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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 promising building blocks for artificial structures that may host
Majorana fermions. One of the challenges in this endeavor is to understand their intrinsic lifetime, 7/A,
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 tunneling into super-
conducting 2H-NbSe, mediated by YSR states is not Poissonian, but ordered as a 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 A = 1 yeV < kgT demonstrating
that shot noise can probe energy scales and timescales inaccessible by conventional spectroscopy whose

resolution is thermally limited.
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Introduction.—For a single impurity spin in a super-
conductor, 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 usually 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 nanometers 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 relax from the YSR states into the
condensate. Not only is a full understanding of the nature
of the impurity and its intrinsic lifetime important for
theoretical modeling, the dynamics of charge transfer
through it can, in principle, also be used to directly
distinguish conventional YSR states from Majorana
bound states [13].

The high spatial and energy resolution make the scan-
ning tunneling microscope (STM) an ideal experimental
tool to investigate the tunneling process into individual
impurities. Previous studies using the time averaged current
and theoretical modeling showed tantalizing signatures of a
transition from single-electron dominated tunneling to
multiparticle Andreev processes [14,15]. Direct evidence
for such a transition, and more specifically for Andreev
processes to occur with a standard metallic probe, however,
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is lacking. Moreover, direct tunneling into the magnetic
impurity can complicate the interpretation of the data, since
the impurity state may be affected by the presence of the tip
[17-20], or multiple tunneling paths and relaxation proc-
esses may occur [21-23], which are difficult to incorporate
in theory.

Although experimentally challenging, atomic scale shot-
noise measurements can, in principle, resolve all these
issues. This is because shot noise (Sq,), Which is current
noise originating from the discreteness of the charge
carriers, is sensitive to both the charge of the carriers g,
as well as the nature of the tunneling process [24]. To
evaluate the shot noise, we consider the effective
Fano factor, F* = Sg,,./2¢|l| = qF /e, where [ is the time
averaged current, e the electron charge, and F the
Fano factor. For uncorrelated elastic quasiparticle tunneling
between a metallic tip and the bulk superconductor,
the electrons follow Poissonian statistics [25] giving
F* = F =1 [EQP in Fig. 1(a)]. Single electron tunneling
via the YSR states, on the other hand, is a resonant process
and only possible through inelastic quasiparticle relaxation.
Therefore, the electron flow will become ordered, thereby
reducing the current noise from Poissonian to sub-
Poissonian, i.e., F* <1 [IQP in Fig. 1(a)], as observed in
quantum dots [26]. Alternatively, Andreev reflection
through the YSR state transfers a charge of g = 2e, giving
F*>1 [AR in Fig. 1(a)], enabling them to be easily
distinguished from either form of single electron tunneling
[25,27,28].
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FIG. 1. (a) Schematic depiction of the various tunneling
processes into 2H-NbSe,: direct elastic quasiparticle tunneling
into the bulk (EQP, red) inelastic quasiparticle tunneling through
the YSR state (IQP, purple) and Andreev reflection assisted by the
YSR (AR, green). The right panels illustrate the passage of
electrons as a function of time: random, ordered, or in pairs,
respectively. (b) Differential conductance of fully gapped
2H-NbSe,, setup conditions: V = 3 mV, I = 3 nA. The sample
is cleaved in situ at ~20 K and directly inserted in the STM head
held at 4.2 K. All data throughout this Letter are recorded at
T = 0.3 K (effective electron temperature ~0.7 K, see [30]) with
an etched W tip. (c) Current noise power recorded simultaneously
with (b), the black line is a fit for F* = 1. The inset highlights the
effect of the strongly varying dynamical resistance on the
measured voltage noise that is accurately captured by the fit.
(d) Effective Fano factor for the data in (c) giving F* = 1 within
error bars for all voltages. Data for currents < 10 pA are omitted
for clarity.

Results.—Noise at the atomic scale is measured using
our home-built scanning tunneling microscope with cryo-
genic circuitry operating in the MHz regime [29]. The
circuitry (see Supplemental Material [30], Sec. 1 for more
details) converts the current noise of the junction into
voltage noise at the input of a cryogenic amplifier and
operates simultaneously with conventional low frequency

(dc) measurements. With sufficient averaging, the high
stability and low temperature of our setup then allow us to
resolve the shot-noise power produced by a tunneling
current as small as 10 pA. Importantly for this Letter,
when the junction resistance becomes comparable to the
input impedance of the amplifier, part of the current noise is
shorted by the junction itself. For a highly nonlinear (V)
characteristic, such as that of clean 2H-NbSe, [Fig. 1(b)],
one thus needs to take into account the dynamical resis-
tance, R;(V)=dV/dI, when analyzing the measured
voltage noise. Figure 1(c) shows this effect vividly: instead
of a simple linear current dependence of the measured noise
power, it decreases at the onset of the coherence peak
(~ £ 0.9 mV) below that obtained at zero voltage. This is
because the reduced R;(V) at the coherence peaks lowers
the contribution of the thermal noise more than that of the
shot noise increases. Once the dynamical resistance is
properly taken into account (see Ref. [30], Sec. 1C) we
obtain F* =1 for all voltages where the current is large
enough to detect shot noise accurately [Fig. 1(d)] as
expected for quasiparticle tunneling following Poissonian
statistics [25] [EQP in Fig. 1(a)].

Two YSR states with opposite particle-hole asymmetry,
as well as a different spatial extent and YSR-to-coherence
peak ratio are shown in Fig. 2 [38]. To evaluate their
respective in-gap noise shown in Figs. 2(d) and 2(i), we fit
the normal state (|V| > 1.2 mV) noise data using the
measured R;(V) and F* = 1, then extend the fit inside
the gap. Unlike for clean 2H-NbSe, [Fig. 1(c)], the noise on
the YSR cores does not follow F* = 1: for the dominant
resonance, i.e., positive bias for Figs. 2(c) and 2(d) and
negative bias for Figs. 2(h) and 2(i), the noise is reduced
(F* < 1), whereas for the weak resonance it is enhanced
(F* > 1). Although the deviations in absolute numbers are
relatively small, they correspond to changes in F* of the
order of 10% [Figs. 2(e) and 2(j)]. Importantly, the
observation of F* > 1 strongly suggests Andreev processes
to be present, as it cannot occur for single electron
tunneling into a one-level system. Furthermore, the reduced
noise at opposite polarity also suggests a contribution from
single electron tunneling, meaning both processes operate
simultaneously.

To make a more quantitative analysis of the noise, and in
order to avoid possible mechanical instabilities [17-20],
multipath tunneling processes [21-23], or current-driven
spin flip of the impurity [41] due to direct tunneling into the
impurity, we shift our attention to the YSR tails where
direct tunneling into the core is negligible. Since the
particle-hole asymmetry of the tails oscillates as a function
of distance from the core [8], we can probe locations where
the particle-hole asymmetry is nearly perfectly mirrored
while all other experimental parameters remain identical,
see Figs. 3(a) and 3(b). As was the case for the
spectra taken on the core, the noise on the tails [Figs. 3(c)
and 3(d)] is reduced (F* < 1) for the dominant resonance,
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FIG. 2. (a) Atomically resolved constant current image of the
Se surface of 2H-NbSe,, V =4.2 mV, I = 100 pA. (b) In-gap
current recorded simultaneously with (a) showing a spatially
extended YSR state generated by a subsurface impurity.
(c) Tunneling 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 [16]. V =4 mV, I = 100 pA for (f),(g);
V =6 mV, I =400 pA for (h)-().

and enhanced (F* > 1) for the weaker resonance, and
converges to Poissonian as soon as the current becomes
dominated by the quasiparticles at the coherence peaks. We
furthermore confirm that the noise depends linearly on the
current as required for shot noise (see Fig. S5 [30]).

To gain more insight into our data, we calculate the
tunneling current and current noise using a standard
description of a classical YSR impurity, considering both
single electron tunneling and Andreev processes [14]. The
YSR density of states is approximated by a Lorentzian line

shape centered at the YSR energy whose width is given by
the intrinsic lifetime, 7 = A/A, and the coupling of the
YSR with the tip (details of the theory can be found in the
Supplemental Material [30], Sec. 2). Among the theory
parameters, the superconducting gap, A, the YSR energy,
Ey, and the normal state conductance, Gy, can be directly
obtained from the measured differential conductance spec-
tra [e.g., Fig. 3(b)]. Furthermore, the coherence factors of
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FIG. 3. (a) Constant current image of the same YSR state as
Figs. 2(f)-2(j) (V =4 mV, I = 100 pA). The black cross marks
the location of the core. (b) Differential conductance G = dI/dV
on two tail locations [blue and red crosses in (a)] with opposite
particle-hole asymmetry, V =42 mV, I=1.5nA, Gt =
G(£E,) with E, 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. (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.
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FIG. 4. YSR peak conductance (Gysg) as function of normal state conductance (Gy) for the location of the blue (a) and red
(b) spectrum of Fig. 3, reproduced here in the inset. A linear fit of the data taken at small conductance is used to extract u and ». Subgap
F* (symbols) for the blue (c) and red (d) spectrum of Fig. 3(d) and theoretical curves for three different values of A. Pure Andreev
reflection (AR, A =0 peV) and pure inelastic quasiparticle tunneling IQP, A = 1 peV) are shown for comparison.

the electron and hole excitations of the YSR, u and v,
can be extracted from the normal state conductance
(Gy) dependence of the YSR conductance (Gysgr), see
Figs. 4(a) and 4(b). Here, we fit the single electron
tunneling dominated linear part at low conductance
[14,15] to determine u and v. This enables us to calculate
the noise with a single adjustable parameter, the intrinsic
lifetime (#/A), which is masked in the conductance by
thermal broadening (see Ref. [30], Sec. 2F for a detailed
theoretical study of temperature effects on noise in YSR
states).

Figures 4(c) and 4(d) compare the noise data for energies
where the tunneling current is carried exclusively by the
YSR states (i.e., |V| < 0.8 mV) with theoretical curves for
several values of A, showing quantitative agreement for
A ~1 peV,ie., 7 ~0.7 ns, for both measured particle-hole
asymmetries. We stress that for increasing values of A,
meaning shorter relaxation times, single electron tunneling
becomes less resonant (i.e., less ordered in time) and
increasingly dominates the tunneling process. Indeed, for
A =10 ueV, the calculated noise is already nearly
Poissonian (F* = 1) for all voltages [see Figs. 4(c) and
4(d)], setting a lower limit on the relaxation time. For
comparison, calculations using only Andreev reflection
(AR) or only inelastic single electron processes (IQP) fail to
reproduce the data for any A, as the former always has
F* > 1 for both polarities and the latter F* < 1. We note
that due to the reduced tunneling rate at voltages well below
the resonance (|E| < |Ey|), the noise associated with IQP
and AR tends to its Poissonian value of F* = 1 and F* = 2,
respectively, as the curves for pure AR and IQP in Figs. 4(c)
and 4(d) also show. This is because at these voltages, the
time-ordering effect of resonant tunneling is suppressed.
The upturn in F* below the resonant energy for both
polarities, does therefore not reflect a change in the ratio of
AR and IQP, but is merely a result of the reduced current.
A similar upturn in F* seems to occur in the experiment,
although the error bars are relatively large for these small

currents. Lastly, whereas different values of A lead to very
distinct signatures in the noise, the resonances in the
corresponding differential conductance spectra are indis-
tinguishable from one another as they only depend on u and
v for kgT > A.

Discussion.—The persistent enhancement of the noise
for the smaller of the two YSR resonances in both
experiment and theory directly proves the presence of
Andreev processes, whereas the reduction in noise of the
strong resonance results from a finite lifetime of the YSR.
Which of the two processes is relatively more prominent for
a given set of peaks naturally follows from the particle-hole
asymmetry of the YSR. Since Andreev reflection requires
an electron and hole to tunnel simultaneously, the particle
and hole resonances for pure Andreev reflection will be
identical. For particle-hole asymmetric peaks, the larger of
the two resonances by default will have an inelastic
contribution as the smaller resonance cannot accommodate
Andreev reflection for all charge carriers in the big
resonance. Conversely, the inelastic component is reduced,
or even absent, for tunneling into the smaller of the two
resonances at low junction resistances. The fact that we
obtain qualitative agreement between theory and experi-
ment for u and v extracted from the linear part of Figs. 4(a)
and 4(b) while all noise data was recorded in the nonlinear
part of Figs. 4(a) and 4(b) highlights the robustness of our
results. We stress that although qualitatively still in agree-
ment, the theoretical curves for the data taken on the cores
[Figs. 2(e) and 2(j)] slightly deviate quantitatively (see
Fig. S8 [30]), 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 theory curves that use a lifetime similar to that
obtained on the YSR tails. Although based on limited
statistics due to the challenging nature of the experiment,
the YSR lifetime in 2H-NbSe, therefore seems independent
of the particular details of the magnetic impurity and the
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measurement location for roughly equal YSR currents,
which at subgap voltages constitute the only contribution to
the current.

Furthermore, the subnanosecond 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-NbSe, [42].
Importantly, the energy scale of relaxation we obtain
(A =1 peV) is much smaller than the electron temper-
ature, meaning that shot noise allows to determine the YSR
lifetime even if the width of the resonance in the tunneling
spectra is dominated by thermal broadening, or the current
not thermally saturated [14]. More generally, we show that
local measurements of fluctuations in the tunneling 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 scales and timescales inaccessible to
conventional spectroscopy. Although experimentally chal-
lenging, we demonstrate 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 nontrivial
states.
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