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Direct signatures of d-level hybridization and
dimerization in magnetic adatom chains on a
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Magnetic adatom chains on superconductors provide a platform to explore correlated spin states and
emergent quantum phases. Using low-temperature scanning tunneling spectroscopy, we study the dis-
tance-dependent interaction between Fe atoms on 2H-NbSe,. While single atoms exhibit four Yu—Shiba—
Rusinov states and partially occupied d levels consistent with a S = 2 spin state, the spin is quenched
when two Fe atoms reside in nearest-neighbor lattice sites, where the d levels of the atoms hybridize. The
non-magnetic dimer configuration is stable in that dimerization persists in chains with weak interactions
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among the dimers. Thus, the spin-state quenching has important implications also for Fe chains. While
even-numbered chains are stable and non-magnetic, odd-numbered chains host a single magnetic atom
at one of the chain’s ends, with its position being switchable by voltage pulses. Our findings emphasize

rsc.li/nanoscale the role of interatomic coupling in shaping quantum ground states.
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. Introduction

Chains of magnetic atoms on superconductors constitute fas-
cinating systems for the design of topological superconduc-
tivity and correlated one-dimensional states."* Exchange inter-
actions of the unpaired adatom spins with the underlying
superconductor induce Yu-Shiba-Rusinov (YSR) states inside
the superconducting gap of the substrate.” If two atoms are
located sufficiently close to each other such that their YSR
wave functions overlap, they may hybridize and form sym-
metric and antisymmetric linear combinations.”™° In long
chains these hybridized states evolve into bands which may
host topological superconductivity if they are partially
filled."™'* For even closer spacing of adatoms, hybridization
and band formation may also happen directly in the atoms’ d
levels. In case of an odd number of spinless bands crossing
the Fermi level with either a non-collinear spin texture or
strong spin-orbit coupling in the bulk, these systems may also
exhibit topological superconductivity and Majorana end
states.* ™

Indeed, signatures of Majorana zero modes were first
observed in ferromagnetic chains of self-assembled Fe atoms
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on Pb(110)"*'® contrary to structurally similar Co chains,"®
highlighting the role of the number of d-derived bands cross-
ing the Fermi level. Chains of densely-spaced adatoms were
also created by precise positioning of the atoms using the tip
of a scanning tunneling microscope (STM), where the evol-
ution of the YSR states was followed atom by atom but with
little consideration of the d levels.”*° Chains with larger
interatomic spacings also showed signatures of YSR band for-
mation where the d level interactions are probably
negligible.”” "

Common to all these experiments is an equidistant spacing
of the atoms in the chains. Hence, the interaction and
hopping amplitude between neighboring atoms can be
assumed to be uniform. However, introducing a modulation in
the hopping strength by deliberately varying the spacing or
coupling between atoms would emulate the physics of the Su-
Schrieffer-Heeger (SSH) model.** This model, originally devel-
oped to describe polyacetylene, predicts the emergence of
topologically protected edge states in chains with alternating
bond strengths. Realizing an SSH-like scenario with magnetic
atoms on a superconducting substrate could be an additional
approach to creating topological phases.

The most natural way of realizing of alternating hopping
strength in an atomic chain is by placing the atoms at alternat-
ing distances. However, the realization is constrained in that
adatoms can typically be positioned only at integer multiples
of the substrate’s lattice constant.

Here, we investigate the coupling strength between Fe
atoms on 2H-NbSe, by systematically varying the distance from
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nearest-neighbor sites to a few lattice constants using the tip
of a STM. We observe an abrupt change in the interaction
mechanism when the separation is reduced from two lattice
constants to one. At the shortest distance, direct hybridization
of the Fe d-orbitals becomes possible, whereas at larger separ-
ations, coupling occurs only through substrate-mediated inter-
actions. Notably, this direct coupling leads to a complete
quenching of the Fe dimer’s magnetic moment.

As the chain length increases, we find that the atoms spon-
taneously dimerize, with even-numbered chains forming
paired units, while odd-numbered chains exhibit an unpaired
atom at one end that retains its magnetic moment and conse-
quently exhibits YSR states. Following the evolution of the d
levels from the single atom to the chain also suggests weak
d-level coupling between dimers. While our chain thus self-
tunes into dimerization with alternating hopping, the weak
inter-dimer coupling is insufficient to support a SSH-like topo-
logical phase.

ll.  Experimental methods

We use a JT-scanning tunneling microscope from SPECS
working at 1.1 K for all experiments. We enhance our energy
resolution beyond the Fermi-Dirac limit by using supercon-
ducting, Nb-coated W or NbTi tips for all measurements. A Nb
single crystal was cleaned by standard sputter and flash-anneal
cycles until an oxygen reconstructed surface was obtained and
differential conductance (dI/dV) spectra showed the full super-
conducting gap of bulk Nb. The tip was then repeatedly
indented into the crystal until the di/dvV spectra showed
approximately twice the superconducting gap width of Nb,
revealing the presence of a superconducting gap at the tip. The
same tip was then used on the 2H-NbSe, crystals. We indicate
tip gaps in dI/dV spectra by gray shaded areas and state their
precise sizes in the figure captions. Smaller tip crashes were
performed on both the Nb and the NbSe, surface to sharpen
and stabilize the tip.

We cleaved the 2H-NbSe, crystals in ultra-high vacuum
using sticky tape and transferred them into the STM. We evap-
orated Fe atoms directly into the STM with the temperature
remaining below 12 K. We precisely positioned the atoms by
laterally approaching the tip to an atom at a set point of a few
nanoampere (1 nA to 7 nA depending on the tip apex) at 4 mv
and tracking its motion as jumps in the current and z traces
while dragging the atom across the surface. Upon reaching the
desired position, we release the atom by returning to standard
measuring set points.

We record dI/dV spectra using two different protocols. For
spectra across the superconducting gap we fix the tip at a
specific height by switching off the feedback loop at the set
point indicated in the figure captions. We then ramp the bias
voltage while recording the dI/dV signal using a standard lock-
in technique. For spectra at higher energies that do not span
the superconducting gap, we keep the feedback loop activated
during the measurement, such that the tip is retracted as the
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bias voltage increases. The dI/dV signal is obtained via a lock-
in amplifier with a modulation signal added to the bias
voltage at a given frequency. This procedure allows measure-
ments over a large bias voltage range with large signals and
without risking destruction of the tip or adatom structure.

In addition to standard constant-current topographies, we
also record constant-d7/dV topographies. In this case the feed-
back loop is set to regulate on a chosen dI/dV signal instead of
the current. The resulting image closely resembles a constant
contour of the density-of-states, which has proven particularly
efficient for probing hybridization of states.**

In this work, we aim to investigate the evolution of the Fe
d-level resonances as two atoms are brought into proximity
and as longer chains are formed. Since d-level hybridization is
closely connected to modifications in the Yu-Shiba-Rusinov
states, a full understanding of the electronic and magnetic
interactions between adatoms requires examining both features
simultaneously. We therefore begin by analyzing the YSR states
of Fe dimers at varying separations. While the YSR states of
dilute Fe dimers on 2H-NbSe, have been extensively studied in
previous works,*****?% we revisit them here to provide a com-
plete and unified perspective. Topographic images of the 2H-
NbSe, crystal show the atomically resolved terminating Se lattice
and an additional periodic height modulation of approximately
three lattice constants a resulting from the incommensurate
charge-density wave (CDW) that coexists with superconductivity
in 2H-NbSe, at low temperatures. The CDW has been shown to
affect the energies of the YSR states,’® requiring not only the
determination of the adsorption site of the Fe atoms on the
atomic lattice of the substrate, but also with respect to the CDW.
Detailed information on the specific adsorption geometries of
all structures discussed in the following can be found in the
Supplementary Information (SI), section S1.

Results

A. YSR states of Fe monomers and dimers

We begin with the Fe monomer, for which a differential con-
ductance spectrum and atomic-resolution topographic image
are shown in the top row of Fig. 1a. Consistent with previous
studies, the monomer exhibits four YSR states that we ascribe
to the crystal-field split d levels with each of the singly-occu-
pied levels inducing a YSR state.’® Additional resonances at
+1.69 mV and +1.59 mV originate from nearby atoms, as
detailed in SI, section S1. When a second Fe atom (orange in
Fig. 1a) is brought close to the original monomer (blue in
Fig. 1a) at separations of only a few lattice constants (d = 3a
and d = 2a; second and third rows of Fig. 1a, respectively), the
spectra display clear signatures of YSR hybridization. These
include an increased number of resonances and shifts in their
energies, consistent with earlier reports.**** In the d = 2a con-
figuration, the peaks appear broader and with shoulders,
which we interpret as several split YSR states overlapping in
energy.*’

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 YSR states of Fe monomer and dimers at different spacing. (a) d//
dV spectra were recorded on the center of the Fe atoms as indicated by
the colors in the corresponding topographic images shown on the
right-hand side. The interatomic spacings are given next to the spectra.
Substrate spectra are shown in gray for comparison. The spectra
recorded on the 1a dimer are multiplied by two for better visibility. (b)
Schematic adsorption geometries of the monomer and the dimers. The
blue circle indicates the position of the monomer. The numbers indicate
the position of the second atom and the distance in numbers of lattice
sites from the first atom. All atoms sit in equivalent adsorption sites with
respect to the Se lattice as well as the CDW, and each dimer is mirror
symmetric around its center. Ay, ~ 1.30 mV (gray shaded area in
spectra). Set points: topographies 10 mV, 100 pA; spectra: 5 mV, 750 pA;
lock-in modulation Vs = 15 pV.

Interestingly, once the atoms are brought into nearest-
neighbor sites, ie., at a distance of a that we refer to as a
“dense” dimer (bottom row of Fig. 1a), the individual atoms
are no longer resolved in the topographic images. At the same
time, all YSR states associated with the dimer atoms disappear
from the differential conductance spectra. (The small remain-
ing resonances within the superconducting gap originate from
a different nearby atom, as discussed in SI, section S1.)

The abrupt disappearance of YSR states upon forming a
dense dimer may arise from several mechanisms. Most
notably, d-level hybridization drastically changes the energy
levels and their occupation, which may lead to the formation
of a singlet state S = 0. The absence of any magnetic moment
consequently suppresses the YSR states. Similar singlet for-
mation has been observed for closely spaced Mn dimers on
Cu,N and MoS,.*”*® This scenario of direct coupling of the
d-derived states will be examined in more detail below.

This journal is © The Royal Society of Chemistry 2025
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However, beyond this straightforward interpretation, other
factors must be carefully considered, in particular changes in
the exchange coupling strength arising from variations in
adsorption site or local strain. For instance, the atoms may
attract each other and become slightly displaced from their
original adsorption sites. This scenario is possible as the
lattice constant of Fe crystals is smaller than the spacing
between the hollow sites of NbSe, that are occupied by the
atoms. Strain-induced modifications of YSR states have been
reported in previous experiments,”® and density functional
theory suggests that for dense Cr dimers on f-Bi,Pd, a combi-
nation of atomic displacement and antiferromagnetic spin
alignment is likely.>® In our case, if the Fe atoms in the dense
dimer were indeed lifted from their original monomer adsorp-
tion sites or subject to local strain, the exchange coupling to
the substrate would likely be varied. However, each of the indi-
vidual coupling channels would be affected differently and,
therefore, a sudden suppression of all four YSR states upon
dimerization seems unlikely.

B. d levels of Fe monomer and dimers

To possibly distinguish these scenarios, we investigate the
change of the d levels in the different dimers. To do so, we
recorded constant-current dI/dV spectra as detailed in the
methods section. As YSR states originate from unpaired spins
in partially occupied d levels, the corresponding d states
should show up as resonances at both positive and negative
bias voltages. Here, we focus on the positive bias range, where
the lower tunneling barrier allows for better resolution of indi-
vidual resonances compared to the occupied states at negative
bias. For spectra at negative bias see SI, section S3. Fig. 2a
shows selected spectra of the Fe monomer and dimers at
various adatom spacings. For comparison, spectra recorded on
the bare surface are shown in gray. The positions at which the
spectra were taken are marked by color-coded dots in the topo-
graphic images in Fig. 2b. Spectra of the monomer and the
dimers at 2a and 3a appear very similar. We observe three dis-
tinct resonances at approximately 0.60 V, 1.20 V, and 1.85 V
with the latter exhibiting a shoulder on its high-energy side.
These four features are consistent with the presence of four
partially filled d levels, as expected from the four observed YSR
states. At a distance of 2a, the most intense resonance shifts
downward in energy by about 50 meV compared to the
monomer, indicating some weak interactions among the
atoms. With only minor changes in the spectra, we classify
this and all larger spacings as dilute limit.

Spectra recorded on the 1a dimer (bottom row of Fig. 2)
differ drastically from those on the monomer and the 2ag and
3a dimers. Unlike the distinct resonances seen in the dilute
cases, spectra on the center of the 1a dimer are nearly flat up
to 1.3 V with the first clear resonance at approximately 1.45 V,
another one at 1.95 V and a broader feature at 2.5 V (orange
spectrum). Hence, four resonances in the unoccupied states of
the single atom are replaced by three unoccupied ones on the
dimer. The edge of the dimer is distinct from the center with a
resonance at approximately 1.80 V (blue spectrum). The pro-
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Fig. 2 Spectral signature of d levels. (a) Constant-current d//dV spectra of the monomer and three differently spaced dimers (spacings indicated in
each panels are valid for each row) show the d-level resonances. (b) The location of the spectra in (a) are marked in the STM topographies by color-
coded dots. (c) False-color plots of constant-current spectra are recorded along the dashed lines in the corresponding panel in (b). The spectra
plotted in (a) are indicated by dashed lines of corresponding color. The d levels are drastically different in the 1a dimer compared to the larger-
spaced configurations. Set points: (a), (c) 200 pA; (b): 10 mV, 100 pA; V;ms = 5 mV.

nounced changes in the d-level spectra for the 1a dimer, as
opposed to the relatively minor changes in the dilute 2a and
3a dimers, suggest a strong interaction between the d levels.
Given the close spacing, we refer to this case as the dense
limit.

To elucidate the nature of this interaction, we examine the
spatial distribution of the constant-current df/dV spectra along
the dimer axis. The constant-current spectra along the white
dashed lines in the corresponding topographic images
(Fig. 2b) are shown as color plots in Fig. 2c. For the Fe
monomer and atoms in the dilute dimers the three resonances
mentioned above are localized at the center of the atoms.
Slightly off the atoms, the most intense resonances seems
drastically reduced in intensity and dispersing toward higher
energy, finally merging with the bulk bands at 2.3 eV. In
between the atoms of the 2a and 3a dimer, these states overlap
and lead to a broad feature with no space to further disperse.

As already inferred from the individual d//dV spectra, the d
levels are drastically different for the 1a dimer. The resonance
at 1.45 V is centered between the atoms of the dimer, consist-
ent with a bonding orbital. In contrast, the resonance at 1.80 V
is localized at the outer edges of the dimer with no intensity in
between. This distribution resembles an anti-bonding orbital.

26814 | Nanoscale, 2025, 17, 26811-26819

The resonances at 1.95 V and 2.5 V are also localized between
the atoms, potentially representing additional bonding orbi-
tals. Furthermore, we observe states dispersing toward higher
energies at the dimer edges. The similarity of these features
across all dimers suggests a substrate-related origin, with the
energy shifts likely influenced by the local potential of the
adatoms.

Bonding and anti-bonding orbitals originate from the sym-
metric and anti-symmetric linear combination of the crystal-
field split d levels. This picture can be validated by analyzing
constant-dI/dV topographies, which are most appropriate for
bringing out the absence/presence of nodal planes at the
corresponding bias voltages. We start by discussing such a
constant-dI/dV image of the Fe monomer. Fig. 3a and b show a
constant-current topography at 10 mV and a constant-dZ/dV
topography at 1.87 V of the same area, respectively. In the con-
stant-current image (Fig. 3a), the atom appears with a triangu-
lar shape, likely resulting from hybridization between the Fe d
states and the surrounding Se atoms forming the triangular
adsorption site.'® The corresponding constant-df/dV image in
Fig. 3b displays large intensity within a rounded triangle
shaped region centrally around the atom. Note that this tri-
angle is mirrored relative to the one seen in the constant-

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Maps of the hybridized d levels. (a), (c), (e) Constant-current STM
topographies of an Fe monomer, a 2a dimer and a 1a dimer, respectively.
(b), (d), (f), (g) Constant-dI/dV STM topographies recorded of the same
areas depicted in the above topography at the energies indicated in the
bottom right corner. Characteristic intensities in addition to the center
are indicated by dashed lines. Set points: (a), (c), (¢) 10 mV, 100 pA; (b),
(d), (f), (g): bias voltage given in each panel, lock-in voltage = 1 V; (b),
(d), (9): Vims = 30 mV, (f): Vs = 50 mV.

current image. In addition to this central shape there are elev-
ated regions parallel to the sides of the central triangle that are
highlighted by blue dashed lines. They reflect the spatially
extended orbital from hybridization with the Se atoms.

Fig. 3c and d show an analogous data set recorded on the
2a dimer. The atoms are sufficiently close-spaced for parts of
the monomer features to overlap as already visible from the
constant-current topography (Fig. 3c). In the constant-d7/dV
topography at 1.82 V (Fig. 3d) the main features that we
observed on the monomer (i.e., a rounded triangular shape of
the high intensity surrounded by smaller features that are
approximately parallel to the triangle’s sides) appear deformed
but recognizable on the 2a dimer. The almost preserved shape
together with the minimal energy shift compared to the
monomer, corroborate the absence of strong d level
interactions.

In case of the 1a dimer the individual atoms can no longer
be distinguished in the constant-current topography (Fig. 3e).
This pronounced change in the topographic signal is
accompanied by significant alterations in the spectral features
compared to both the monomer and the dilute dimers. We
focus here on constant-d//dV images of the previously identi-
fied symmetric state at 1.45 V (Fig. 3f) and the antisymmetric
state at 1.77 V (Fig. 3g). The image of the state at 1.45 V reveals
a single bright trapezoidal feature centered on the dimer,
likely resulting from the spatial compression of features
observed on the 2a dimer. Below this bright region, a lower-
intensity, bowl-shaped feature is visible, which may originate
from the overlapping side-parallel features associated with
each atom (colored dashed lines). However, the upper side-par-
allel features seen in the monomer and 2a dimer are not

This journal is © The Royal Society of Chemistry 2025
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clearly discernible here. Crucially, no nodal line is observed
between the atoms, supporting the interpretation of this state
as a symmetric linear combination of monomer orbitals.

In contrast, Fig. 3g, recorded at 1.77 V over the same area,
clearly shows a nodal line centered on the dimer (highlighted
by a white dashed line), indicating an antisymmetric combi-
nation of the monomer states. The two bright lobes on either
side of the nodal line are narrower at the bottom, potentially
reminiscent of the triangular features observed on the
monomer. A faint feature above the lobes may relate to the
top-side-parallel feature seen on the monomer.

Among the states we analyzed, the one at 1.77 V is the only
one that clearly exhibits antisymmetric character. (Additional
constant-dZ/dV images are provided in SI, section S4.) Other
antisymmetric states may lie beyond our energy window or be
obscured by overlapping symmetric states. It is important to
emphasize that hybridization significantly alters the energy
level alignment and state occupation. Due to the limited
resolution at negative bias voltage, we cannot completely track
the hybridization of all crystal-field split levels.

However, from drastic changes of the d-level spectra, we
conclude that the absence of YSR states in the dense dimer is
most likely due to hybridization of the adatoms’ d levels and
their occupation leading to a spin singlet such that only full or
empty but no partially filled levels are present in the 1a dimer.

C. Dense Fe chains

The hybridization of d derived states provides a promising
basis for band formation. To observe related signatures, we
extend the 1a dimer by adding additional atoms to form dense
Fe, chains, where n indicates the number of atoms in the
chain. Here, we show representative data on an even (Feg) and
odd numbered (Fe,) chain.

The topography of the Fes chain exhibits three bright lobes,
each of them resembling the shape of the 1a dimer (Fig. 4b).
The topographic appearance, thus, suggests dimerization
along the chain. To resolve the consequences in the electronic
structure, we monitor the d levels in the same energy range as
for the dimer above. Individual spectra are shown in Fig. 4a
with their corresponding position marked by the color-coded
dots on the topography. The spectra at the terminating dimer
(both on the center and edge) closely resemble those on an iso-
lated dimer. Only the spectrum between two dimers (green)
shows a slightly different intensity distribution between 1.2 V
and 1.8 V as compared to the edge spectrum (blue). Similarly,
the resonance, that is found at approximately 1.9 V centrally
on the terminating dimer (orange) is found at lower energy on
the middle dimer of the Fe, chain (red).

The difference between the chain’s edges and its bulk is
also visible in the color plot of spectra recorded along the
chain (Fig. 4c). Generally states of the dimer within the bulk of
the chain appear at lower energies compared to the dimers at
the chain edges. The electronic structure of a dimer, thus,
seems to be preserved with only weak interaction among the
dimers. Consequently, dimerization of the Fe atoms appears to
inhibit the formation of extended d-derived bands.

Nanoscale, 2025, 17, 26811-26819 | 26815


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5nr03194j

Open Access Article. Published on 04 November 2025. Downloaded on 3/14/2026 5:55:29 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Paper Nanoscale
()5
o
5; 2
g1
N
EO CO
3 1.5 20 25
sample bias (V
(d) P (V)
3 4f
s °F
& 34
BE
S b e
} B 1
o 0.5 1.0 1.5 2.0 2.5 1.0 1.5 2.0

sample bias (V)

sample bias (V)
(g) ] v

3F I 7
<2f : ’
N ]

1t forward 7

OT PRI BTN SR RATHNT ST SATIN NS ST ST A ST ST SN SN SR S SR

0.5 1.0 1.5 2.0 2.5 3.0

sample bias (V)

Fig. 4 Dense Fe chains. (a) and (d) Constant-current spectra were recorded at different positions along the Feg and Fe; chain, respectively. (b) and
(e) The location of the spectra in (a) and (d) are color-coded in the constant-current topographic images. (c) and (f) Color plots of constant-current
spectra recorded along the white dashed lines in (b) and (e) reveal the characteristic spectra similar to the dimer and the single-atom, respectively.
The spectra shown in (a) and (d) are indicated by horizontal dashed lines of corresponding color. The spectra in (d) and (f) exhibit higher noise levels
because they were recorded at a lower current set point. (g) Switching of the location of the single end of the Fe; chain is revealed by the changes
in the topographic images before and after measuring the constant-current spectrum shown in the center at the position indicated by the colored
dots (blue before, orange after switching topography). The central panel shows the z trace recorded during a constant-current spectrum, starting
from 200 mV. The switching event is highlighted by the black arrow. Set points: (a), (c): 200 pA; (b), (e), topographies in (g): 10 mV, 100 pA; (d), (f):

30 pA; constant-current spectrum in (g): 100 pA; V,ms = 5 mV.

To probe the robustness of dimerization, we attach another
atom to the chain, thus creating an odd-numbered Fe, chain.
A topographic image of this chain is shown in Fig. 4e. The
three dimers already observed for the Feq chain are still visible,
while there is an additional single protrusion at the upper end
of the chain (around the blue dot). To investigate the elec-
tronic structure upon addition of the Fe atom, we record con-
stant-current dZ/dV spectra on the single-atom end as well as
on the dimer (color-coded dots are shown in Fig. 4d). The blue
trace in Fig. 4d was recorded on the single end of the Fe,
chain. Notably, the spectral shape resembles the one observed
on an isolated atom albeit slightly downshifted in energy, indi-
cating a small but non-negligible interaction. The green and
the orange spectra were recorded on the first dimer next to the
single atom and at equivalent positions as on the dimer in
Fig. 4a. While their overall spectral shape resembles those on a
single 1a dimer but downshifted by =0.1 V, this dimer now
behaves similar to the dimer in the center of the Feq chain.

This conclusion is corroborated by a color plot of densely-
spaced constant-current spectra recorded centrally along the
complete chain (Fig. 4f, with the location marked by a white
dashed line in Fig. 4e). The intense resonance of the single
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end is clearly visible in this plot and causes the absence of
mirror symmetry around the center of the chain. At the same
time the upper dimer of the chain (orange traces) exhibits the
same features as the middle dimer indicating that it behaves
as part of the chain’s bulk by just adding a single atom to be
its neighbor.

It is worth noting that the spectra of the Fe, chain were
recorded using a lower current set point compared to the other
structures. This reduction of the current set point was necess-
ary due to the bistable nature of Fe,qq chains, where the posi-
tion of the single end atom can switch between both ends of
the chain. This process is illustrated in Fig. 4g. The left panel
shows a constant-current topography with the single atom
located at the left hand side of the chain. Upon recording a
constant-current dI/dV spectrum at the position indicated by
the blue dot, the single-atom end can be transferred to the
right side of the chain. This switching event is captured in the
z trace shown in the central panel, where a sudden jump in tip
height at approximately 2.8 V (black arrow) indicates the tran-
sition, observed at a current set point of 100 pA. After the
measurement, the end atom appears on the right side of the
chain, as seen in the topographic image in the right panel.

This journal is © The Royal Society of Chemistry 2025
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To probe the magnetic properties of the odd-numbered
chain, we examine the superconducting gap region for YSR
states of the Fes and an Fe, chain for YSR states. Fig. 5a shows
d7/dVv spectra recorded on a dimerized end of the Fes chain
(blue) and on the single-atom end of the Fe, chain. The spec-
trum recorded on the Fes chain closely resembles that of a
dense dimer and does not exhibit any YSR states. Contrary, the
spectrum of the Fe, chain’s single end shows YSR states well
inside the superconducting gap. The energies of these YSR
resonances differ from those of the isolated atom. These differ-
ences may originate from an effective electrostatic potential
exerted by the nearby dimer, which also affects the d levels.

Fig. 5b and c show color plots of spectra recorded centrally
along the Fes and Fe, chain, respectively. Here, the vertical
dashed white lines indicate the superconducting gap of the tip
and the horizontal dashed lines highlight the spectra of
corresponding color shown in Fig. 5a. While there are no YSR
states visible all along the Fey chain, the YSR states of the Fe,
chain originate from its single end and can be resolved all
along the chain due to the long-range nature of the YSR wave
functions.?®*!

(a) sample bias (mV)

— -3 -2 -1 0 1 2 3
S :- T T T ...................;.....:
g 15f E
s | ]
> 10F E
Tt ]
S sf 1
E A R N
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(b)

-3 -2 -1 0 1 2 3
sample bias (mV)

Fig. 5 Low-energy spectra of an Feg and an Fe; chain. (a) Selected
spectra recorded on a dimerized end of an Feg chain and on the single-
atom end of an Fe; chain with a spectrum of the substrate shown in
gray. (b) and (c) Color plots of spectra recorded centrally along the Feg
and the Fe; chain, respectively. The insets show topographic images of
the corresponding chain that are aligned with the line of the di//dV
spectra. Dashed, color coded, horizontal lines mark the spectra shown
in (a). Agp ~ 1.30 mV (gray shaded area in spectra); set points: topogra-
phies 10 mV, 100 pA; spectra: 5 mV, 750 pA, Vs = 15 pV.

This journal is © The Royal Society of Chemistry 2025
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IV. Conclusions

In conclusion, we have systematically investigated the dis-
tance-dependent interaction between Fe atoms on a supercon-
ducting 2H-NbSe, substrate. As YSR states are long-ranged on
this quasi-two-dimensional material, hybridization of these
states is possible at distances of a few atomic lattice sites of
the substrate. In this limit the d levels are largely unperturbed.
This is in strong contrast to Fe atoms located in nearest-neigh-
bor sites, where the d levels hybridize and lead to the for-
mation of a spin singlet as indicated by the abrupt suppres-
sion of the YSR states. With increasing chain length, we find
that the dimer structure remains as a stable unit regardless of
chain length. We further demonstrated that the dimer struc-
ture within the odd-numbered chains is bistable regarding the
position of their single end. We found that the position of the
single end can readily be changed using voltage pulses from
the STM tip underscoring the critical role of the energetic
balance within the chain. The dimerization leads to a pro-
nounced difference between odd- and even-numbered chains.
While the even-numbered chains do not exhibit YSR states sig-
nifying the absence of any sizable magnetic moment, the iso-
lated edge atom in the odd-numbered chains remains with its
high spin. Although dimerization could be a key ingredient
for the design of topological states, our system has two draw-
backs. First, the magnetic moment is quenched in the
dimers due to d-level hybridization and singlet formation.
Second, the interaction between the dimers is rather weak as
evidenced by only small shifts of the d-level alignment while
keeping the overall characteristic hybrid structure of an iso-
lated dimer. Yet, our findings motivate the search for tunable
dimer structures towards the realization of a SSH model and to
explore correlated quantum states and spin-dependent
phenomena.
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