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Magnetic impurities on superconductors lead to bound states within the
superconducting gap, so called Yu-Shiba-Rusinov (YSR) states. They are parity
protected, which enhances their lifetime, but makes it more difficult to excite
them. Here, we realize the excitation of YSR states by microwaves facilitated by
the tunnel coupling to another superconducting electrode in a scanning tun-
neling microscope (STM). We identify the excitation process through a family
of anomalous microwave-assisted tunneling peaks originating from a second-
order resonant Andreev process, in which the microwave excites the YSR state
triggering a tunneling event transferring a total of two charges. We vary the

amplitude and the frequency of the microwave to identify the energy
threshold and the evolution of this excitation process. Our work sets an
experimental basis and proof-of-principle for the manipulation of YSR states
using microwaves with an outlook towards YSR qubits.

Magpnetic impurities coupled to a superconductor give rise to Yu-
Shiba-Rusinov (YSR) states, which are subgap states protected by
parity (even/odd particle number conservation)'”. They exhibit a
variety of interesting phenomena including (but not limited to) their
resonant character, which enhances higher order processes in tun-
neling (Andreev processes) or their parity protection, which enhances
their lifetime*®. Comparatively long coherence times can also be
expected in YSR states, but work on a coherent coupling of YSR states
so far has been limited*’. The first step towards coherent manipulation
is the use of microwaves in a tunnel junction, which leads to
microwave-assisted tunneling®'°. However, parity conservation has to
be considered when exciting a YSR state using microwaves.
Elementary excitations in a superconductor, i.e. Bogoliubov qua-
siparticles, come in pairs due to parity conservation, but only one
quasiparticle is needed to excite the YSR state'. The second quasi-
particle can escape to the continuum, which requires excitation
energies of at least the superconducting gap, or through a tunneling
contact, where much lower excitation energies are sufficient. A scan-
ning tunneling microscope (STM) provides such a tunneling contact

offering the ability to manipulate a YSR state with moderate excitation
energies far below the superconducting gap. This makes the STM an
ideal platform for the manipulation of YSR states as an extension of
nondegenerate Andreev-bound states to the atomic scale', which
provides a starting point for YSR qubits"”™.

Here, we demonstrate the excitation of YSR states using micro-
waves in the tunnel junction of an STM. We are able to separate dif-
ferent tunneling processes involving the YSR states, which allows us to
identify a tunneling process that is only possible through the direct
excitation of a YSR state by the microwave. We map out an amplitude
threshold that has to be overcome to excite the YSR state. This
threshold depends on the applied bias voltage, which allows for great
flexibility in different YSR excitation schemes. In this way, we provide a
proof of principle for the excitation and manipulation of YSR states by
microwaves in the presence of a tunnel junction, which is an important
prerequisite for the preparation and control of complex YSR struc-
tures, for example, in the context of quantum simulations.

We use a scanning tunneling microscope with an external micro-
wave antenna optimized for operation between 60 GHz and 90 GHZz'®,
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which is schematically shown in Fig. 1a. By controlled dipping of a
vanadium tip in a V(100) surface, we create a YSR state at the apex of
the tip*'?, which is subsequently irradiated by microwaves (see Sup-
plementary Note 1). In Fig. 1b, the differential conductance (green line)
through a YSR state in the absence of microwaves is shown. The salient
features of the YSR state are two sharp peaks in the superconducting
gap at eV=1+ (As +¢) corresponding to the electron and hole parts of
the Bogoliubov quasiparticle (V is the bias voltage, A is the super-
conducting gap parameter in tip and sample, and ¢ is the YSR energy).

In recent experiments, microwaves have successfully been
implemented in STMs with various applications, such as resolving the
internal structure of complex tunneling processes. Initial experiments
on clean superconductors'® show good agreement with a theory for
microwave-assisted tunneling’®”, which we refer to in the following as
Tien-Gordon (TG) theory. This theory predicts the formation of repli-
cas of very sharp spectral features (e.g. coherence peaks, YSR states) at
integer multiples of Aiw,/e weighted by a squared Bessel function (@, is
the microwave radiation frequency, 7 is Planck’s constant, and e is the
elementary charge), which depends on the microwave amplitude.
Further work has shown that this theory needs to be generalized
beyond the tunneling regime for higher order processes such as the
Josephson effect or Andreev reflections®. For a non-resonant transfer
of n charges, replicas form at multiples of fiw,/ne’**. Also, it has been
demonstrated that replicas of YSR states can show asymmetries which
are not contained within the TG theory’. This was corroborated by a
simplified Green’s functions approach?.

Results and discussion

Exciting YSR States with microwaves

The microwaves induce an alternating voltage V, in the tunnel junc-
tion, which is on the order of 100 uV to 10 mV. The conductance
spectrum with a YSR state irradiated by microwaves at a frequency of
/2 =60.05 GHz and an amplitude of 570 uV is shown in Fig. 1c
(yellow green line). We note that the temperature of the thermometer
at the STM only increases by a few mK, which leads us to conclude that

the superconducting junction is unaffected in line with previous work®.
Furthermore, in the modeling we achieved excellent agreement by
assuming a constant temperature of 560 mK independent of the
microwave amplitude. The interaction of the tunneling electrons with
the microwave leads to both the absorption and emission of energy
quanta by the tunneling electrons in integer multiples of
fiw, =248.3 ueV. In the simplest approximation, this interaction leads
to the appearance of replicas of the spectral features in Fig. 1b. In
Fig. 1c, the expected replicas of the YSR states are indicated by blue
vertical lines at distances of 248.3 uV. However, we also observe a
number of additional peaks marked by the red vertical lines, which
appear at eV=+ (As - €) + nhw,, where n is an integer. This might sug-
gest a thermal origin, but the temperature of 560 mK is very low and no
corresponding peak can be seen in the spectrum in the absence of
microwaves (cf. Fig. 1b).

Ground state vs. excited state tunneling

To understand the origin of the different peaks seen in Fig. 1c, we
present schematics of the underlying tunneling processes in Fig. 1d-g.
To induce tunneling through the YSR state without microwaves, we
apply a bias voltage of elV/= A + € as shown in Fig. 1d. To illustrate this,
we divide the tunneling process into three steps using the density of
states picture. In the first step (labeled ®), an electron is transferred
across the tunnel junction. In the second step (labeled ®) a Cooper pair
is split filling the hole, but leaving the YSR state excited. This excited
quasiparticle then relaxes into the continuum (step ®) or tunnels
across the junction as well (step @). If the tunnel coupling is weak,
quasiparticle relaxation in the YSR electrode dominates (step ®). As
the tunnel coupling increases, step ® becomes dominant transferring a
total of two charges across the junction. This step is termed “resonant
Andreev process” as its tunneling path involves a real state (the YSR
state®”*°) instead of a virtual state as in conventional Andreev
reflections”. We note that higher-order transfer processes appear in
resonant tunneling processes at much lower conductances than for
“conventional” tunneling, e.g. Andreev reflections. Therefore, a
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Fig. 1| Tunneling mechanisms of YSR states under microwave irradiation.

a Schematic drawing of the experimental setup. b Differential conductance mea-
sured without microwaves. Ground state tunneling is indicated by a blue arrow. No
excited state tunneling is observed (red arrow). c Differential conductance mea-
sured with microwaves at 61 GHz. The energy exchange with the microwave
induces replicas. The zero order ground state tunneling is indicated by a blue
arrow. Excited state tunneling induces additional peaks, with the zero order peak

indicated by a red arrow. The dashed lines in (b) and (c) are fits to the data using the
full Green’s function model and two transport channels (one BCS and one YSR
channel (cf.*')). d-g Schematics illustrating ground state and excited state tun-
neling processes with and without microwaves. The schematics are drawn for the
zero-order processes, i.e. no net energy quanta transferred. Energy quanta may be
absorbed/emitted in steps ©/® leading to replicas at different bias voltages.
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theoretical description has to include these processes already at a
conductance of 2.2 x1073G,, where Andreev reflections can still be
neglected (Go =2¢%h is the quantum of conductance). The event illu-
strated in Fig. 1d leads to a spectral peak indicated by the blue arrow
in Fig. 1b.

In the presence of microwaves, the tunneling process indicated by
the blue arrow in the experimental spectrum in Fig. 1c is schematically
shown in Fig. 1e. We first observe the conventional peak to appear at a
bias voltage of eV =Aq+¢, which implies that a total of zero energy
quanta are exchanged with the microwave during step ©®. However,
energy quanta can be exchanged during step ®, yet without shifting
the position of the peak.

In fact, the peak position only changes if energy quanta are
absorbed or emitted during step @ such that they appear at different
bias voltages eV = + (A + €) + nhw, in the spectrum. Other than that, the
process is analogous to the tunneling without microwaves (cf. Fig. 1d).
In the following, we consider the two processes involving step ® and @
together and refer to this family of peaks as ground state tunneling.

The additional peaks seen as red lines in Fig. 1c cannot be
explained by ground state tunneling (cf. Fig. 1d, e). They can be
attributed to processes which originate from tunneling events in the
absence of microwaves at bias voltages of elV/=A,—¢ as depicted in
Fig. 1f, where we would expect them to occur via thermal activation.
However, in our experiment, the Boltzmann factor exp(— kBLT) fora YSR

state of energy £=280 uV (for Figs. 2-4) at a temperature of 0.56 K
predicts a contribution of 0.03%, so that thermal excitations are
strongly suppressed. Indeed, Fig. 1b shows no spectral feature, where
the red arrow is pointing. When we turn on the microwaves, a strong
and clear peak can be observed at the location of the red arrow, in
contrast to a strong peak in the presence of microwaves in Fig. 1c. In
this situation, the microwaves open new transfer channels as deli-
neated in Fig. 1g. The absorption of multiple energy quanta during step
@ induces an excited YSR state (step ®) and allows for subsequent
relaxation into the continuum through step ®. Multiple quanta being
absorbed or emitted during process ® then lead to a family of addi-
tional peaks marked by the red lines in Fig. 1c at bias voltages
eV =1 (A - €) + nhw,. All the peaks of this family have in common that
the excited state is aligned with the coherence peak through the bias
voltage modulo an integer number of microwave quanta, which is why
we call these processes excited state tunneling.

Modeling the microwave excitation of YSR states

In order to understand the evolution of the ground state and excited
state tunneling more quantitatively, we measure differential con-
ductance spectra as a function of the dimensionless microwave
amplitude a =eV,/hw,. Figure 2a shows the differential conductance
measured at a microwave frequency of 61 GHz and a normal state

Microwave amplitude @

Bias voltage (mV)

Fig. 2 | Differential Conductance as function of bias of bias voltage and
microwave amplitude. a Experimental data measured at a setpoint of 500 pA at
3 mV with a microwave frequency 61 GHz. b Calculation based on the spectrum at

conductance of Gy=2.2x1073G,, where G =2€*h is the quantum of
conductance. We can clearly see many well-defined peaks, which we
will assign to ground state or excited state tunneling in the following.
In order to distinguish these peaks, we use the TG model to calculate
the expected microwave amplitude dependence from the measured
conductance spectrum without microwaves'%*°

1V, @)=Y " Ja@i° (V +nhw, /e), M

where J,(a) is the nth order Bessel function of the first kind and °(V) is
the tunneling current without microwaves. The calculated image
starting from the zero amplitude spectrum in Fig. 2a is shown in Fig. 2b.
We note that the TG model does not reproduce all of the experimen-
tally observed peaks. The replicated peaks in Fig. 2b are entirely due to
ground state tunneling, so that all additional peaks in Fig. 2a must be
due to excited state tunneling. For comparison, we calculate the data
set in Fig. 2a using the full Green’s function theory taking into account
microwaves, higher order tunneling processes (e.g. Andreev pro-
cesses) as well as the interference between them? (for details see
Supplementary Note 2). We found that due to the resonant tunneling
through the YSR states the interplay between the microwave and the
higher order tunneling processes become non-negligible such that
approximative calculations fail and the full Green’s function model has
to be applied (for details see Supplementary Note 3). The calculation is
shown in Fig. 2c, which shows excellent agreement with the measured
datain Fig. 2a. Both ground state and excited state tunneling processes
are reproduced with the full Green’s function model.

Frequency dependence of YSR excitations

To substantiate our claim that there are indeed two families of
processes, we present frequency-dependent differential con-
ductance spectra at a constant dimensionless amplitude of a=3
in Fig. 3a. The higher the order of the replica, the more tilted the
spectral feature will appear in the map. An nth order replica of a
feature at Vo moves as eV=eV, + nfiw,. The replica and their dis-
persion are calculated from the full Green’s function theory in
Fig. 3b as well as presented schematically in Fig. 3c. We can
identify four vertical lines corresponding to zero order replicas,
marked by the lines connecting panels (a), (b), and (c). The blue
and red colors mark ground state tunneling (eVo == (A +¢)) and
excited state tunneling (eVo =+ (As—¢)), respectively. We note
that at « =3, the microwave has enough power to excite the YSR
state, such that excited state tunneling becomes possible. If the
excited state replica actually did appear in the spectrum without
microwaves, which is not the case (cf. Fig. 1b), the original spec-
trum would appear as in Fig. 3d. In Fig. 3d, the excited state
tunneling peak (red line) is added manually, where thermal

Bias voltage (mV)

zero amplitude in (a) using the Tien-Gordon (TG) model. The features connected
to excited state tunneling are missing. ¢ Full Green’s function model (FM) calcu-
lation shows all details as in the experimental data.
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tunneling would appear, as a Gaussian peak with the same width
and height as the corresponding YSR peak. However, microwaves
could trigger these transfer processes to occur beyond a given
threshold as discussed below.

f (GHz)

-3 -2 -1 0 1 2 3
Bias voltage (mV)

Fig. 3 | Frequency dependence of the spectra at constant microwave amplitude
a. a Differential conductance spectra measured as a function of frequency at
constant microwave amplitude a = ‘*‘ =3. b Calculated spectra in the same range
as (a) (full model). ¢ Theoretical Iocatlon of normal state replicas (blue) and excited
states replicas (red). d Base spectrum without microwaves (blue) and excited states
represented by a Gaussian peak, which was added manually (red), having the same
height and width as the corresponding YSR peak. The zeroth order replicas (vertical
lines) connect the panels.

—_ excited — ground state

A simple model for excited state tunneling

In essence, the breakdown of the simple TG model (Fig. 2b) is expected
because it leaves the ground state untouched and only considers the
spectrum in the absence of microwaves without taking into account
processes activated by the microwaves, such as excited state tunnel-
ing. The full model (Fig. 2c) agrees quantitatively with the experiment
(cf. excellent fit in Fig. 1c). An intuitive understanding of the mechan-
ism behind excited state tunneling can be derived from a simplified
model. Employing a perturbative approach including second-order
resonant Andreev processes, the excited state tunneling current
lex.e/n(V, @) appears as

ex e/h(v a)= Z w(a, n)ln(a)lex ,e/h (V t nhwr/e)' (2)

where e/h refers to the peak at negative/positive bias voltage
eV=%(As—¢). The bare excited state tunneling current ng,e/h(V) is
replicated by the microwave beyond an amplitude threshold (see
below). This is detailed in Supplementary Note 4 along with details on
the approximations being used. We further introduce a weight func-
tion

wan= > Jn@, 3)

mx=my—n

which sums over all possible energy quanta that can be exchanged
during step ©, where my = Lf—aﬂ is the minimum number of quanta

needed to excite the YSR state (cf. Fig. 1g). The excited state tunneling
current in Eq. (2) and the weight function in Eq. (3) show that step ©® in
Fig. 1g only contributes to the magnitude of the current, but it does not
generate any replica. This also explains why the replica are a distance
fw,/e apart despite two charges being transferred in the whole pro-
cess. A very similar argument can be made for step ® of the ground
state tunneling in Fig. le. However, in this case the sum condition in the
weight function is m>n-my, which does not introduce a new
threshold, but just leads to a renormalization of the spectral weight. A
number of different approximations between the full model and the
simplified model in Eq. (2) can be made, e.g.”, which are discussed in
Supplementary Notes 2, 3, and 4.

Microwave amplitude a

— —SM
=data ___ SM w/o w(a) ]

[e)]
T
s
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! \ n=0

N

di/dV (arb.u.)

o

05 00 05 10
Bias voltage (mV)

-1.0

Fig. 4 | Excitation threshold for the YSR state. a Differential conductance cal-
culation (simplified model) to illustrate the origin of the tunneling processes.
Ground state tunneling is shown in blue and excited state tunneling in red. The
shaded area around zero bias voltage represents the region where the microwave
amplitude is below the threshold to activate excited state tunneling. b The weight
function for excited state tunneling for different orders n=-1, 0,1 as indicated by
the vertical lines in (a). The initial threshold is clearly visible. ¢ Slices of differential

1.5 2.0 0.0 2.5 5.0 7.5

10.0

conductance data as a function of microwave amplitude for excited state tunneling
at different orders n=-1, 0,1as indicated by the vertical lines in (a). The simplified
model (SM) (solid gray line) fits well with the experimental data and nicely
demonstrates the cutoff due to the threshold at lower amplitudes compared to
when the weight function is not considered (gray dashed line). The vertical blue
lines indicate the threshold a =2, 3, 4, respectively.
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In Fig. 4a, we separately calculate the ground state and excited
state tunneling conductances using Eq. (2) and the corresponding
formula for ground state tunneling (see Supplementary Note 4), which
are shown in blue and red, respectively. The stepped shaded area
around zero bias voltage represents the threshold amplitude needed
to activate excited state tunneling. The weight function for the
n=-1,0,1 processes marked in Fig. 4a are plotted in Fig. 4b as a
function of dimensionless microwave amplitude a. We see that the
threshold is not a sharp cutoff, but follows the leading edge of the
lowest order Bessel function j§l3’4(a), respectively, enabling the pro-
cess. For n=-1, 0,1, the threshold is roughly at a>2, 3, 4, respectively,
when the weight function becomes significant. To demonstrate the
threshold effect of the weight function, we plot the corresponding
data from Fig. 2a at n=-1, 0, 1 in Fig. 4c. The fits are shown with and
without the weight function as solid and dashed gray line, respectively.
We can directly see how the weight function imposes the threshold for
small amplitudes and nicely follows the experimental data.

At this point, we emphasize that here YSR states are excited using
energies much smaller than the minimal energy AE > A, + ¢, if the YSR
state is connected to a tunnel junction. In fact, the excitation energy
canbe as low as 2¢ (cf. Fig. 1g and Eq. (2)), which we have demonstrated
through the excited state tunneling process and the imposed activa-
tion threshold. Even though two electrons are transferred in the
resonant tunneling process through the YSR state, the replica are
spaced fiw,/e apart instead of fw,/2e as for conventional Andreev
reflections. Hence, the spacing between replica cannot be used for
inferring the number of charges being transferred. Our ability to excite
YSR states with high precision can now be exploited for direct
manipulation protocols. This opens up new possibilities for pump-
probe schemes to address the finite lifetime of YSR states.

In summary, we have conducted a proof-of-principle experiment
showing that the combination of a tunneling current and microwave
radiation can excite YSR states without the need to cross the energy
gap. In particular, microwave-assisted tunneling can be used as a tool
not only for ground-state tunneling, but also for excited-state tunnel-
ing. The sub-gap excitation is attractive for future applications (such as
information storage) as it does not introduce decoherence by coupling
to the continuum to which the YSR state is coupled. Therefore,
microwaves could pave the path towards coherent manipulation,
similar to ESR-STM* or Andreev qubit architectures™. Additionally,
this work has shown replicas at multiples of 7w,/e as opposed to the
fiw,/2e that one would expect for a two-electron process. Pulse
schemes or shot noise measurements®° could shed further light on
this process.

Data availability
The data that support the findings of this study are available from the
corresponding author upon request.

Code availability
The computer code that support the findings of this study is available
from the corresponding author upon request.
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