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The pair breaking potential of individual magnetic impurities in s-wave superconductors generates
localized states inside the superconducting gap commonly referred to as Yu- Shiba-Rusinov (YSR)
states whose isolated nature makes them ideal building blocks for artificial structures that may
host Majorana fermions. One of the challenges in this endeavor is to understand their intrinsic
lifetime, ~/Λ, which is expected to be limited by the inelastic coupling with the continuum thus
leading to decoherence. Here we use shot-noise scanning tunneling microscopy to reveal that electron
tunnelling into superconducting 2H-NbSe2 mediated by YSR states is ordered as function of time,
as evidenced by a reduction of the noise. Moreover, our data show the concomitant transfer of
charges e and 2e, indicating that incoherent single particle and coherent Andreev processes operate
simultaneously. From the quantitative agreement between experiment and theory we obtain Λ =
1 µeV � kBT demonstrating that shot-noise can probe energy- and time scales inaccessible by
conventional spectroscopy whose resolution is thermally limited.

INTRODUCTION

For a single impurity spin in a superconductor, a bound
state appears inside the gap [1–3] with its particle- and
hole components located in energy symmetrically around
zero [4]. The amplitudes of the two components are usu-
ally different [5–7] and reflect the coherence factors of the
electron and hole excitations. Whereas the spatial extent
of the YSR states is typically on the order of a few atoms
[5], they have been shown to range up to tens of nanome-
ters for two dimensional superconductors [8]. Since the
YSR states are inside the superconducting gap, one of
the key questions, particularly with an eye on building
more complicated structures such as chains and islands
[9–12] is how electrons move between the YSR states and
the condensate. Not only is a full understanding of the
nature of the impurity and its intrinsic lifetime important
for theoretical modelling, the dynamics of charge transfer
through it can in principle also be used to directly dis-
tinguish conventional YSR states from Majorana bound
states [13].

The high spatial- and energy resolution make the scan-
ning tunnelling microscope (STM) an ideal experimental
tool to investigate the tunnelling process into individ-
ual impurities. Previous studies using the time averaged
current and theoretical modelling showed tantalizing sig-
natures of a transition from single-electron dominated
tunnelling to multi-particle Andreev processes [14, 15].
Direct evidence for such a transition, and more specif-
ically for Andreev processes to occur with a standard
metallic probe, however, is lacking. Moreover, direct tun-
nelling into the magnetic impurity can complicate the
interpretation of the data, since the impurity state may
be affected by the presence of the tip [16–19], or multiple
tunnelling paths and relaxation processes may occur [20–

22] which are difficult to incorporate in theory. Although
experimentally challenging, atomic scale shot-noise mea-
surements can in principle resolve all these issues. This
is because shot-noise (Sshot), which is current noise orig-
inating from the discreetness of the charge carriers, is
sensitive to both the charge of the carriers, q, as well
as the nature of the tunnelling process [23]. To evalu-
ate the shot-noise, we consider the effective Fano factor,
F ∗ = Sshot/2e|I| = qF/e, where I is the time averaged
current, e the electron charge and F the Fano factor. For
uncorrelated elastic quasi-particle tunnelling between a
metallic tip and the bulk superconductor, the electrons
follow Poissonian statistics [24] giving F ∗ = F = 1 (EQP
in Fig. 1a). Single electron tunnelling via the YSR states,
on the other hand, is a resonant process and only pos-
sible through inelastic quasi-particle relaxation (IQP in
Fig. 1a). Therefore the electron flow will become or-
dered, thereby reducing the current noise from Poisso-
nian to sub-Poissonian, i.e. F ∗ < 1 (IQP in Fig. 1a), as
observed in quantum dots [25]. Alternatively, Andreev
reflection through the YSR state transfers a charge of
q = 2e, giving F ∗ > 1 (AR in Fig. 1a), enabling them to
be easily distinguished from either forms of single elec-
tron tunnelling [24, 26, 27].

RESULTS

Noise at the atomic scale is measured using our home-
built scanning tunnelling microscope with cryogenic cir-
cuitry operating in the MHz regime [28]. The circuitry,
which is explained in more detail in the Supplementary
Information, converts the current noise into voltage noise
at the input of a cryogenic amplifier and can operate si-
multaneously with conventional low frequency (DC) mea-
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Figure 1. Noise schematic and fully gapped 2H-NbSe2.
a Schematic depiction of the various tunnelling processes into
2H-NbSe2: direct elastic quasi-particle tunnelling into the
bulk (EQP, red) inelastic quasi-particle tunnelling through
the YSR state (IQP, purple) and Andreev reflection assisted
by the YSR (AR, green). Whereas direct tunnelling of elec-
trons generates Poissonian noise (F ∗ = 1), inelastic tunneling
through the YSR state orders the electron flow, reducing the
noise (F ∗ < 1). The energy relaxation time sets the intrinsic
lifetime of the YSR. Andreev reflection on the other hand in-
volves a charge of q = 2e, leading to F ∗ > 1. The coloured
spheres for the three scenarios on the right illustrate the pas-
sage of electrons as function of time: random, ordered, or in
pairs. b Differential conductance on a fully gapped 2H-NbSe2
surface, V = 3 mV, I = 3 nA. c Current noise power recorded
simultaneously with b, the black line shows a fit for F ∗ = 1,
that takes into account the measured RJ(V ) and uses a single
set of fitting parameters for all voltages. The inset highlights
the effect of the strongly varying dynamical resistance on the
measured voltage noise which is accurately captured by the
fit. See Supplementary Information section 1 for more details.

surements. Although in most circumstances the junction
resistance, RJ , is sufficiently large to be safely ignored,
for the relatively low junction resistances used in this
work it will start acting as a voltage divider resulting in
a reduction of the measured voltage noise. Importantly,
for a highly non-linear I(V ) characteristic, such as that

of clean 2H-NbSe2 (Fig. 1b), the dynamical resistance,
RJ(V ) = dV/dI, needs to be considered instead of the
setup resistance. Fig. 1c shows this effect vividly: in-
stead of a simple linear current dependence of the mea-
sured noise power, it decreases at the onset of the coher-
ence peak (∼ ±0.9 mV ) below that obtained at zero volt-
age. As evidenced by the fit in Fig. 1c, this non-linear
behavior is purely an effect of the non-linearity of the
junction, RJ(V ), which reduces the contribution of the
thermal noise more than that of the shot-noise increases;
F ∗ = 1 for all voltages as expected for quasi-particle tun-
nelling following Poissonian statistics [24] (EQP in Fig.
1a).

Having a detailed understanding of the noise data
recorded on clean 2H-NbSe2, we next move to the elec-
tronic transport into YSR states in 2H-NbSe2. The pre-
cise spatial extent of the in-gap resonances, as well as
the particle-hole asymmetry of the core, can vary from
impurity to impurity as it depends on the impurity type
and its location in the crystal structure [8, 29, 30]. Two
YSR states with opposite particle-hole asymmetry and
different spatial extent are shown in Fig. 2. Interest-
ingly, also the ratio of the YSR- and coherence peaks is
very different for the two cores. As we are interested in
the tunnelling process through the YSR states, to facil-
itate comparison we choose setup parameters that give
roughly the same YSR-current, i.e. the YSR peaks in
differential conductance in Figs. 2c and h have approxi-
mately the same height. Consequently, since the noise is
proportional to the current, the simultaneously recorded
current noise has a similar magnitude for the two cores,
despite the rather different conditions outside the gap,
see Figs. 2d, i. To evaluate the in-gap noise, we fit the
normal state (|V | > 1.2 mV) noise data using the mea-
sured RJ(V ) and F ∗ = 1, then extend the fit inside the
gap giving the black line in Figs. 2d, I. Unlike for the
noise taken on clean 2H-NbSe2 (Fig. 1c), the noise on
the YSR cores evidently does not follow F ∗ = 1: for the
dominant resonance, i.e. positive bias for Figs. 2c, d
and negative bias for Figs. 2h, i, the noise is reduced
(F ∗ < 1), whereas for the weak resonance, i.e. negative
bias for Figs. 2c, d and positive bias for Figs. 2h, i, it is
enhanced (F ∗ > 1). Although the deviations in absolute
numbers are relatively small, they are larger than the ex-
perimental error bars due to our high signal-to-noise ratio
and accurate fitting procedure (see Supplementary Infor-
mation section 1), and correspond to changes in F ∗ of
the order of 10% (Figs. 2e, j). Importantly, the observa-
tion of F ∗ > 1 strongly suggests Andreev processes to be
present, as it cannot occur for single electron tunnelling
into a one-level system. Furthermore, the particle-hole
asymmetry of the noise also suggests a contribution from
single electron tunneling, meaning both processes oper-
ate simultaneously.

To make a more quantitative analysis of the noise,
and in order to avoid possible mechanical [16–19], multi-
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Figure 2. YSR cores in 2H-NbSe2. a Atomically resolved
constant current image of the Se surface of 2H-NbSe2, V =
4.2 mV, I = 100 pA. b In-gap current recorded simultaneously
with a showing a spatially extended YSR states generated by
a sub-surface impurity. c Tunnelling spectrum taken at the
core of the YSR and d simultaneously recorded current noise,
V = 3 mV, I = 3 nA. The black line in d indicates F ∗ = 1:
the noise from the YSR deviates at both positive and negative
sample bias (arrows), as can be clearly seen in the effective
Fano factor, F ∗, in e. Outside the gap, F ∗ converges to 1. f -j
The same as a-e for a more compact, but relatively strong,
YSR located elsewhere on the same sample. V = 4 mV, I =
100 pA for f, g; V = 6 mV, I = 400 pA for h-j.

paths related [20–22], or spin-dependent [31] complica-
tions from direct tunnelling into the impurity, we shift
our attention to the YSR tails. Since the particle-
hole asymmetry of the tails oscillates as function of dis-
tance from the core [8], we can probe locations where
the particle-hole asymmetry is nearly perfectly mirrored
while all other experimental parameters remain identical.
Fig. 3 shows two such locations, both situated a distance
of several atoms from the core (crosses in Fig. 3b), ensur-
ing that direct tunnelling into the impurity is negligible.
Fig. 3c shows the noise recorded simultaneously with
the tunnelling spectra of Fig. 3a. As was the case for the
spectra taken on the core, the noise is reduced (F ∗ < 1)
for the dominant resonance, and enhanced (F ∗ > 1) for
the weaker resonance. To analyse the deviation from
F ∗ = 1 in more detail, we extract F ∗ for each voltage in
Fig. 3d which shows that F ∗ is roughly equally enhanced
as it is suppressed, and converges to Poissonian as soon
as the current becomes dominated by the quasi-particles
at the coherence peaks. To confirm that the noise devi-
ates from F ∗ = 1, we additionally measured the current
dependence of the noise at fixed voltage in- and outside
the gap, see Fig. 3e.

To gain more insight into our experimental data, we
calculate the tunnelling current and current noise using
a standard description of a classical YSR impurity (see
Supplementary Information section 2 for more details),
considering both single electron tunnelling and Andreev
processes [14]. The main input parameters of the theory
are the coherence factors of the electron and hole exci-
tations of the YSR, u and v, the superconducting gap,
∆, the YSR energy, E0, the normal state conductance,
GN , and the intrinsic lifetime, τ = ~/Λ. Of these, ∆,
E0 and GN can be directly obtained from the differential
conductance spectra (e.g Fig. 3a). Furthermore, u and
v, can be extracted from the normal state conductance
(GN ) dependence of the YSR conductance (GY SR), see
Figs. 4a, c. Here, we fit the single electron tunnelling
dominated linear part at low conductance [14, 15] to de-
termine u and v, see also Supplementary Information sec-
tion 2. This enables us to calculate the noise with as only
adjustable parameter the intrinsic lifetime, ~/Λ, which is
masked in experiment by thermal broadening.

Figs. 4b, d compare the experimental noise data for en-
ergies where the tunnelling current is carried exclusively
by the YSR states (i.e. |V | < 0.8 mV) with theoretical
curves for several values of Λ, showing quantitative agree-
ment for Λ ∼ 1µeV, i.e. τ ∼ 0.7 ns, for both measured
particle-hole asymmetries. We stress that for increasing
values of Λ, meaning shorter relaxation times, single elec-
tron tunnelling becomes less resonant (i.e. less ordered in
time) and increasingly dominates the tunnelling process.
Indeed, for Λ = 10 µeV, the calculated noise is already
nearly Poissonian (F ∗ = 1) for all voltages (see Figs. 4b,
d), putting a strong lower limit on the relaxation time

extracted from the noise data. For comparison, calcula-
tions using only Andreev reflection (AR) or only inelastic
single electron processes (IQP) fail to reproduce the data
for any Λ, as the former always has F ∗ > 1 for both po-
larities and the latter F ∗ < 1.

DISCUSSION

The persistent enhancement of the noise for the smaller
of the two YSR resonances in both experiment and the-
ory directly proves the presence of Andreev processes,
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Figure 3. Noise on the YSR tails. a Differential conductance G = dI/dV on two tail locations with opposite particle-hole
asymmetry, V = 4.2 mV, I = 1.5 nA. We define G± = G(±E0) with E0 the YSR resonance energy. The inset shows the
corresponding currents on the same energy scale, dashed lines indicate where the current is dominated by the YSR and is
sufficiently large for noise measurements. The YSR state is the same as that in Fig. 2f-j. The location of the spectra (red
and blue crosses), as well as that of the YSR core (black cross) is marked in the constant current image in b (V = 4 mV,
I = 100 pA). c Current noise recorded simultaneously with a, the black lines indicate F ∗ = 1. d Effective Fano factor, F ∗,
extracted from c showing clearly that the noise deviates from F ∗ = 1 where the current is dominated by the YSR. The points
corresponding to I<10 pA have been omitted for clarity; since the fluctuations in the noise are the same for all voltages, the
associated error in F ∗ becomes relatively large for such small currents. e Current dependence of the noise at fixed voltage
taken at the blue cross in d.

whereas the reduction in noise of the strong resonance
results from a finite lifetime of the YSR. The fact that we
obtain qualitative agreement between theory and exper-
iment for u and v extracted from the linear part of Figs.
4a, c, while all experimental noise data was recorded
in the non-linear part of Figs. 4a, c highlights the ro-
bustness of our results. We stress that although quali-
tatively still in agreement, the theoretical curves for the
data taken on the cores (Figs. 4d, h) slightly deviate
quantitatively (see Supplementary Information Fig. S7),
suggesting that tip and/or current induced effects may
indeed play a role on the YSR core which is currently
not included in the theory. Despite the less accurate fit,
the noise recorded for both cores agrees best to the the-
ory curves that use a lifetime similar to that obtained
on the YSR tails. This implies that for roughly equal
YSR currents, which at sub-gap voltages constitute the
only contribution to the current, the YSR lifetime in
2H-NbSe2 is independent of the particular details of the
magnetic impurity and the measurement location. Fur-

thermore, the sub-nanosecond value at 0.7 K we extract
from the noise data is similar to that reported for Mn
atoms on a Pb(111) surface [14], and not incompatible
with the electron-phonon relaxation time in 2H-NbSe2
[32]. Importantly, the energy scale of relaxation we ob-
tain (Λ = 1 µeV) is much smaller than the electron tem-
perature, meaning that shot-noise allows to determine
the YSR lifetime even if the width of the resonance in
the tunnelling spectra is dominated by thermal broaden-
ing, or the current not thermally saturated as used previ-
ously [14]. More generally, we show that local measure-
ments of fluctuations in the tunnelling current provide
direct evidence of the coherent transfer of charges equal
to 2e through YSR states into the bulk, and enable one to
probe energy- and time scales inaccessible to conventional
spectroscopy. Although experimentally challenging, this
work shows the feasibility of using atomic scale shot-noise
to elucidate the transport dynamics through individual
impurity resonances, which could in future studies be
used to e.g. distinguish trivial from non-trivial states.
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Figure 4. Experiment vs theory. a YSR peak conductance (GY SR) as function of normal state conductance (GN ) for
the location of the blue spectrum of Fig. 3a, reproduced here in the inset, see Supplementary Information section 2 for more
details. A linear fit of the data taken at small conductance is used to extract u and v. b Sub-gap F ∗ (symbols) for the blue
spectrum of Fig. 3d and theoretical curves for three different values of Λ. Pure Andreev reflection (AR, Λ = 0 µeV ) and pure
inelastic quasi particle tunnelling (IQP, Λ = 1 µeV ) are shown for comparison. c, d Same as a, b for the red data of Fig. 3.
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[19] S. Kezilebieke, R. Žitko, M. Dvorak, T. Ojanen and P.
Liljeroth, Observation of coexistence of Yu-Shiba-Rusinov
states and spin-flip excitations, Nano Lett. 19, 4614–4619
(2019).

[20] J. Figgins and D. K. Morr, Differential conductance and
quantum interference in Kondo systems, Phys. Rev. Lett.
104, 187202 (2010).

[21] B. Bryant, R. Toskovic, A. Ferrón, J. L. Lado, A. Spinelli,
J. Fernández-Rossier and A. F. Otte, Controlled complete
suppression of single-atom inelastic spin and orbital co-
tunneling, Nano Lett. 15, 6542–6546 (2015).

[22] L. Farinacci, G. Ahmadi, M. Ruby, G. Reecht, B. W.
Heinrich, C. Czekelius, F. von Oppen and K. J. Franke,
Interfering tunneling paths through magnetic molecules
on superconductors: asymmetries of Kondo and Yu-
Shiba-Rusinov resonances, Phys. Rev. Lett. 125, 256805
(2020).
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