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Observation of tunable single-atom Yu-Shiba-Rusinov states
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The coupling of a spin to an underlying substrate is the basis for a plethora of phenomena. In the case
of a metallic substrate, Kondo screening of the adatom magnetic moment can occur. As the substrate turns
superconducting, an intriguing situation emerges where pair breaking due to the adatom spins leads to Yu-Shiba-
Rusinov bound states, but also intertwines with Kondo phenomena. Through scanning tunneling spectroscopy,
we analyze the interdependence of Kondo screening and superconductivity. Our data obtained on single Fe
adatoms on Nb(110) show that the coupling and the resulting YSR states are strongly adsorption site-dependent
and reveal a quantum phase transition at a Kondo temperature comparable to the superconducting gap. The
experimental signatures are rationalized by combined density-functional theory and continuous-time quantum
Monte Carlo calculations to rigorously treat magnetic and hybridization effects on equal footing.
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I. INTRODUCTION

Chains of magnetic atoms on the surface of a highly
spin-orbit-coupled superconductor were the basis for the dis-
covery of Majorana zero modes (MZMs), which have been
predicted [1–6] and reported [7–9] to exist at the ends of
one-dimensional spin systems. Constant efforts have been un-
dertaken for improving the properties of such hybrid systems.
One crucial aspect is to precisely control the chain structure
and length, which has been achieved by atomic manipulation
on refractory substrates [8]. Another important parameter is
how the magnetic adatoms couple to the substrate.

Spin-dependent scattering off a magnetic impurity on a
superconductor gives rise to Yu-Shiba-Rusinov (YSR) states
[10–12]. If assembled to atomic chains, the interacting im-
purities form YSR bands. To enter a topologically nontrivial
phase on an s-wave superconductor, the YSR bands have to
cross the Fermi level EF. In a classical picture, the energy
position of the YSR resonances with respect to EF is a function
of the local impurity spin and of the coupling to the substrate’s
conduction electrons. The description of a quantum impurity
on a metallic substrate is instead a challenging task, which
requires a full many-body treatment of the impurity and of
the superconductor on equal footing. In the normal-metallic
phase (T > Tc) the screening can lead to a drastic reduction or
even the complete quenching of the impurity spin by a Kondo
singlet cloud [13]. Below Tc, the Kondo effect intertwines with
localized YSR states.
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In the simplified picture of an S = 1/2 impurity on
a superconductor, two limiting situations occur: In the
strong-coupling regime, i.e., kBTK � �, with the Boltzmann
constant kB, the Kondo temperature TK, and the superconduct-
ing gap �, magnetic scattering results in pair breaking and
leads to a Kondo resonance with a characteristic energy scale
kBTK [14]. Conversely, at very weak coupling (kBTK � �)
the pair-breaking effect almost vanishes and YSR resonances
appear close to the edge of the superconducting gap. The
intermediate situation (kBTK ≈ �) is determined by an in-
volved interplay between the two effects. Theory predicts a
quantum phase transition (QPT) between the two limiting
cases at kBTK ≈ 0.3�, where the two YSR resonances cross
EF [15–17].

The coupling between magnetic impurities and the su-
perconducting host has recently been investigated in several
material systems: for MnPc molecules on Pb(111) [18,19],
subtle changes of the molecule adsorption site caused a sig-
nificant change in the YSR states energy with a QPT at
kBTK ≈ �; in multi-impurity Kondo systems such as arti-
ficially created Fe clusters on Ta(100) [9]; for various 3d
transition-metal atoms on superconducting Re(0001) surface
[20]; and artificially induced coupling with a STM tip of
MnPc molecules on a NbSe2 substrate [21]. Also the role of
impurity-substrate hybridization was investigated within the
Anderson impurity model on oxygen vacancies on V(110)
[22]. Thus the systematic understanding of screening effects
of magnetic moments hybridizing with normal-metallic and
superconducting surfaces represents an important cornerstone
of engineered topological devices.

Here we present scanning tunneling spectroscopy (STS)
data for single Fe adatoms adsorbed on various Nb(110)-
derived surfaces. The individual Fe atoms are weakly coupled
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to the clean Nb(110) substrate, as indicated by YSR states,
which strongly overlap with the superconducting gap edges.
Our results indicate, however, that the coupling can be
strongly enhanced by the vicinity of oxygen.

The YSR states of Fe atoms adsorbed close to or on top
of oxygen-reconstructed areas (NbOx) shift toward and even-
tually cross the Fermi level EF at kBTK ≈ 0.7�, indicative of
a QPT. By a magnetic-field-induced quenching of the super-
conducting state we prove that this QPT is accompanied by
an increased Kondo temperature. Combined first-principles
density-functional theory (DFT) and continuous-time quan-
tum Monte Carlo (CT-QMC) calculations show that a subtle
reduction of the Fe–Nb binding distance in the presence of
oxygen results in an enhanced hybridization of the impurity
atomic orbitals with the substrate, even sizable enough to
overcompensate the oxygen-induced reduction of the Fe mag-
netic moment by a factor of two.

II. EXPERIMENTAL AND THEORETICAL METHODS

A clean Nb(110) surface with less than 10% NbOx was
prepared by heating up to T = 2410 ◦C [23]. Scanning tun-
neling microscopy (STM) measurements were performed at
Tmin = 1.17 K. Fe atoms were evaporated in situ onto a
cold Nb surface at T = 4.2 K. For increased energy reso-
lution, the W tips were gently poked into the Nb sample
to create a superconducting tip apex, resulting in a shift of
all spectral features by ±�tip/e. The tip’s superconducting
gap was determined to be �tip = 1.28 meV, slightly below
the known gap size of Nb(110), �Nb = 1.53 meV [23]. For
the better evaluation of relative YSR spectral intensities we
numerically deconvoluted the tunneling spectra to remove
the effect of the superconducting tip [24]. DFT calculations
were performed by using the VASP simulation package [25],
while the solution of the Anderson impurity model (AIM) was
achieved by the hybridization-expansion CT-QMC method
within the W2DYNAMICS code [26]. We have used a uni-
form Kanamori interaction parametrized by U = 3.85 eV and
JHund = 0.72 eV [27]. More details are given in Ref. [24].

III. RESULTS

One major obstacle toward a systematic investigation of a
direct correlation between the Kondo effect and YSR states
is the difficulty in tuning the adatom–substrate coupling. As
will be shown, a single magnetic Fe atom adsorbed on top
of a clean Nb(110) surface offers a wide range of substrate-
tunability scenarios, which allows systematic investigation of
a direct correlation between the Kondo screening effect and
YSR states. Figure 1(a) shows an atomic resolution STM
image of a typical Nb(110) surface [23] after low-temperature
deposition of Fe. Since the surface is not perfectly clean but
contains a few oxygen-reconstructed patches (dark stripes),
Fe adatoms in different adsorption sites can be found. Four
examples are indicated by colored circles. As we show below,
Fe exhibits a striking adsorption site-dependent coupling to
the superconducting substrate, which allows us to system-
atically investigate the characteristic behavior expected for
magnetic adatom-substrate coupling. The atoms marked as 1©
and 2© are adsorbed on clean Nb(110). Unfortunately, the large

FIG. 1. (a) STM image of Fe adatoms on Nb(110). Stabilization
parameters: U = −0.6 V, I = 0.4 nA, T = 1.17 K. (b) Line profiles
measured between the arrows in panel (a) for the two Fe/Nb(110)
in a H4 site (black 1©) and in a bridge site (green 2©), respectively,
and for two Fe atoms atop NbOx (blue 3© and cyan 4©). (c) Raw
tunneling spectra as measured on the Fe atoms 1© − 4© with a su-
perconducting tip and (d) their respective numerically deconvoluted
spectra. The spectrum shown as a hatched red line is taken on
the pristine Nb(110) surface. Stabilization parameters: U = −7 mV,
I = 0.4 nA.

apparent diameter of the Fe adatom (≈1 nm) inhibits a precise
experimental determination of the adsorption site inside the
Nb(110) unit cell. Based on our DFT total-energy calculations
we assume that these atoms are adsorbed in a fourfold hollow
site (H4) and in a threefold hollow site (H4d ), respectively
[24]. As can be seen by the atom’s brightness, their respective
corrugation heights are significantly different. Line sections
drawn across these atoms are displayed in Fig. 1(b). Atom
1© has a height of ≈100 pm, while atom 2© has a height of
≈150 pm and therefore appears brighter. The other two Fe
atoms marked as 3© and 4© are located very close to or on top
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of small oxygen-reconstructed patches and are both imaged as
“bright” atoms with a height of ≈150 pm.

These different adsorption sites substantially impact the
interaction with the substrate, as revealed by tunneling spectra
measured above the respective Fe atoms [Fig. 1(c) shows raw
data and Fig. 1(d) shows deconvoluted data]. The spectrum
measured on 1© qualitatively resembles the spectrum of pris-
tine Nb (red hatched line) but exhibits enhanced coherence
peaks. This observation corresponds to the weak-coupling
limit described above, suggesting an extremely small ex-
change coupling with the superconductor. In contrast, all other
types of Fe adatoms exhibit additional in-gap peaks. For ex-
ample, the rare case with atom 2© on clean Nb(110) shows
fingerprints of YSR resonances close to the gap edge with
strongly pronounced α± and much weaker β± peaks; see
green spectra in Fig. 1(c). The electron-hole (e−-h+) asymme-
try of the spectral density of the YSR resonances originates
from the local crystal field acting on the adatom from the
Coulomb multiplet of the Fe d shell [18,28–30].

Fe atoms adsorbed close to or within the NbOx unit cell
exhibit tunneling spectra with α± peaks further inside the
superconducting gap, as exemplarily shown for 3© and 4©. In
contrast, the in-gap position of the weaker β± peaks remains
almost unchanged. For Fe atom 3© the deconvoluted data
in Fig. 1(d) (blue curve) reveal that the α± peaks coincide
at EF, a situation hardly distinguishable from a MZM. It is
important to note, that—in comparison to Fe atom 2©—the
spectral density of the α± peaks of Fe atom 4© appears with an
inverted e−–h+ asymmetry, indicating a transition toward the
strong-coupling regime.

To verify that it is exactly the presence of oxygen which
causes the observed changes we present what we consider a
smoking-gun experiment in Fig. 2. In these experiments we
use the STM tip to move individual Fe atoms out of or into the
NbOx area and examine the evolution of YSR states after each
movement step. The STM images of the initial state and after
each manipulation step are marked with numbers in Fig. 2(a).
The corresponding tunneling spectra on the pertinent Fe atoms
are shown in Fig. 2(b). All spectra are normalized, were mea-
sured in the same voltage range, and are shifted vertically for
better visibility. In the initial configuration, which is shown
in the top panel of Fig. 2(a), the Fe atom marked 1© appears
much brighter than the surrounding Fe adatoms. A tunneling
spectrum recorded with the STM tip positioned on top of 1©
reveals several in-gap YSR states, see Fig. 2(b). As this Fe
atom is moved away from its initial position, it turns darker,
indicating a significant decrease of its apparent height. Fur-
thermore, it becomes obvious that the surface underneath the
initial adsorption site consists of NbOx (dark area). In agree-
ment with the results presented in Fig. 1 the spectrum of the
Fe atom after manipulation [black dashed line 2© in Fig. 2(b)],
which is now known to be adsorbed on clean Nb(110), shows
no YSR states. Similarly, the spectrum taken over the oxygen
patch [cyan line Ox in Fig. 2(b)] does not show any feature
inside the gap. Afterwards, Fe atom 3©, which showed a fea-
tureless tunneling spectrum before manipulation, was moved
close to the oxygen patch, resulting in a brighter appearance in
constant-current STM images and clearly visible YSR peaks
inside the gap [green curve 4© in Fig. 2(b)]. In 5© and 6© the
same Fe atom is slightly shifted towards the center of oxygen
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FIG. 2. Fe atom manipulation experiment in vicinity of NbOx

performed at T = 4.2 K. (a) STM images of the initial Fe adatom
distribution (top) and after each movement step. White arrows repre-
sent the path along which the Fe atom has been moved. (b) Tunneling
spectra taken on the Fe atoms at the position marked by circled num-
bers. Note that the spectra are vertically shifted for better visibility.
Stabilization parameters: U = −10 mV, I = 0.4 nA.

patch, resulting in YSR resonances which progressively shift
towards EF.

In the vanishing-TK limit, in which the impurity local
moment can be described as a classical spin, the position
of YSR states inside the superconducting gap is given by
|ε| = �[(1 − a2)/(1 + a2)], where a = Jmπρs depends on
the exchange interaction J , the impurity magnetic moment
m, and the normal metallic density of states (DOS) ρs at EF

[15–17,19]. The presence of oxygen adsorbates affects the
magnetic moment of the impurities [31] and in many cases
causes its significant reduction [32,33]. Along this line of
reasoning the observation of a stronger coupling on NbOx is
at first surprising. To shed light on this unexpected experi-
mental finding we performed combined DFT and CT-QMC
calculations, which allow us to go beyond the classical de-
scription and thereby also access the strong-coupling regime.
As we show below, this gives full account of the many-body
properties of the interacting impurity on the Nb substrate,
remarkably without explicitly considering its superconducting
phase.

The first step is to investigate single Fe atoms in their
characteristic adsorption sites by DFT. The respective unit
cells are presented in Fig. 3(a). We find equilibrium distances
of 170 pm for Fe/Nb(110) and 134 pm for Fe/NbOx. As
confirmed by the calculated charge-density profiles presented
in Fig. 3(b), this leads to a higher charge density for the

174504-3



ARTEM ODOBESKO et al. PHYSICAL REVIEW B 102, 174504 (2020)

z = 1.67 Å 

y x

x

y

3

2

1

0

-6  -3  0   3   6

4

3

2

1

0
-1

/π
 Im

Δ
(ω

)

energy ω (eV)

z = 1.11 Å 
z = 1.70 Å
z = 1.86 Å

z = 1.34 Å 

(a)

-4    -3     -2     -1     0      1      2      3

)
Ve/set at s( 

S
O

D

2

0

-2

-4

Nb 4d
Fe 3d

energy ω (eV)

4

2

0

-2

-4

Nb 4d
Fe 3d

(d)(c)

lateral position (Å) 

2
1
0

-1
-2

3
2
1
0

-1
-2

-2 -1 0  1  2

(b)

Nb      O    Fe

 )
Å( noiti sop l acitr ev

FIG. 3. Theoretical investigation of Fe atoms on clean (top) and oxygen-reconstructed (bottom) Nb(110). (a) Top view of the unit cells
used for ab initio calculations. (b) Charge-density profiles. The higher charge density over Fe/NbOx translates into its larger apparent height
in constant-current STM images (cf. Fig. 1), despite its shorter binding distance. (c) Imaginary part of the hybridization function summed over
all Fe d orbitals. The solid green curves refer to Fe adatoms in their equilibrium geometries shown in panel (a). The red dashed line in the top
panel refers to the case of an artificially enlarged vertical distance of Fe on the clean Nb(110) surface. The solid blue lines, instead, pertain to
the cases where Fe adatoms are adsorbed onto the energetically less-favorable sites highlighted by the dashed blue circles in panel (a). While
on the NbOx surface, the Fe hybridization function shows a strong dependence on the adsorption site, this is not the case for Fe adatoms on
clean Nb(110). (d) DOS projected on the surface Nb (gray) and Fe (orange) d states. Positive and negative values correspond to majority and
minority spin, respectively. The calculated LDOS of each individual orbital and the relative hybridization functions can be found in Ref. [24].

Fe atom on NbOx than on clean Nb(110), which—in the
constant-current mode of the STM—translates into a larger
apparent height, as observed experimentally [cf. Fig. 1(b)].

This variation of binding distance crucially impacts the
adatom-substrate coupling. Close to EF we observe a modified
form and value of the hybridization function �(ω) [green
solid lines in Fig. 3(c)], which describes the probability am-
plitude of an electron to hop from the impurity to the substrate
and back. The internal orbital structure of the Fe d shell de-
fines a multi-orbital Anderson impurity model. As evinced by
the DFT majority- and minority-spin DOS shown in Fig. 3(d),
the magnetic moment of Fe/NbOx (m∗ = 0.9μB) amounts to
less than half of the corresponding value for Fe/Nb(110) in
the H4 site (m = 2.2μB). At the same time, the hybridization
function steeply increases, Fig. 3(c), leading to an enhanced
exchange interaction J for Fe/NbOx . As will be shown, this
overcompensates the reduction of the impurity moment m and
effectively shifts the system into the Kondo-screened regime.

The T dependencies of the static impurity spin suscepti-
bility χloc,ω=0 and the effective screened spin Sscr

eff of the Fe
impurity as calculated with CT-QMC are shown in Figs. 4(a)
and 4(b). For a free local moment, χloc,ω=0(T ) is of Curie-
Weiss type (∝1/T ) and changes to a weakly T -dependent
Pauli-like behavior for moments screened by conduction elec-
trons. Although the Fe impurity will always be fully screened
at T = 0, the way this screening takes place when lower-
ing T can vary significantly. For the T range investigated
in our calculations, Fe on clean Nb displays a Curie-Weiss
susceptibility and the corresponding effective spin is still
far from being fully screened. On the contrary, χloc,ω=0(T )

for Fe/NbOx exhibits a pronounced Pauli-like behavior and
Sscr

eff (T ) is significantly reduced.
As shown in Figs. 4(a) and 4(b), our analysis of the

crossover between these two physical regimes identifies the
Fe-surface distance z as the driving mechanism. This is con-
firmed by simulating Fe on clean Nb(110) at an artificial
height. Selecting a value comparable to Fe/NbOx—see blue
dashed line in Fig. 4—we observe a qualitatively similar Pauli
spin response and a low Sscr

eff . T -dependent Sscr
eff data also allow

us to extract plausible hints on the respective TK. In Fe/NbOx,
an inflection point is visible around 40 K. Below this tem-
perature, Sscr

eff decays Fermi-liquid-like, i.e., ∝T 2 [red-dotted
line in Fig. 4(b)]. For Fe/Nb(110) no such inflection point is
reached down to the lowest T , confirming that Fe/Nb(110)
and Fe/NbOx belong to different Kondo-coupling regimes.

Additionally, for Fe on clean Nb(110) at z = 1.70 Å,
given the pronounced Curie-Weiss χloc,ω=0(T ), we can fit the
CT-QMC data to μ2

fit/3(T + 2TK), a formula valid for an inter-
mediate temperature range [34]. The resulting susceptibility,
which includes contributions from the whole d shell is shown
as a black solid line in Fig. 4(a). Analyzing the individual,
orbital-specific contributions to χloc,ω=0 we see that μfit for
dz2 is larger than for dxz,yz, see table inset to Fig. 4(b). We
infer that the former hosts the most correlated electrons, also
confirmed by the orbital-resolved values Sscr

eff .1 The fit yields a

1In this comparison we did not consider the two purely planar
orbitals dxy and dx2−y2 since they are less relevant for tunneling into
the tip.
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FIG. 4. (a) Temperature-dependent static local spin susceptibility
and (b) effective impurity spin of Fe/Nb(110) (distances z = 1.70
Å and z = 1.34 Å) and for Fe/NbOx (z = 1.34 Å). Black line is a
Curie-Weiss fit with Wilson form μ2

fit/3(T + 2TK ). The unscreened
effective spin (Suns

eff ) is T independent, representing the instantaneous
paramagnetic moment. When lowering T , screening via the substrate
becomes increasingly effective, as shown by the Sscr

eff (T ) behavior
obtained from the spin-spin correlation function at long (imaginary)
times. Inset shows values of μfit and the screened effective spin Sscr

eff

(both in units of μB) for the three relevant orbitals of the d shell,
calculated at z = 1.70 Å.

TK value of the order of 10 K, i.e., four times smaller than for
Fe/NbOx .

A well-known characteristic of correlated electrons is their
strong response to small changes of parameters [35–37].
Given its out-of-plane orientation, we expect that the dz2 or-
bital is most susceptible to geometrical changes such as a
variation of the adatom-substrate distance z. Therefore, the
highly responsive α± peaks probably originate from processes
involving the dz2 orbital. For the β± peaks we have less strin-
gent evidence, but most plausibly they are related to dxz,yz

orbitals.2

Remarkably, we can draw quantitative conclusions on YSR
states for the superconducting phase even though TK is ob-
tained from many-body calculations in the normal state [17].
To verify the claim of a direct relation between the substrate-
tuned Kondo temperature and YSR states, we performed

2Let us note at this point that, while the previous orbital-resolved
analysis is informative, one has to bear in mind that the diagonal
contributions to χloc,ω=0 and Sscr

eff constitute only a small fraction of
the respective full values [compare table in Fig. 4(b) with the CT-
QMC curves shown in the figure]. This means that the Kondo effect
in these adatoms ultimately involves five entangled (and partially
filled) d orbitals and its picture as five independent Kondo channels
is to be taken cum grano salis.

FIG. 5. Kondo resonance (a) and YSR bound states (b) measured
on the same Fe atom at T = 1.5 K with and without external mag-
netic field μ0H = 0.6 T, respectively. The Kondo resonance is fit
with two Fano curves, with low TK1 = 10 K (red dashed line) and
high TK2 = 80 K (green). Blue: sum of both Fano curves. (c) TK-
dependent positions of the YSR peaks measured for five individual
Fe atoms. The transition occurs at TK1 = 13 K.

two-stage STS measurements on the same set of different
individual Fe atoms [24]. At the first stage we investigated
the Kondo effect on normal-metallic Nb(110). To suppress
the superconducting state, the sample was exposed to an out-
of-plane magnetic field μ0H = 0.6 T > μ0Hc2 . A spectrum
with the characteristic asymmetric Kondo peak is presented
in Fig. 5(a). In line with the theoretical discussion above, it
can be fit by two Fano curves, accounting for the interaction
of the dz2 and dxz,yz orbitals, respectively. A similar behavior
was observed for Fe adatoms on Re(0001) [20]. Whereas the
feature with the broader peak exhibits a rather high TK2 =
(75 ± 10) K which is—within our error bar—independent of
the particular Fe atom adsorption site, the second, more nar-
row feature has a much lower Kondo temperature (TK1 ) which
varies significantly between the Fe adatoms. For example,
TK1 = 10 K for the particular Fe atom analyzed in Fig. 5(a).

At the second stage the magnetic field was turned off and
the same Fe adatoms were investigated on superconducting
Nb(110). The deconvoluted tunneling spectrum of the same
Fe adatom analyzed in Fig. 5(a) is presented in Fig. 5(b). A
pronounced superconducting gap and YSR in-gap peaks can
be recognized. In Fig. 5(c) we summarize the data obtained
from five Fe adatoms by plotting their individual YSR peak
positions versus the respective lowest Kondo temperature TK1 .
The dashed line is given by |ε| = �[(1 − a2)/(1 + a2)], i.e.,
the same functional form of the classical limit, but by re-
placing a with kBTK/(0.72�). This choice yields the best
agreement with the experimental data in the explored range of
TK. At first sight it is surprising that the classical spin model
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is even able to properly describe the experimental data in the
strong-coupling range. However, within a more general An-
derson impurity model coupled to a superconducting lead, a
similar structure was found [38,39]. This more general model
explicitly implies the dependence of YSR bound states on
the hybridization with the substrate 
, also embedded in the
Kondo effect, including the interplay with the Andreev bound
state [39]. We find a good qualitative agreement with theo-
retical predictions [15–17], as the transition point occurs at a
critical Kondo temperature TKc ≈ 0.7�. This value is similar
but slightly below the pairing parameter � reported for Moiré
patterns of Mn-phthalocyanine molecules on Pb(111) [18,40].
Even though alternative definitions of TK modify the position
of the transition [41], the crossover always remains below the
pairing parameter �, thereby suggesting a universal, largely
template-independent quantum phase transition at a Kondo
energy scale corresponding to the superconducting gap.

From a more general perspective, the results presented
here may guide future efforts in creating atomic scale assem-
blies which hold MZMs. A necessary condition is a strong

coupling between the superconductor and the magnetic impu-
rities, which—for Fe adatoms on Nb(110) surfaces—can only
be facilitated by surface functionalization with oxygen. While
this significantly increases the exchange between the super-
conducting substrate and the adatom, it leaves Tc essentially
unaffected such that the advantages of Nb can still be fully
exploited.
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