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ABSTRACT: Mutually interacting magnetic atoms coupled to a 3 5 S,
superconductor have gained enormous interest due to their i j
potential for the realization of topological superconductivity.
Individual magnetic impurities produce states within the super-
conducting energy gap known as Yu—Shiba—Rusinov (YSR) states.
Here, using the tip of a scanning tunneling microscope, we
artificially craft spin arrays consisting of an Fe adatom interacting
with an assembly of interstitial Fe atoms (IFA) on a super-
conducting oxygen-reconstructed Ta(100) surface and show that
the magnetic interaction between the adatom and the IFA o
assembly can be tuned by adjusting the number of IFAs in the 2 1 0 1 2 5025 0 25 50
assembly. The YSR state experiences a characteristic crossover in Bias (mV) Bias (mV)

its energetic position and particle—hole spectral weight asymmetry

when the Kondo resonance shows spectral depletion around the Fermi energy. By the help of slave-boson mean-field theory
(SBMFT) and numerical renormalization group (NRG) calculations we associate the crossover with the transition from decoupled
Kondo singlets to an antiferromagnetic ground state of the Fe adatom spin and the IFA assembly effective spin.
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Mutually interacting magnetic impurities that are Kondo studied in great detail.””~*® For antiferromagnetic (AFM)
exchange coupled to the electrons forming the Cooper interimpurity interaction ] of increasing strength, the system
pairs in a superconducting host constitute building blocks for passes over from two decoupled Kondo singlets (small J) to an
the realization of a topological superconductor that can AFM dimer (large J), which causes the Kondo resonance to

1,2,11—20,3,21,4—10

potentially host Majorana states on its edges. split. However, the analog of this two—imgurity Kondo problem

While the Kondo exchange coupling Jx affects the position of for superconducting host systems®>*"™* has not been studied
the Yu—Shiba—Rusinov (YSR) states inside the gap of the experimentally to a large extent so far,””*' and it is an
superconductor (24, the mutual magnetic interactions J interesting question of how the YSR states behave as a function
between the impurities dictate how strongly these YSR states of J.

split or hybridize into bands’”~** and govern the collective In this work, we experimentally study artificial Fe clusters

consisting of a single Fe adatom magnetically interacting with
an assembly of interstitial Fe atoms (IFA) of different shapes
and sizes on an oxygen reconstructed superconducting
Ta(100) surface. Spectra measured on these clusters show a
systematic evolution of the Kondo peak (with k5T > A) seen

coupling Kondo regime where the impurity spin forms a many- onbthe Fe idegcoms a; };i{gh bias. vo%;cagle, als).well as th‘j\; ththe
body singlet ground state with the conduction electrons for subgap peaks due to YSR states in the low-bias range. We show

temperatures below the characteristic Kondo temperature, that with the increasing size of the cluster, the Kondo peak

Tx. For kT 2 A, the spectroscopic signature of the Kondo

magnetic state of the magnetic impurity cluster. The
investigation of the effects of varying Jx and J on the YSR
states in such systems is, thus, of fundamental interest toward
the end of realizing topological superconductivity.

If Jx is sufficiently large, the impurity enters the strong-

screened spin, the so-called Kondo resonance centered at the Received:  January 28, 2021
Fermi energy and having a width of order k3T, can coexist Revised:  July 16, 2021
with the YSR states.”” " For normal metallic substrates, the Published: August §, 2021

behavior of two Kondo impurities interacting via the same
conduction electron system that produces the Kondo screen-
ing, the so-called two-impurity Kondo problem,”*" has been
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Figure 1. Construction and spectroscopy of Fe clusters at the TaO surface. (a) Constant-current STM image of the TaO surface with an Fe adatom
and an interstitial Fe atom (IFA) indicated by the red arrow. (b) Height profile across the IFA and the Fe adatom in (a). (c) Perspective view of
the DFT-optimized fully relaxed positions of an Fe adatom, an IFA, and the atoms in the TaO surface. (d) Large-bias dI/dV spectra (open dots)
showing the Kondo resonance. The dashed red lines are fits to a Fano function, which is multiplied by a Lorentzian dip for the spectra exhibiting
the zero-bias anomaly (ZBA), i.e., the exchange splitting of the Kondo resonance (see Supporting Information). The pictograms and numbers on
the left side of the spectra show the corresponding structure of the Fe clusters and numbers of the IFAs in the assemblies. Corresponding STM
images are shown in the insets on the right side of the curves (V' = S0 mV, I = 100 pA). Spectra are shifted vertically for clarity as indicated by the
horizontal dashed zero lines. Stabilization parameters for STS are Vi, = 100 mV, I, = 100 pA, V,,q = 2—4 mV. (e) Small-bias dI/dV spectra
(open dots) showing peaks inside the superconducting gap due to YSR states, together with the substrate spectrum (open green dots). Dashed red
lines are fits obtained using a numerical deconvolution method. Spectra are shifted vertically for clarity as indicated by the horizontal dashed zero
lines. Stabilization parameters for STS are Vi, = 2.5 mV, I, = 100 pA, V,,.4 = 20 V. The corresponding deconvoluted LDOS is plotted in (f).
The green curve in (f) corresponds to the reference substrate density of states.

splits at the same time as a change in the asymmetry of the Spectra measured on these clusters with a superconducting
YSR peaks is observed. tip in a wide bias range (Figure 1d) show a resonance around

The details of the preparation of a (3 X 3) oxygen- the Fermi energy. Here we have used a relatively large
reconstructed Ta(100) surface, in the following called TaO, amplitude of the modulation voltage such that the super-
and of the cold-deposition of Fe can be found in refs 4, 52, and conducting gap and features within it are washed out. For the
53. We use vertical atom manipulation to build various clusters bare adatom, the resonance is very broad [half-width at half-
consisting of a single Fe adatom and an assembly with different maximum (HWHM) I' ~ 20-25 mV]. The adatom in

proximity to one IFA (denoted as “adatom/IFA pair” in the
following) shows instead a rather sharp resonance at the Fermi
level [I' ~ 12 (+1) mV]. The line-shape evokes a Kondo
resonance, arising from the effect of the proximal IFA on the
Fe adatom, as discussed below. Although we do not observe
any change in the lateral adsorption site of the adatom after
adding the first closest IFA, we cannot rule out that the
adsorption height of the Fe adatom in this assembly is slightly
altered with respect to the virgin Fe adatom state, which might
explain the initial reduction in the width of the Kondo
resonance. Moreover, it is remarkable to see that when further
IFAs are added, the resonance peak appears to split, resulting
in a zero bias anomaly (ZBA). A careful study of the spectra for
adatoms showing ZBAs reveals that during the formation of

numbers of IFAs in close proximity (see Supporting
Information). Figure la shows a representative STM image
of a cluster consisting of an Fe adatom that was placed at the
center of the (3 X 3) plaquette and of a single IFA that was
positioned between two (3 X 3) plaquettes.” The correspond-
ing height profile is shown in Figure 1b. Figure lc shows the
result of a geometry optimization of the surface through DFT
calculations™ revealing the stable positions of the Fe adatom
and the IFA. Within the DFT calculations, we find a finite
magnetic moment for both the Fe adatom and the IFA. The
DFT calculations also reveal an antiferromagnetic exchange
interaction between the Fe adatom and the IFA. [See
Supporting Information for the details of our DFT

calculations.] The schematic top views and STM images of the gap-like structure at the Fermi level, the overall width of
the other investigated clusters with 0—4 IFAs are shown in the Kondo resonance actually remains unchanged. More
Figure 1d (see Supporting Information Figure S4 for other precisely, the asymptotic tails of the peaks in the sequence of
examples of similar clusters). To build such clusters, we 1,2, 3, 4 IFAs overlap to a good approximation, indicating that
initially moved Fe atoms to the interstitial locations to form Jk remains constant, while an increasingly wide gap is forming
the assembly and then placed the Fe adatom in close proximity at the peak center. In order to quantify the width of the zero
(cases 1—4). We also studied the single Fe adatom without an bias resonance I' and the gap width Eg, we fit each dI/dV
assembly of IFAs for comparison (case 0). spectrum in Figure 1d to a Fano curve’® with an additional
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Figure 2. Construction and spectroscopy of large Fe clusters. (a) Schematic top-view and the corresponding STM images of an Fe adatom with
assemblies of a large number of IFAs (V = 50 mV, I = S0 pA). (b) Large-bias dI/dV spectra (open dots) measured with W tip showing the split
Kondo resonance. The dashed red lines are fits to a Fano function, which is multiplied by a Lorentzian dip. Spectra are shifted vertically for clarity
as indicated by the dashed horizontal zero lines. Stabilization parameters for STS are V, = S0 mV, I, = 100 pA, V,,04 = 2 mV. (c) Corresponding
small-bias dI/dV spectra showing peaks inside the superconducting gap due to YSR states, plotted together with substrate spectrum. Spectra are
shifted vertically for clarity as indicated by the dashed horizontal zero lines. Stabilization parameters for STS are Vi, = 4 mV, L, = 200 pA, Vo4 =

S0 uV.

multiplicative factor featuring a Lorentzian dip for the spectra
with a ZBA (Supporting Information). It is evident from the
fits that the details of the spectral shape are very well captured
using this functional form. Similar fits performed for a number
of other clusters are shown in Supporting Informaiton Figure
S4b. The Kondo temperatures Ty extracted from the fitted
values of I" are on the order of 25—40 K. It is interesting to
note that the Kondo energy scale in our system is very large
compared to the superconducting gap™>* (kzTyx > A ~ 0.63
meV) and that the width of the ZBA, Eg, is of a similar size as
kgTy. We will show below that the ZBA can be interpreted as
an exchange-splitting gap due to a strong interaction between
the adatom/IFA pair and the assembly of all remaining IFAs.

The dI/dV spectra taken on the same clusters in the low-bias
range with small ac modulation (Figure le) reveal sharp peaks
inside the energy gap of the superconducting substrate due to
YSR states.”*” Since the measurement is performed using a
superconducting tip, we extract the corresponding local
electron density of states (LDOS) using a standard
deconvolution method.”*” The corresponding curves (Figure
1f) show two sharp peaks, one with larger intensity located at
Eygr and one with smaller intensity located at —Eygg. Spatially
resolved spectra taken across the Fe adatom and the IFA
assembly (Supporting Information Figure SS) reveal that the
Kondo and YSR resonances are confined to the location of the
adatom, and only a faint YSR signal is still visible on the IFAs.
We observe a large variation of Eygy as the Fe cluster size and
its configuration changes. In particular, Eygy tends to decrease
and reverse its sign when the number of IFAs in the assembly
is increased (see, in particular, configurations 1, 2, and 3). This
manifests as the reversal of the asymmetry in the intensities of
the two peaks on either side of the Fermi level (see Supporting
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Information Figure S6 for the definition of the asymmetry and
data of all clusters).

Next, in order to test if this systematic trend of the Kondo
resonance, ZBA, and Eygy continues if we increase the size of
the Fe cluster, we created very large Fe clusters consisting of as
many as 14 IFAs. Schematic top views and STM images of
these very large clusters are shown in Figure 2a. dI/dV spectra
measured on these clusters with a nonsuperconducting tip (W
tip) in a wide bias range (Figure 2b) show strong splitting of
the Kondo resonance with even larger magnitudes (Eg = 8.8—
10.7 meV). Remarkably, dI/dV spectra measured in the low
bias range (Figure 2c) reveal YSR peaks close to the gap edge
with a very large asymmetry. In this case, the bias value at
which the large YSR peak appears is defined as Eygy.

In order to establish a possible correlation between the YSR
states and the shape of the Kondo resonance, we plot Eysz
normalized to A as a function of the reduced Kondo
temperature, kzT/A (Figure 3a) and as a function of Eg/A
(Figure 3b) extracted from the fitting, for all investigated Fe
clusters.

From Figure 3a, it is evident that the resonance width
changes by a factor of 1/2 (from ~10 to S in units of A) when
a single IFA is added to the Fe adatom (forming the “adatom/
IFA pair”), but it does not further decrease with the number or
configuration of IFAs in the assembly. At the same time, Eygg
strongly changes from ~A to —A when the number of IFAs in
the assembly is increased. Consequently, there is almost no
correlation between Eygz and Ty. At first glance, this result
seems surprising, as similar trends of experimentally observed
YSR energies were usually assigned to the quantum phase
transition of the system induced by an increasing Kondo
coupling.26_28’37_39 On the other hand, from Figure 3b, we
observe that Eygg is strongly correlated with the ZBA in the
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Figure 3. Correlation of Kondo temperature, exchange splitting, and YSR state energy. (a) Scatter plot of the energy of the larger YSR peak (filled
symbols) versus the Kondo temperature, both extracted from the experimentally investigated Fe adatom with different IFA assemblies. The open
symbols give the sign-reversed values of the energies of the corresponding filled symbols. Various types of symbols in the plot represent various
types of IFA assemblies as indicated in (c). Horizontal error bars indicate the estimated errors in the fitting of the Kondo-resonance width. The
violet curve in (a) represents the slave-boson mean-field theory calculation. (b) Scatter plot of the energy of the larger YSR peak (filled symbols)
and its sign-reversed values (open symbols) versus the exchange splitting of the Kondo resonance, both extracted from the experimentally
investigated Fe adatom with different IFA assemblies (assignment of the symbols to the different assemblies, see (c)). Results of the NRG
calculations, which are plotted as filled and open gray dots, show qualitative agreement with the experiments. All energy scales are normalized to the

energy gap (A) of the superconducting substrate.

large-bias spectra. In particular, while Eygy is positive for most
of the Fe clusters with a small number of IFAs in the assembly
which do not show a ZBA in the Kondo resonance (Eg = 0), it
is negative for those with a large number of IFAs which have a
nonzero Eg. The correlation between ZBA and Eygy continue
even for very large clusters (Figure 2).

In order to check if the Kondo coupling plays major role for
the observed changes to Eyg, we simulated spectra within
slave-boson mean-field theory (SBMFT), which is ideally
suited for the strong-coupling Kondo regime [(kgTyx/A) > 1]
and thus valid for the experimentally investigated system.”> >’
We consider a simple model consisting of a single spin-1/2
Anderson impurity coupled to a superconducting substrate
[see Supporting Information for the details of our SBMFT
calculations]. The SBMFT simulation of Eygg as a function of
the Kondo temperature is plotted as a violet line in Figure 3a.
The deviation of the experimental data points from the
simulation infers that the trend in Eyg in our case is not
governed by changes to the Kondo coupling alone. This is also
evident from the comparison of our data to experimental data
and numerical renormalization group (NRG) calculations for
another system”® [Supporting Information Figure S7], where
we see that the system of Fe clusters on TaO investigated here
always stays on one side of the Kondo-coupling induced
quantum phase transition.

The ZBA of the Kondo resonance can naturally be
interpreted as an exchange splitting induced by the
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competition of Kondo screening (Ty) and exchange coupling
of the Fe adatom with the assembly of IFAs (J) which probably
changes by the number of IFAs in the assembly."">** We
qualitatively test our hypothesis by considering the following
minimal model. We regard our system as a realization of a
Kondo impurity interacting with a complex spin system made
of IFAs, where the adatom/proximal IFA pair is represented by
a single effective spin-1/2 impurity interacting via exchange
interaction J with the assembly of the additional IFAs (see
Figure 4e). The physical idea behind such phenomenological
model is that an increasingly large IFA assembly exercises an
increasingly strong Weiss effective field on the adatom; since
the assembly does not order magnetically, this effective degree
of freedom is not static but remains fluctuating; hence we
represent it with a quantum mechanical spin operator. Within
this model, for small ], the two spin systems are independently
screened by the conduction electrons (forming two Kondo
singlets: Sg) resulting in a single peak in the spectral function
of the adatom. For large J > ], the two spin systems instead
undergo a crossover to a local AFM singlet state (anti-
ferromagnetically aligned singlet state: Syy). 26860 The
spectral manifestation of this phenomenon is the observed
splitting of the Kondo peak which for small and moderately
large values of ] takes the appearance of a “spin-gap” of width
E; inside the resonance. The reason behind this particular line-
shape is that the Kondo screening proceeds unperturbed at
high energy scales until it reaches the scale of | where the

https://doi.org/10.1021/acs.nanolett.1c00387
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Figure 4. Numerical renormalization group calculations. (a) Spectral function of the impurity representing the pair of adatom and closest IFA (see
(e)), which is magnetically coupled to a second impurity representing the rest of the IFA assembly, on the energy scale of the Kondo peak for
various magnetic interaction strengths J. The superconducting gap is washed out here using a convolution which mimics the experimental lock-in-
modulation broadening. The line style indicates the nature of the ground state of the system (solid lines as Kondo vs dotted lines as AFM)
controlled by the strength of J. (b) Discrete (subgap) part of the spectral function. A narrow Gaussian kernel is used to broaden the & peaks. For
(a) and (D), the isotropic Heisenberg limit of the model = 0 has been assumed. (c) Energy of the YSR state as a function of J. (d) Width of the
exchange-splitting gap as a function of J. For (c) and (d) the line colors represent different values of f which range from 0 (red, isotropic
Heisenberg limit) to 1 (dark blue, anisotropic Ising limit) in steps of 0.2. (e) Schematic illustration of the minimal two-impurity Kondo problem.
The Fe (red sphere)/proximal IFA (orange sphere) pair is represented by the first effective spin-1/2 impurity (left blue arrow), and the assembly of
additional IFAs (three orange spheres) is represented by the second effective spin-1/2 impurity (right blue arrow). Both impurities Kondo-couple
to substrate electrons (smaller spheres). The left and right panels illustrate the two regimes of decoupled Kondo singlets (S, small J) and AFM

singlet (Sy large J).

residual magnetic moments rapidly bind antiferromagnetically
and Kondo screening is inhibited. This matches the evolution
of the Kondo peak shape observed in the experiment. The
width of the gap Eg seen in the spectra with ZBA is, therefore, a
direct measure of the effective strength J of the exchange
interaction between the adatom/IFA pair and the assembly of
the IFAs taken as a whole. Moreover, the order of magnitude
of Eg of 2—8 meV implies a large AFM interaction between the
adatom/IFA pair and the assembly of IFAs. The hierarchy of
parameters is thus | ~ Ty > A*>45%

In order to check whether the competition of Kondo
screening (Tg) and exchange coupling ] within this minimal
model can also explain the experimentally observed correlation
between the width of the exchange-splitting gap Eg and the
YSR state binding energy Eygp (Figure 3b), we have performed
NRG calculations that produce reliable spectral functions on
all energy scales, including the region inside the super-
conducting gap.®"%” The detailed calculation involving IFAs of
different size and shape is beyond the scope of the manuscript.
We restrict the NRG calculations to a simple two-impurity
Anderson model to extract the essential physics. Within this
model, one impurity orbital represents the IFA assembly and
one represents the adatom/IFA pair chosen to be particle-hole
asymmetric [see Supporting Information for the details of our
NRG calculations]. This model can also account for the effects
of potential scattering on the adatom/IFA pair. The results
show that while the ground state of the system is a spin singlet
for all values of exchange coupling (J), its nature smoothly
changes from a Kondo singlet to an AFM singlet as indicated,
for example, by the increasing magnitude of the spin—spin
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correlation function. This is reflected by the emergence of the
Kondo peak splitting for ] ~ J. = SA (J, being the critical
exchange interaction) (Figure 4a) and the characteristic
evolution of the YSR peaks (Figure 4b). To understand the
latter, we remind*’ that for two decoupled impurities, the
subgap spectrum consists of a singlet (Kondo) ground state S,
two doublet excitations D, (unscreened impurity states of
either impurity), as well as a degenerate singlet S, and triplet T,
which correspond to the excited states where both impurities
are unscreened. With increasing J, the singlet S, decreases in
energy until it mixes with the Kondo state S, leading to an
anticrossing shape in the energy diagram. For large ], the
Kondo state S, is pushed to higher energies together with the
two doublet excitations D, ,, while S, is the new ground state.
This leads to the observed evolution of YSR peaks in Figure
4b, which for small J slightly decrease in energy and then for
large J rapidly increase in energy and eventually merge with the
continuum (Figure 4c). The change of direction of YSR
shifting occurs at | ~ J. which is very close to | where the
exchange splitting becomes observable in the Kondo peak
(compare Figure 4c with Figure 4d). This behavior is in
qualitative agreement with the trend observed in the
experiment, as shown by the comparison of the plot of Eygy
versus Eg extracted from the NRG-calculated spectra with the
same parameters extracted from the experimental data (see
NRG results in Figure 3b). We also observe that the reversal in
the asymmetry of the YSR peak intensities occurs across | ~ J,
in line with the experiment [Supporting Infromation Figure

s6].
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The IFA assembly is represented in the above model
through a single spin-1/2 degree of freedom representing a
collective degree of freedom of the entire cluster, which is
expected to become more classical-like in larger assemblies. To
consider the possible effects of such an evolution, we also
investigated an XXZ anisotropic exchange coupling between
the two effective spins introducing an additional parameter /3 in
our model [see Supporting Information]. f§ ranges from 0
(isotropic Heisenberg limit) to 1 (anisotropic Ising limit). We
find (Figure 4c,d) that the coupling anisotropy has only a
qualitative effect, while the phenomenology described above
remains essentially the same. The qualitative agreement
between experiments and NRG calculations is surprising,
since the impurities have multiple orbitals, potentially
producing high-spin states. Furthermore, it is not a priori
expected that multiple IFAs can be conflated into a single
effective spin degree of freedom. We speculate that the
effective exchange field produced by the IFAs at the position of
the adatom/proximal IFA pair is increasing with the size of the
IFA cluster because of the increasing tendency toward
magnetic order (alignment of IFA spins).

In conclusion, the experimentally observed correlation
between the small energy scale position of the YSR state and
the large energy scale exchange-splitting gap of the Fe adatom
coupled to the assembly of IFAs can be modeled by changes in
the effective exchange coupling ] between the adatom/IFA pair
and the remaining IFA assembly in the regime where | >< T
> A. We have shown that the Fe adatom coupled to a single
IFA has a reduced Kondo coupling with respect to the isolated
Fe adatom, while further addition of IFAs to the assembly only
increases J. We compared our experimental results to NRG
calculations employing a minimal model that shows how with
increasing exchange interaction the system of Fe clusters
undergoes a crossover from the regime of an independent
Kondo cloud (Sg) to a local magnetically aligned state (Sy).
This crossover results in the opening of a gap in the Kondo
peak and in the anticrossing of the subgap YSR states. Our
results also indicate that the observation of the crossover is
facilitated by the presence of potential scattering, as it leads to
a reversal of the particle—hole asymmetry of the YSR peaks
across the crossover.

Our work establishes the important role of exchange
interaction on the experimentally observed shifts in YSR
peaks, which were previously supposed to be prevalently
determined by the Kondo coupling of the impurity with the
substrate. Our results, therefore, challenge the current
understanding of the intimate correlation between Kondo
effect and YSR state and motivate further studies. In particular,
it is becoming clear that while a phenomenological description
in terms of hybridizing classical YSR states is possible and
valid, the calculation of its parameters should be based on a
microscopic quantum model that needs to properly incorpo-
rate exchange coupling. This calls for further development of
efficient theoretical tools for solving sizable assemblies of
quantum spins in interaction with a superconducting environ-
ment.
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