quantify the magnetic
anisotropies and Kondo couplings.

The magnetic-field dependence of the simulated tunnel spectra
using the perturbation-theory model®® excellently reproduce the
experimental data of Mn¢ and Fe;. (see Supplementary Fig. 3 for
a comparison of experimental data and simulation). The fitted
values for magnetic anisotropy (K) and product of Kondo coupling
with the density of states of the substrate at the Fermi level (JxoF)
are K= —1.56 meV and Jxor = —0.02 for Mng¢, i.e. a uniaxial easy-
axis anisotropy with negligible Kondo coupling, and
K=+155meV and Jxor=—045 for Fes, ie. an easy-plane
anisotropy and weak Kondo coupling (remaining parameters in
Supplementary Note 4). The corresponding level schemes are
shown in Fig. 2e and f. In particular, the zero-bias resonance and
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excitation step observed on the Fe¢. atom can now be assigned
to the Kondo state involving the degenerate S, = +1/2 spin levels,
and degenerate spin excitations into the S,==+3/2 levels,
respectively. They are evolving into two spin excitations (—1/2
to +1/2 and —3/2), the former increasing and the latter decreasing
in energy with B, (see arrows in Fig. 2f), which finally leads to the
reappearance of the Kondo peak when the S, = —1/2 and S, = —3/
2 levels cross around B,=11.5T (Supplementary Note 5 and
Supplementary Fig. 5). A similar easy-plane anisotropy level
scheme is consistent with the experimental data of Fey, see
Fig. 2g. However, due to the strongly asymmetric Fano line shape
of the zero-bias resonance and the broad resonance of the
background, the spectra cannot be fitted with the used
perturbation-theory code, that does not yet include interference
effects from tunneling into the hybridized d-states of the atom
and into the continuum of conduction-band states of the
substrate. Instead, we used a superposition of magnetic-field
dependent Frota functions and steps resulting in K= +0.79 meV
(Supplementary Note 4). For Cog¢. the indifference of the broad
resonance to the magnetic field up to B,=8T cannot be
reconciled with the perturbation theory simulations assuming
the calculated effective spin of S = 1. In contrast, it would be more
consistent with a S=1/2 impurity system in the strong Kondo-
coupling regime, where the Kondo resonance is relatively
insensitive to moderate magnetic fields, as shown by numerical
renormalization group calculations.®® Our experimental data
therefore suggests the level scheme in Fig. 2h. Note, that this
apparent discrepancy between the experiment and the ab initio
calculated moment could be resolved by considering multi-
channel Kondo effects of an S=1 spin.*® Finally, for Copp the
absence of any spectroscopic features around E is consistent with
the quenching of the magnetic moment obtained from the KKRBp
ab initio calculations as explained within the Stoner model.

The extracted experimental magnetic anisotropies are summar-
ized in Table 1 together with the experimental Kondo energies. As
also shown in the table, the experimentally extracted parameters
are qualitatively reproduced by the magnetic anisotropy values
calculated from the VASP method (see Methods) and by the
Kondo couplings calculated from time-dependent density func-
tional theory (TD-DFT) within the KKRJ method (Supplementary
Note 8). Renormalization effects induced by the Kondo screening
could explain the deviation of the calculated magnetic aniso-
tropies from the experimental values.®> The combined data
reveals a systematic decrease in the magnetic moment and an
increase in the Kondo coupling going from the center of the 3d
transition metal series (Mn) towards the end (Co) and from fcc to
hcp adsorption site. The determined Kondo energy scales thereby
vary from values that are much smaller than the energy gap of the
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Fig. 3 Yu-Shiba-Rusinov states. a, ¢, @ Raw tunnel spectra measured
on (a) Mngec (Vsiab = —1 MV, Istab = 3 NA, Vinog = 40 pV), (c) Fehcpr and
Ferce (Vstab=1mV, lstab =0.2 NA, Vioq =40 V), and (e) Cone, and
Cosec atoms (Vieap = 1MV, Iap = 0.2 NA, Vinog =40 pV). The dashed
lines are the substrate spectra taken for each species using the same
microtip. All spectra have been measured at B,=0T. b, d, f
Normalized tunnel spectra from each of the raw spectra in the panel
above, obtained by subtraction of the respective substrate spectrum

substrate Age ~ 0.255meV (for Mng), over values comparable to
Age (for Fer and Feyp), to values that are much larger than Ag.
(for Cosc). This trend is accompanied, for the particular case of
adsorption on the Re(0001) substrate, by a transition in the
magnetic anisotropy from easy-axis to easy-plane, where the
absolute values of the magnetic anisotropy are several times
larger than Age. In the following, we will experimentally investigate
how these magnetic properties reflect in the YSR state binding
energies of all species when the substrate is driven into the
superconducting state (B,=0T).

Yu-Shiba-Rusinov states

Tunnel spectroscopy performed on the Re substrate reveals the
typical energy gap of Age with coherence peaks at the gap edges

Published in partnership with Nanjing University
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(Fig. 3a, ¢, e, gray dashed lines). Spectra taken on top of Mng
(Fig. 3a, green) show a tiny shift of spectral weight from the
coherence peaks into the band gap (see Supplementary Note 2
and Supplementary Fig. 2 for spectra measured on more atoms of
each species). The corresponding spectroscopic features get more
obvious in the normalized spectrum (Fig. 3b) exhibiting two peaks
inside the gap, energetically symmetric around Er, which we
assign to the YSR states of Mn¢.. (see the comment on the spatial
extent of the YSR states in Supplementary Note 3). The YSR states
almost merge with the original coherence peaks. Considering the
small Kondo coupling discussed above, we assume that the
ener%k/ shift of the Mn¢.. YSR state from the gap edge is very small,
i.e. Eyene &~ +0.23meV with respect to E. In contrast, for both
types of Fe atoms, the resonances are well inside the gap, see
Fig. 3¢, d, which we assign to moderately bound YSR states. For
the Fe¢ atom the energy is around EFe’cc ~ +0.12meV. For the
Fencp atom the asymmetric shape of the tunnel spectra consFlsts of
a pair of YSR resonances at the position of roughly Eyer® ~
+0.04meV compared to Er, as was investigated in ref. °
Interestingly, the narrow zero-bias features of both Fe species
associated with the weak-coupling Kondo resonances shown in
Fig. 1d, e are completely suppressed in the superconducting state
of the Re substrate (see Supplementary Note 9 and Supplemen-
tary Fig. 7).3® For the Cog. magnetic impurity the YSR states are
again almost merging with the coherence peaks in Fig. 3e, f. Since
it was found that this atom possesses the strongest Kondo
coupling, we suppose that the YSR states have already crossed E,
and are located at ES% ~ —0.24meV, in contrast to the positive
value assigned to the Mng atom. Finally, the Coy, impurity does
not show any signature of in-gap states, which is consistent with
the full quenching of its magnetic moment.

DISCUSSION

The experimentally measured YSR binding energies are sum-
marized in Table 1 together with the magnetic moments,
anisotropies, and Kondo energies. We see that going from the
center of the 3d transition metal series (Mn) toward the end (Co),
and from fcc to hcp adsorption site, the decrease in y and
increase in kgTy correlates with a systematic shift of the YSR
state from the coherence peak at one gap edge across Ef
towards the coherence peak on the other side of the gap. The
evoluton of the Kondo energies is consistent with the well-
known systematics of the Kondo coupling of impurities from the
3d series doped into metallic hosts.**™*® For the investigated
system of atoms adsorbed on the (0001) surface of Re, the
increase of kgTy is accompanied by a simultaneous transition of
the magnetic anisotropy from out-of-plane to easy-plane.
Thereby, since the absolute values of the magnetic anisotropy
are large (compared to Ag.), the very nature of the sub-gap
states can be affected, which complicates the phase diagram of
the YSR states.>® Therefore, we cannot disentangle the effects of
Kondo coupling and magnetic anisotropy on the energetic
position of the YSR states.

As we find experimentally, the magnetic state of Fey,, is closest
to the situation where the YSR state just crosses Eg. This result has
interesting implications considering the theoretical suggestions
for the emergence of topological superconductivity in dilute
arrays of weakly coupled magnetic atoms on the surface of heavy-
element superconductors,®® ie. to choose magnetic impurities
whose YSR states have a broad spectral weight at Er. From our
results, we expect that arrays of weakly coupled Fey,., atoms on Re
are the most promising candidates to realize one- and two-
dimensional topological superconductivity. As the Dzyaloshinskii-
Moriya component of the Ruderman-Kittel-Kasuya-Yosida
exchange interaction is usually strong for the heavy-element
substrate,'>®* the easy-plane magnetic anisotropy of Fenp
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facilitates the formation of non-collinear spin states in an array.
This can further support topological superconductivity.

We finally expect a similar increase in the Kondo coupling for
lower occupation of the 3d states, i.e. going from Mn over Cr and V
to Ti. A comparable systematics should exist for the series of 3d
transition metal atoms on other heavy-element superconducting
substrates. Simultaneously, the magnetic anisotropy may be
engineered by varying the strength of the spin-orbit coupling in
the substrate. Therefore, our results enable to steer the search for
topological superconductivity in the platform of dilute arrays of 3d
transition metal atoms on heavy-element superconducting
substrates.

METHODS
Experimental procedures

All measurements were performed in a home-built ultra-high-vacuum
scanning tunneling microscope (STM) setup at T=0.3 K with an optional
magnetic field B, of at most 12 T applied perpendicular to the sample
surface.®® We used electrochemically edged tungsten tips that were
flashed to T=1500K before inserting them into the STM. The Re(0001)
crystal was cleaned by Ar ion sputtering, followed by multiple cycles of O,
annealing at T=1530K and flashing to T= 1800 K. Mn, Fe, and Co atoms
were successively deposited keeping the substrate at T< 10K. The bias-
dependent differential conductance d//dV was measured using a Lock-In
amplifier by modulating the bias voltage V with Vg = 0.04-0.20 mV at a
frequency of f,oq = 4142 kHz, and at constant tip height stabilized at a bias
voltage Vi, and tunnel current /g, before opening the feedback loop for
measurement. Note that the bias voltage is applied to the sample and zero
bias corresponds to Eg. In order to remove any effects in the tunnel spectra
measured in this way from a residual variation in the tip density of states
and in order to increase the visibility of spectral features stemming from
the atoms, tunnel spectra taken on the atom were normalized by division
(“norm.”) or subtraction (“difference”) of a substrate spectrum taken with
the same microtip, and are called “normalized di/dV". Single atoms were
manipulated using STM-tip-induced atom manipulation by lowering the
bias voltage and increasing the setpoint current to the manipulation
parameters V=1mV and /=100 nA.

VASP-based calculations

During the VASP>*~> calculations, the exchange-correlation functional was
parametrized using the Perdew-Burke-Ernzerhof (PBE)®® method within the
generalized gradient (GGA) approximation. The considered system
consisted of four layers of Re in hcp stacking along the (0001) direction
with 7 x 7 atoms in each layer and a single 3d adatom. The in-plane lattice
constant was chosen to be a=2.761A, and the bulk interlayer distance
was set to d=2.228A. A vacuum region of minimum 9A was kept
between the slabs in order to minimize interactions between them. The
Brillouin zone was sampled by the Gamma point only because of the large
supercell size. The positions of the bottom three Re layers were kept fixed
during the calculations, while the Re atoms in the top layer and the
adatom were allowed to relax along the direction perpendicular to the
surface. It was found that allowing the atoms to also move in the plane
does not make any of the adatoms switch between fcc and hcp adsorption
sites, primarily because the force acting on them always points along the
out-of-plane direction due to the symmetric arrangement of the
neighboring Re atoms. The anisotropy coefficients K were determined
from total energy differences between in-plane (x) and out-of-plane (2)
orientations of the magnetic moment of the adatom,
K = Ewot(ey || €z) — Eror (e || &), where e, ey, and e, denote unit vectors
along the magnetic moment direction as well as along the x and z axes.
Spin-orbit coupling was included in the anisotropy calculations and 3 x 3 x
1 k points were considered in the Brillouin zone integration.

KKRJ-based calculations

Within the KKR code developed in Jiilich® the atomic sphere approximation
(ASA) was used with an angular momentum cutoff of /., = 3. Calculations
based on the full-potential version of the code are presented in the
Supplementary Material. The exchange and correlation potential was treated
within the local density approximation (LDA) using the parametrization of
Vosko, Wilk and Nusair.®” The unit cell used for the slab calculations contained
20 Re layers in hcp stacking. The Re substrate was converged self-consistently
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using 40 x 40 k points in the full Brillouin zone. It was found that the size of
the embedding cluster used to simulate the adatom was not of the same
importance as recently experienced on the Pt substrate®' for the convergence
of different quantities of interest, such as the magnetic moments or the
magnetic anisotropy energy. Therefore, we considered a real-space cluster
containing 47 sites, including 37 Re atoms, which was built around a vacuum
site located above the Re(0001) surface for the two different adsorption sites,
hcp and fcc. Mn, Fe and Co impurities were then embedded self-consistently
above the Re substrate. The vertical positions of the adatoms during the
calculations are reported in Supplementary Note 6.

KKRBp-based calculations

Besides the VASP and KKRJ methods, we also performed electronic
structure calculations using the KKR code developed in Budapest
(KKRBp).58 The potential of bulk Re was determined self-consistently as a
first step. Then the surface was constructed from 8 layers of Re and four
layers of empty spheres (vacuum) sandwiched between semi-infinite bulk
Re and semi-infinite vacuum. The geometrical parameters were the same
as in the KKRJ calculations listed in Supplementary Note 6, with the
adatoms to be embedded in the vacuum layer closest to the surface. Also
similarly to the KKRJ calculations, the atomic sphere approximation (ASA)
was used with an angular momentum cutoff of /., = 3. The parametriza-
tion of the exchange-correlation potential within the LDA was based on
the Ceperley-Alder method.%® The energy integration was performed on a
semicircle contour containing 16 points, with up to 547 k points in the
irreducible part of the Brillouin zone at the energy points close to the
Fermi level. The self-consistent calculations for the adatoms were carried
out by embedding a cluster of atoms in the layered system.>” For the hcp
adsorption site the cluster contained 128 atomic spheres (1 adatom, 61 Re
and 66 vacuum), while 136 atomic spheres (1 adatom, 69 Re and 66
vacuum) were included for the fcc adsorption site. The direction of the
exchange-correlation magnetic field B,., which should be parallel to the
magnetic moment in the ground state, was oriented along the out-of-
plane direction for all atoms in the cluster during the self-consistent
calculations.
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