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Current flow in electronic devices can be asymmetric with bias direction, a
phenomenon underlying the utility of diodes' and known as non-reciprocal charge
transport® The promise of dissipationless electronics has recently stimulated the

quest for superconducting diodes, and non-reciprocal superconducting devices

have beenrealized in various non-centrosymmetric systems®°, Here we investigate
the ultimate limits of miniaturization by creating atomic-scale Pb—Pb Josephson
junctionsinascanning tunnelling microscope. Pristine junctions stabilized by a single
Pb atom exhibit hysteretic behaviour, confirming the high quality of the junctions, but
no asymmetry between the bias directions. Non-reciprocal supercurrents emerge
wheninserting a single magnetic atominto the junction, with the preferred direction
depending on the atomic species. Aided by theoretical modelling, we trace the
non-reciprocity to quasiparticle currents flowing by means of electron-hole
asymmetric Yu-Shiba-Rusinov states inside the superconducting energy gap and
identify anew mechanism for diode behaviour in Josephson junctions. Our results
open new avenues for creating atomic-scale Josephson diodes and tuning their
properties through single-atom manipulation.

Since theinvention of semiconductor p-njunctions, currents asymmet-
ricinthedirection of the applied bias voltage have been central to the
development of electronic devices'. In p—n junctions, non-reciprocal
charge transportemerges from the band misalignment at the interface,
which breaks inversion symmetry. In the absence of abrupt material
interfaces, non-reciprocal charge transport usually occurs when broken
inversion symmetry (for example, by an electric field or the Rashba
effect) is accompanied by broken time-reversal symmetry (for exam-
ple, by anapplied magnetic field)2 If the current flows perpendicular
to crossed electric and magnetic fields, its magnitude depends on the
direction, a phenomenon known as the magnetochiral effect™.
Non-reciprocal charge transport is particularly appealing for
superconducting devices. They can exhibit dissipationless super-
currentin one direction, whereas the reverse direction is resistive,
allowing for essentially unlimited resistance ratios. Diode behaviour
has recently been realized in non-centrosymmetric low-dimensional
superconductors**?, as well asininversion-symmetry-breaking stacks
of different superconductors’, making use of the strong magnetochi-
ral effect when spin-orbit coupling and superconducting gap are of
comparable magnitude. The need for atime-reversal-breaking external
magpnetic field can be avoided by including magnetic interlayers™.
Josephson junctions provide an alternative platform for diode-like
behaviourinsuperconductors, offering further tunability and poten-
tially interfacing with superconducting qubits. Although two or more
Josephson junctions combined into superconducting quantum inter-
ference devices (also known as SQUIDS) have long been proposed as

amplifiers and rectifiers", experiments on single Josephson junctions

have only recently observed non-reciprocal behaviour. Baumgartner
et al.® used a proximity-coupled two-dimensional electron gas with
strong spin-orbitinteraction, Pal etal.” observed diode-like behaviour
insuperconductingjunctionsin proximity to atopological semimetal
and Diez-Merida et al.® in twisted bilayer graphene. Although these
devices required external magnetic fields to induce the diode effect,
Wuetal.”* demonstrated rectification in aNbSe,/Nb,Brg/NbSe, junction
without magnetic fields “.

Here we reportthatinsertion of asingle atom caninduce diode-like
behaviour inJosephson junctions implemented using a scanning
tunnelling microscope (STM). Josephson coupling with and without
adatoms haslongbeeninvestigated using STMs with superconducting
tips, focusing on spectroscopy of tunnelling processes and excita-
tions'® 8, pair-density waves'®, phase diffusion®, photon-assisted tun-
nelling” %, Josephson spectroscopy*?* and O-m transitions®. Although
previous work on single-atom junctions focused on voltage-biased
junctions, diode effects require current-biased measurements. We real-
ize current-biased Josephson junctions and find diode-like behaviour
whenincluding a single magnetic atom. We show that magnitude and
sign of the diode effect can be tuned by the choice of atomic species.
This makes our single-atomJosephson diodes a promising platform for
studies of superconducting diodes, in particular when combined with
single-atom manipulation to assemble the atoms into nanostructures.

We also demonstrate that the non-reciprocity of our atomic-scale
Josephsonjunctionsis because of anew mechanism. The current-biased
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Fig.1|Single-atomJosephsonjunctionsincluding Pb, Mnand Cr atoms.

a, Sketch of STM-based Josephsonjunctionincluding asingle atom. Inset,
STMtopography of aPb(111) surface with individual Pb, Mn and Cr adatoms
(coloured circles); scanning parameters: 50 mV, 50 pA. Scale bar,3 nm.

b-d, V-Icurvesof current-biased Pb-Pb junctionsincludingaPb (b), Cr (c) and

junctions exhibit a hysteretic voltage response”>°, with the switching

current (/,,)—marking the transition from dissipationless to resistive
junctionbehaviour onincreasing the current bias—well separated from
the retrapping current (/..)—marking the reverse transition on reduc-
ing the current. We find adominant non-reciprocity in the retrapping
current, whereas all previous experiments on hysteretic Josephson
junctions found adominant non-reciprocity in the switching current.
We explain this by anew mechanism for non-reciprocity, which is the
result of asymmetric quasiparticle damping and does not require break-
ing of time-reversal symmetry by an applied magnetic field. Thisisin
contrast to strong asymmetries in the switching current, which result
from asymmetric current-phaserelations.

Current-biased single-atom Josephson junctions

Figure 1a shows a sketch of our experimental setup. The Josephson
junctionis formed between the superconducting Pbtip ofaSTMand an
atomically clean superconducting Pb(111) crystal with single Pb, Cr and
Mnatoms deposited on its surface (see STM image in Fig.1a). Advancing
towards these atoms by the tip allows us to investigate the influence
of individual atoms on otherwise identical Josephson junctions. To
establish these atomic-scale Josephsonjunctions, we advance the STM
tip to the surface at a bias voltage well outside the superconducting
gap, until anormal-state junction conductance of 50 pS, on the order
of but smaller than the conductance quantum, is reached. We then
introduce a large resistor (1 MQ) in series with the junction, such that
we effectively control the current bias of the junction.

We first focus on junctions stabilized by a single Pb atom (Fig. 1b).
When reducing the bias current from large positive currents, we
observe asharp reduction in the voltage drop across the junction at
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Mn (d) atom, measured at anormal-state conductance of Gy =50 puS. Sweep
directions areindicated by black arrows and switching and retrapping events
byblue and green dots, respectively. The slope at small currents (inverse of the
phase-diffusion conductance G,,) is marked by ayellow dashed line.

the retrapping current (/. = 1.2 nA). This marks the transition from
resistive behaviour dominated by quasiparticle tunnelling (dissipa-
tive branch) to the near-dissipationless low-voltage state dominated
by Cooper-pair tunnelling. Further reducing and eventually reversing
the current bias to negative values, the junction abruptly transitions
back to the dissipative branch at the switching current (/,, = =5.6 nA).
Inverting the sweep direction of the current, the V-/behaviour exhibits
asubstantial hysteresis, but for pristine Pb~Pb junctions, the magni-
tudes of the switching and retrapping currents areindependent of the
bias direction (Fig.1b).

Non-reciprocal Josephson currents

TheJosephsonjunctions exhibit qualitatively different behaviour when
the Pbatomis replaced by a single Cr or Mn atom (Fig. 1c,d). Incorpo-
rating a single magnetic atom into the junction substantially reduces
the switching current compared with the pristine Pb junctions. This
isconsistent withareduction of the Josephson peak in voltage-biased
measurements on magnetic atoms® 2, Notably, we observe that the
retrapping current and, to amuch lesser extent, the switching current
now depend on the direction of the current bias, so that the incorpo-
ration of a single magnetic atom makes the junction non-reciprocal.
Thebehaviour of our atomic-scale junctions differs qualitatively from
observations of non-reciprocity in larger-scale junctions. Although we
observe thedominant asymmetry inthe retrapping current, refs. ”°find
stronger non-reciprocal behaviour in the switching currents.

Next, we directly compare the switching and retrapping currents for
bothbias directions over arange of junction conductances (Fig. 2a,b).
Accounting for the statistical nature of the switching and retrapping
processes, every data point averages the switching or retrapping
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Fig.2|Non-reciprocity of switching and retrapping currents versus
junctiontransparency. a,b, Absolute values of retrapping and switching
currentsas extracted from V-/curves for Cr (a) and Mn (b) junctions. Each data
pointaverages over 100 sweepsrecorded during longer measurement series
started at normal-state conductances between 25 pSand 50 pS (a) and 20 puS
and 50 pS (b) at 10 mV. Error barsindicate the standard deviation of the average
values. Although piezoelectric creep slowly changes G, (determined for each
individual sweep), G, remains essentially constant for the sweeps entering

current over 100 current sweeps (see Extended Data Figs. 2-4 for full
histograms). We quantify the junction conductance by the (inverse)
slope of the V-/curvesin the low-voltage regime (compare Fig. 1b-d),
which we refer to as the phase-diffusion conductance G, for reasons
explained below. We find that the retrapping currents depend not only
onthebiasdirectionbutalso onthe particular type of magnetic atom.
For Cr atoms, the retrapping current is much larger in magnitude at
positive bias (/. ,) than at negative bias (/. -). For Mn atoms, the situa-
tion is just reversed. This is further illustrated in Fig. 2c, which shows
theasymmetry Al.=|/..| - /.. -lintheretrapping currentasafunction
of Gy, Furthermore, there is a considerably weaker asymmetry of the
switching current (see also histograms in Extended Data Fig. 1).

Phase dynamics

The hysteretic junction dynamics can be described within the model
of aresistively and capacitively shunted Josephson junction (RCSJ). In
this model?°, the bias current /,;,; applied to the junction splits
between a capacitive current /.= CV, a dissipative current /;and its
associated Nyquist noise 6/, as well asthe supercurrent /,(¢). Using the
JosephsonrelationV=h¢/2efor the voltage Vacross the junction and
assuming ohmic dissipation, /= V/R, the superconducting phase
difference g across the junction can be described as a Brownian parti-
cle movingin atilted washboard potential (Fig. 3e),

(hC/2e)p + (h/2R) + (@) + 61 = Iys. Q)

The tilted washboard potential subjects the Brownian particle to
a constant force associated with the bias current /,;,,, as well as to a
periodic force originating from the current-phase relation /,(¢) of
the junction. We note that, at our measurement temperature of 1.3 K,
the junctions are adequately modelled by classical phase dynamics.

Focusing first on the pristine Pb junctions, the hysteretic behaviour
emerges as follows. At small bias currents, the phase is trapped ina
minimum ofthetilted washboard potential, corresponding to supercur-
rent flow. Increasing the bias current tilts the washboard potential and
lowers the potential barrier for activation of the phase particle out of the
minimum. Once the phase particle escapes, it crosses over to arunning
solution associated with avoltage drop across the junction (switching
current). Conversely, whenreducing the bias current, inertia makes the
phase particleretrap into aminimumonly at asmaller current, at which
friction balances the energy gained owingto the tilt of the washboard
potential (retrapping current). In our junctions, switching occurs long

630 | Nature | Vol 615 | 23 March 2023

intoasingle data point (see Methods for details). Positive/negative current bias
isindicated by dark/bright colours and labelled as Cr,/Cr_and Mn,/Mn_. Panels
include datafrom several measurement times with different samples and tips
to highlight the robustness of the effect, apart from small variationsin the
noise characteristics. ¢, Asymmetry Al,.=|/...| - /.-l of the retrapping current
for single-atom Cr, Mn and Pb junctions. Pb junctions exhibit symmetric
retrapping currents, whereas Crand Mn atoms show non-reciprocities of
oppositesign.

before the bias current reaches the critical current /, (estimated at
107 nA based on the Ambegaokar-Baratoff formula®), at which the
tilted washboard potential loses its minima, indicating theimportance
of the Nyquist noise §/. We note that we observe a small voltage drop
alsointhe nominally trapped state at small bias current. This behaviour
is familiar for small junctions and a well-understood consequence of
frequency-dependent damping?, leading to residual phase diffusion
and the zero-bias conductance G, (see also Methods).

Although this basic RCSJ model predicts reciprocal dynamics,
several extensions are known to support non-reciprocal behaviour.
Diode-like behaviour can originate with anasymmetric current-phase
relation®”**% or nonlinear corrections to the capacitive term associ-
ated with the quantum capacitance®. An asymmetric current-phase
relationimplies anon-reciprocal switching current, inconsistent with
our observations. Nonlinear corrections to the capacitive terminduce
asymmetric retrapping currents. However, thisrequires ajunction with
strongly asymmetric carrier densitiesonitstwosides, afeature thatis
absent for our Pb—-Pb junctions.

Origin of non-reciprocity

Non-reciprocity of the retrapping current, coexisting with less asym-
metric switching currents, suggests instead that the non-reciprocity
originates with the damping properties of the junction. Microscopi-
cally, the dissipative current /;accounts for the quasiparticle current
flowing in parallel to the supercurrent, as well as dissipation into the
electromagnetic environment. Although the latter is expected to
be independent of the bias direction, the quasiparticle current can
be non-reciprocal.

The asymmetry of the quasiparticle current is directly accessible
in voltage-biased measurements, with a superconducting tip, of the
samejunctions. Figure 3a,b presents tunnelling spectraon Crand Mn
atoms at small junction conductance (0.125 pS), showing strong subgap
resonances of the differential conductance d//dV (and thus current).
As well as the coherence peaks at (2.72 + 0.05) mV, we resolve three
pairs of conductance peaks, labelled by (&, 3, y), which we identify
with Yu-Shiba-Rusinov (YSR) states®® within the superconducting
energy gap 4. Peaks occurring at voltages e|V| < 4 originate from the
same states, albeit examined by thermally excited quasiparticles®.
Althoughthe YSRresonances must occur symmetrically inenergy, they
need not have symmetric intensities®**%*, We observe that this asym-
metry is particularly pronounced for the deepest («) YSR state of Mn.
By comparison, Cr exhibits weaker but still well-resolved asymmetries
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Fig.3| YSRstates as origin of non-reciprocity. a,b, Voltage-biased differential
conductance spectraof Cr (a) and Mn (b) ata normal-state conductance of
Gy=0.125pS. (Conductancesetat 500 pA, 4 mV, lock-in modulation V,,,,, =15 pV).
Thesuperconducting energy gap of the tip (4) is marked by dashed lines.
Referencespectraof Pbareshowningrey. YSRstatesarelabelledasa, B andy.
The YSR statesare symmetricin energy about zero bias butasymmetricin
intensity owingto electron-hole asymmetry. c¢,d, d//dVspectra of the same
atomsasinaand b measured at Gy =50 pS. (Conductance setat 500 nA,10 mV,
lock-in modulation V,,,,=15 uV). These spectrashow azero-bias Josephson
peak aswellas several Andreev reflections with and without exciting YSR
states. Owingto the electron-hole asymmetry of the YSR states, the spectra
exhibitintensities thatare distinctly asymmetric about zero bias. e, Sketch of

ofthe YSR-state intensities. Notably, there is no asymmetry in the cor-
responding d//dV traces for the junction stabilized on a Pb atom (see
grey traces in Fig. 3a,b).

These results indicate that the asymmetric subgap conductance
associated with the YSR resonancesis a natural source of the observed
non-reciprocal behaviour. However, the spectra in Fig. 3a,b were
taken in the weak-tunnelling regime, in which the YSR resonances
are well resolved and are thus not of immediate relevance to the
Josephson-junction regime at stronger tunnelling. Figure 3c,d
shows d//dV spectra at junction conductances corresponding to the
Josephson-junction regime. For the pristine Pb junctions, the larger
junction conductance enables further transport processes inside the
gap owing to Cooper-pair tunnelling at zero bias (Josephson peak)
and several Andreev reflections above the threshold voltages of
eV=24/nwithn=2,3... (Fig.3c,d, grey traces). Consistent with the
weak-tunnelling case, the d//dVtraces of pristine Pb junctions remain
independent of bias direction at high junction conductance.

For the Cr and Mn junctions at higher junction conductance, we
observeanevenricherin-gap structure, withintensities that are clearly
asymmetric in the bias directions. We attribute the extra features to
several Andreev processes exciting a YSR state of energy ¢ as well as
to quasiparticles in the electrodes. These processes have threshold
energies of eV= (4 + &)/n (refs. >**?) and reflect the asymmetry of the

washboard potential (blue line) and friction (roughness of grey background)
controlling the dynamics of acurrent-biased Josephsonjunction as
represented by aphase particle (black spheres). The phase particle canbe
trapped inaminimum characterized by Josephson energy F;and plasma
frequency w, (trapped state) or slide down the washboard potential (running
state). Non-reciprocal behaviour originates with friction, which depends on
biasdirection, asindicated by the different grey textures. f, Current-voltage
characteristics of voltage-biased Mn and CrJosephson junctions for positive
(+)/negative (-) voltages at Gy = 50 puS. The Cr junctions show alarger current
magnitude at positive than at negative bias. The situationis opposite for Mn
junctions.

underlying YSR states. Theresulting asymmetry in the subgap current
isshownin Fig. 3f. Notably, the quasiparticle current for Cris larger at
positive bias voltages. Because a larger quasiparticle current implies
stronger dissipation, this is consistent with the larger retrapping cur-
rent for this bias direction of the current-biased Josephson junction.
The situation is just reversed for Mn, again consistent with the asym-
metry of the retrapping current.

To further corroborate that an asymmetric quasiparticle current
caninduce non-reciprocal behaviour of Josephson junctions, we per-
formnumerical simulations for an extended RCS) model’*°. We include
frequency-dependent damping, allow for anonlinear and asymmetric
dissipative /,(V) and account for the Johnson-Nyquist noise associ-
ated with the damping. To isolate the effect of asymmetric damping,
we extract /,(V) based on the experimental data in Fig. 3f for the Pb,
Cr and Mn junctions but otherwise use identical model parameters
(for details, see Methods). Figure 4 shows representative V-/traces,
which are symmetric for Pb but exhibit asymmetric retrapping currents
for Cr and Mn. The asymmetries clearly reproduce the sign found in
the experiment (compare Fig.1b-d). Consistent with the experiment,
our simulations also reproduce a weak asymmetry in the switching
current. (The asymmetry of the switching current in Fig. 4 is domi-
nated by statistical fluctuations. The full switching-current histograms
shown in Methods have only a much weaker asymmetry.) Finally, we
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Fig.4 |Modelling of non-reciprocity within the RCS) model. Simulated
hysteretic V-/traces based on the extended RCS) model, accounting for
asymmetricas well as frequency-dependent friction. Traces for Pb (grey), Cr
(blue) and Mn (red) use the non-ohmic quasiparticle current /,(V) as extracted
fromthe corresponding experimental datain Fig.3c,d asinput. Allother model
parameters (see Methods) are identical to highlight the effect of asymmetric
friction. Inset, [V|-|/| traces over asmaller range of bias currents using the

same data as in the main panel to bring out the asymmetry, showing only the
retrapping currents. Solid (dashed) lines correspond to positive (negative)
currentbias, with colour coding as in the main panel.

comment onthe symmetry conditions for non-reciprocity originating
from quasiparticle damping. Inversion symmetry is explicitly bro-
ken by single-atom junctions with the adatom attached to one of the
electrodes. At the same time, the junction is time-reversal symmetric
because, in the absence of an external magnetic field, the spin of the
magnetic molecule remains unpolarized. Instead, the asymmetric
weights of the YSR resonances and hence the non-reciprocity are a
consequence of broken particle-hole symmetry (see also Methods).

Conclusions

Developing device applications for Josephson diodes requires a
thorough understanding of the mechanisms underlying their non-
reciprocity. By examining the limits of miniaturization, we have created
andinvestigated Josephson diodes whose asymmetry isinduced by the
presence of asingle magnetic atom within thejunction. The single-atom
nature of our junctions admits acomprehensive understanding of the
observed non-reciprocity, and we find that its origin is qualitatively
different from that underlying observations in larger-scale devices.
We trace the non-reciprocity of our junctions to dissipation induced
by quasiparticle currents flowing in parallel to the supercurrent. In
the presence of magnetic atoms, the quasiparticle current can flow by
means of YSR subgap resonances, which become asymmetric in the bias
directionwhen particle-hole symmetry is broken. At the relevant junc-
tion conductances, the quasiparticle current involves not only direct
single-electron tunnellinginto the YSR states but also several Andreev
reflections exciting the subgap states and thereby contributing to the
asymmetry of the quasiparticle current.

Our atomic-scaleJosephsonjunctions provide excellent flexibility for
tuning the non-reciprocal behaviour. We have already shown that the
magnitude of theasymmetry can be tuned by means of the junction con-
ductance and that the sign of the asymmetry depends on the atomic spe-
ciesinsertedinto the junction. Considerable opportunities are opened
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by combining atomic-scale Josephsonjunctions with single-atom manip-
ulation. The asymmetry is expected to depend sensitively on the adsorp-
tion site of the magnetic atom and can be manipulated by bottom-up
creation of atomic assemblies. Thus, our results pave the way towards
designingJosephson diodes withalarge degree of functional flexibility.
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Methods

Experimental details

The Pb(111) crystal was cleaned by several cycles of Ne* sputtering
and subsequent annealing under ultrahigh-vacuum conditions. Using
an electron-beam evaporator, magnetic adatoms (chromium and
manganese) were deposited on the clean substrate held at 30 K. The
as-prepared sample was then investigated in a CreaTec STM at 1.3 K.
The tungsten tip was coated with a sufficiently thick layer of Pb by
dippingitinto the crystal surface until a full superconducting gap
is observed (4, = As.mpie)- Differential-conductance spectra at large
junctionresistance show the quality of the superconductor-supercon-
ductor junction by a superconducting gap of size 24, + 245,mp1e = 44
around the Fermi level, flanked by a pair of coherence peaks (grey
spectrainFig. 3a,b).

AsJosephson spectroscopy is performed at junction conductances
of 20 puS or higher, exceptional tip stability is required to withstand
theforcesacting at these conductances. Smaller indentations are per-
formed to improve the stability and sharpness of the tip. Individual
Pb atoms from the tip apex were deposited by controlled approaches
to the flat surface. Measurements were then done on individual Pb,
Cr or Mn adatoms on the Pb(111) surface. The Cr and Mn atoms were
pulled out from the initial adsorption site by advancing with the
STM tip®.

Josephson spectroscopy was performed by increasing the current
set pointataconstant bias voltage of 10 mV until reaching the desired
junction conductance. After tip stabilization, a large series resistor
R...iee =1 MQ was introduced into the bias line. This resistance is suf-
ficiently large compared with the junction resistances, so that the
junctionis effectively current biased. Current-biased Josephson spec-
troscopy was then performed by sweeping the current bias back and
forth between positive and negative values at arate of 100 nAs™ to
320 nAs™. Datasets with the same tip were recorded at the same ramp
rate for direct comparison of magnetic and non-magnetic (Pb) adatoms.
Smallvariations in the ramp rate do not lead to notable changes of the
switching and retrapping current. Thisisin agreement with their loga-
rithmic dependence onthe ramp rate. Positive current corresponds to
tunnelling of electrons from tip to sample. For statistical analysis, we
perform between 500 and 2,000 sweeps in each direction. The STM
feedback was turned off during measurement.

We analysed the data using a dedicated Python program. Switch-
ing and retrapping events were extracted by taking the derivative
of the individual V-/ curves, which were previously smoothed by a
standard Gaussianroutine. We also determined G,, from the slope of
the V-Icurveinthe trapped state. In analysing the data, we account
for several instrumental effects. (1) A slow creep of the piezoelec-
tric elements causes the tip to drift towards the surface, effectively
changing the junction conductance. We continuously monitor G,
to characterize the junction and plot all switching and retrapping
currents versus Gpp. (2) The differential amplifier used during the
Josephson measurements introduces a slowly shifting voltage offset,
which we subtract fromthe individual V-Icurves. (3) The voltage/cur-
rent source has a small offset. For this reason, we correct the entire
dataset, including the data measured on the magnetic adatoms, by
the mean offset for all recorded data on the pristine Pb—Pb junction
under identical measurement conditions, that is, identical tip and
identical tip locations. (4) At high junction conductances, the volt-
agedrop across the series resistance of the external circuit becomes
non-negligible in the voltage-biased measurements. We correct for
this by calibrating the voltage to the superconducting gap size of
the Pb-Pb junction.

Statistical analysis of switching and retrapping currents
As described in the main text, we create a Josephson junction by
advancingthe STMtip to the surface atabias voltage (10 mV) far above

the superconducting energy gap until the desired normal-state junc-
tion conductance (afew tens of uS) isreached. We effectively current
biasthejunction by insertingalarge seriesresistor (Ri.s =1 MQ) into
the bias line and sweep the current (afew nA) in both directions. The
transition from theresistive to the low-resistance state (/,.) is seen asa
suddendropinthe voltage, whereas switching from the low-dissipation
to the dissipative branch (/,,) occurs as a sudden increase in the volt-
age. Both events are stochastic in nature, owing to Johnson-Nyquist
noise. For this reason, we complement single sweeps by histograms
of switching and retrapping currents extracted from a larger set of
V-Icurves. Non-reciprocity of the switching and retrapping current
isthenseen as asymmetries between the histograms for positive and
negative bias. Extended Data Fig.1shows corresponding histograms
extracted from 500 to 2,000 sweeps recorded on Pb, Crand Mnjunc-
tions with Gy equal to 50 pS. For the Pb junction, the histograms of
the switching currents |/, .| and |/, -| exhibit broad Gaussian-like
distributions, with the same average ((5.9 + 0.4) nA) for both bias
directions. The histograms of the retrapping currents|/.. .| and |/.. |
are narrower ((1.8 £ 0.1) nA) but also independent of bias direction.
The histograms for Cr and Mn junctions are qualitatively different.
The histograms of the retrapping currents exhibit a clear relative shift
between the two bias directions, leading to different absolute values
oftheaverages of /.. . ((1.9 £ 0.2) nA for Crand (1.86 + 0.04) nA for Mn)
and/,_((-1.4 £0.2) nAfor Crand (-2.18 + 0.06) nA for Mn). The histo-
grams of the switching current exhibit a noticeable but much weaker
dependence on the bias direction.

Analysis of switching and retrapping currents as a function of G,
The histograms in Extended Data Fig. 1 reflect the stochastic nature
ofthe switching and retrapping processes but are further broadened
by piezoelectric creep over the course of the measurement. The creep
effectively increases the junction conductance (as quantified by the
phase-diffusion conductance G,p) with time. For each, we minimize
the creep-induced broadening by using 100 consecutive sweeps for
separate histograms with an associated average G,p. Extended Data
Figs. 2-4 illustrate this analysis. The histogram for the earliest 100
sweeps are shown at the bottom of each panel. Histograms obtained
fromsubsequentbatches of 100 sweeps correspond to larger junction
conductances Gy, asindicated in the figures. Thisincrease is accompa-
nied by anincreasein |/, and|/,.| as seen by a shift of the correspond-
ing histograms. This scheme is the basis for Fig. 2, which collects the
averageretrapping currents, along with the standard deviations of all
of these histograms.

Comparison of switching currents

Extended Data Fig. 5 shows the switching currents of Cr and Mn junc-
tions as a function of Gy, in both cases compared with Pb junctions
measured with the same tip. For identical tips, the switching currents
/| show almost the same linear dependence on G,p, justifying the use
of Gpp as asuitable measure of junction conductance.

Influence of the STM tip

The STMtipisanintegral part of our atomic-scale Josephsonjunctions.
To ensure that the main findings remain valid independent of details of
thetip apex, we investigated several tips obtained through reshaping
by large tip indentations into the Pb substrate. Extended Data Fig. 6
shows the non-reciprocity of the retrapping currentas afunction of Gy,
for junctionsincluding Cr and Mn atoms but measured with different
tips. All tips show a positive value of theasymmetry A/, = |/, .| = |/ -|in
case of Cr, anegative value for Mn and no asymmetry for Pb adatoms.
Although these qualitative observations are robust for all tips, there
are small differences in the magnitude of the asymmetry at the same
value of G;,. We tentatively ascribe these variations to tip-dependent
Josephson coupling energies and quasiparticle currents, as well as
noise levels.



YSR states and particle-hole symmetry

We trace the asymmetric quasiparticle current to YSR states, which
the magneticimpurity induces within the superconducting gap of the
substrate superconductor. Here we briefly explain the origin of this
asymmetry and its relation to breaking of particle-hole symmetry. The
interaction of the magnetic impurity (impurity spin S) with the conduc-
tion electrons of the substrate (field operators ¢, , with wavevector k
and spin o) takes the form

Hpe= Y Y w]t,o[-ls'SU,0l+K60:¢7l](pk’,0" (2)

kk’ 0,0’

Heres= %0 withthe vector of Pauli matrices @,/ denotes the strength
of the exchange coupling and K the strength of potential scattering.
Focusing for simplicity on spin—% impurities, this interaction can be
obtained fromthe Andersonimpurity model (impurity level withenergy
€< 0, on-site interaction U> 0, hybridization ¢) by a Schrieffer-Wolff
transformation®. This yields

1 1
J=1d {|e| €+U} |t1{|€| €+U}. 3)

Inthe particle-hole symmetricsituatione = -Y the excitation ener-
gies are identical for the empty configuration (le|) and the doubly
occupied configuration (e + U). In this case, the potential scattering K
vanishes. Potential scatteringbecomes non-zero whenthe empty and
doubly occupied configurations have different excitation energies,
reflecting broken particle-hole symmetry. The sign of K depends on
which of the configurations has the higher excitation energy.

A standard calculation***” shows that the YSR state induced by
the magnetic adatom induces a pair of subgap states whenever the
exchange coupling Jisnon-zero. For K= 0, the electron wavefunction
u and the hole wavefunction v of the bound state are equal to each
other, as expected in a particle-hole symmetric situation. An asym-
metry between the electron and hole wavefunctions appears when
potential scattering is non-zero. The sign of the asymmetry depends
onthesignof K.

This asymmetry between the electron and hole wavefunctions
explains the asymmetric current-voltage characteristic of junctions
including a magnetic impurity. Single-electron tunnelling at positive
(negative) biasis proportional to |u[? (|v|?), in which the wavefunctions
areevaluated atthe tip position (Fermi’s golden rule). Similarly, several
Andreevreflections will also involve these factors when the final state
involvesanexcitationofthe subgap YSRstate. As particle-holesymmetry
requires fine tuning of the impurity parameters, one generically expects
that the current-voltage characteristics of junctions involving amag-
neticadatomare asymmetric. The direction of the asymmetry depends
onthedetails of the atomic physics of the adatom, consistent with our
observation of opposite asymmetries for Mn and Cr.

We note that these considerations are independent of whether
time-reversal symmetry is broken or not. The asymmetry of the YSR
wavefunctions is controlled by potential scattering—and thus only
by breaking of particle-hole symmetry—even when the adatom spin
is polarized and time-reversal symmetry is explicitly broken***. Of
course, broken time-reversal symmetry may lead to asymmetries in
the current-phase relation as well, which might induce a coexisting
non-reciprocity of the switching current.

Inthe absence of thermal fluctuations, the switching and retrapping
currents can be obtained from the junction dynamics as follows. Inthe
absence of fluctuations, the junction switches at the critical current,
thatis, at the current bias at which the tilt of the washboard potential
eliminates the minima. In this limit, an asymmetry in the switching
current requires an asymmetric washboard potential or, equivalently,
anasymmetric current-phase relation. Fluctuations will then reduce

the switching current below the critical current but, in the limit of weak
damping (pronounced hysteresis), the asymmetry of the switching
currentislargely inherited from the asymmetryin the critical current.

On the other hand, the retrapping current is the result of different
physics. Inthe absence of fluctuations and at weak damping, the junc-
tion retraps, once the energy gain owing to the bias current (that is,
owingtothetiltinthelanguage of the washboard potential) becomes
smaller than the frictional energy loss during the motion. The energy
gain depends on the tilt but not on the shape (or the asymmetry) of
the washboard potential. Thus, an asymmetry can only arise from
asymmetries in the frictional energy loss, which is associated with
the quasiparticle current at the microscopic level. Fluctuations tend
toincrease the retrapping current but the asymmetry is essentially
inherited from the asymmetry in the retrapping currents of the junc-
tionin the absence of fluctuations.

Simulations of the RCS) model
Our theoretical simulations underlying Fig. 4 are based on the RCSJ
model for a current-biased junction®?,

Tyias= Cg )

d V+I(p)+I4(V)+6l.

Here I, is the current bias, Vthe voltage drop at the junction, Cthe
junction capacitance and ¢ the phase difference across the junction.
We assume a symmetric and sinusoidal current-phase relation
I(p) = I sinp. We allow for ageneral nonlinear dissipative current/y(V),
with associated Nyquist noise 6/ with correlator (6/(¢)6I(t")) =< 6(t—t’)
(see below). When combined with the Josephson relation V= (7/2e)
dp/dt, equation (4) gives aLangevin equation for the phase difference
across the junction. We solve the Langevin equation by Monte Carlo
integration, accounting for the current sweep, to obtain the results
showninFig. 4 (withfurther details in Extended DataFig.7), as well as
inExtended Data Figs. 8and 9.

Thedissipative current/y(V) includes the quasiparticle current/,(V),
which we extract from experimental /-Vtraces (see below for details).
To account for the observed phase diffusion in the trapped state, we
alsoincorporate frequency-dependent friction. Following Kautz and
Martinis®®, we shunt the junction by an extra RC element with ohmic
resistor R and capacitor C to model dissipation induced by the elec-
tromagnetic environment. The total dissipative current is thenthe sum
of the quasiparticle current and the current flowing by means of the
RCelement,

(=1 (V)+ , 61=6lyy+ 617, &)

inwhich ¥ is the voltage drop across the capacitor, which satisfies the
equation

(6)

The RCelementisinconsequential at low frequencies (running state),
sothat dampingis dominated by the quasiparticle current. By contrast,
itdominates friction at high frequencies (trapped state), allowing for
phase diffusion. We assumeV/R > Igp(V), 50 thatthe quagiparticle cur-
rentis effectively shorted at high frequencies, I;(V) ~ V/R.The Nyquist
noise associated with the quasiparticle current has correlator
(6l (O)61p (7)) =2T [ (V)/V]6(t t’), whereas the Nyquist n015e asso-
ciated with the resistorR has correlator {6/ z(¢)61 5 (¢')) = 2TR 6(t t').

Measuring time in units of the inverse plasmafrequency, 7= w,t with

= [ZeIC/hC]l/z, and currentsinunits of the critical current,i= I/Ic,the
resulting RCS) equations become
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= i) { (”“Uﬂ
- ,/2e[iqp<u>/u] §-20/Q¢,
di (v u+\/29 62

)

in which we defined the dimensionless voltages v =2eV/hw, and
V= ZeV/hw the dimensionless currents i, = /1., i ((p) J/ ((p)/l =sing
andi,,(v) =1, (hw,v/2e)/l., the effective quality factorQ =R Cw,atlarge
frequenCIes as well as the reduced temperatures 6 = 7/E; and 9 T/E
(Here £, = hIJZe istheJosephson energy and Tisthe temperature ofthe
resistor R). We also defined dimensionless Langevin currents § and &,
with normalized correlations (E(r)é‘ (1)) = 6;6(7 - ") corresponding to
6l,,and 6/ z, respectively. We estlmate the experlmental parameters as
RN 20kQ,4=1.5meV, T=0.1meVand C=10™F.Thisgives/.=100 nA,
~0.2meVand iw, = 0.3 meV. Thereduced temperatureis thus8=0.5.
For the RCelement we choose parameters @ =10,7=1,000and 0 0.
We sweep the bias current with a rate dh,/dt =107/.w,~1nA ps™. The
experimental sweep rate is smaller by a factor of about 10~ but this would
make the numerical simulations forbidding. Along with the simplified
current-phase relation and the order-of-magnitude estimates of exper-
imental parameters, this implies that one can only expect qualitative
but not quantitative agreement between simulations and experiment.
Theoretical simulations of single traces are shown in Fig. 4. The
corresponding close-up view of the absolute values of the currentsin
Extended DataFig. 7 brings out the large asymmetry of the retrapping
currentand the smaller (and, according to the histograms, largely sta-
tistical) asymmetry of the switching current. In Extended DataFig. 8, we
show the histograms of the absolute values of switching and retrapping
currents extracted from 100 sweepsin each current direction. Note that
the panels only differ in the precise form of [ ,(V), which is extracted
from the /-V curves of Pb, Cr and Mn, respectively. The simulations
based on the /,,(V) of Pb do not show asymmetry in the switching or
the retrapping currents. The simulations based on the/ (V) of Crand
Mn exhibit weak asymmetry in the switching currents and strongasym-
metryintheretrapping currents, correctly reproducing the qualitative
features of the experimental histograms in Extended Data Figs. 2-4.

Asymmetric current-phase relation

Toruleoutthe possibility that the observed asymmetry stems from the
current-phase relation /() rather than from the dissipative quasipar-
ticle current, we now demonstrate that an asymmetric current-phase
relation leads to strong asymmetry in the switching currents and weak
asymmetry in the retrapping currents, in contrast to our experimental
observations. To this end, we simulate equation (7) using Pb /-V data
for I,,(V) together with an asymmetric current-phase relation

@) = Ip[sin(p - @) + bsin(2p)]. (8)

We choose @, = 0.5 =bandfix/, ~ 54.2 nAbyrequiring that the current
entering the definition of the plasma frequency, that is, the slope of /;
around the stable minimum, is still 100 nA (which we continue to use as
the unit of current). The critical current now depends ondirection, with
I..~53.3nAand/._~80.0 nA. Histograms of switching and retrapping
currents obtained by simulating equation (7) with the current-phase rela-
tiongiveninequation (8) are presented in Extended Data Fig. 9. The asym-
metry of the switching currentsis clearly much greater than that of the
retrapping currents. Thus, asymmetric dissipative current together with
anasymmetric current-phase relation cannot explain the phenomenol-
ogy of strongly asymmetric retrapping currents and weakly asymmetric
switching currents observed for the Cr and Mn Josephson junctions.

Extraction of quasiparticle current

We extract the quasiparticle contribution to the dissipative current
1,,(V) fromvoltage-biased measurements of Pb, Crand Mnjunctions at
the normal-state conductance of Gy =50 piS (see Fig. 3f). As well as the
quasiparticle current, these traces include aJosephson peak originat-
ing fromincoherent Cooper-pair tunnelling. We remove the Josephson
contribution /,(V) by fitting to the phenomenological expressions*®

Imeas( V) = IJ( v+ Voffset) + qu,O( V+ Voffset) + Ioffset' (93)
VsV V36V
I(V)=A
J( ) V2+6V2 (V2+6V2)2 (9b)
lyp,o(V)=CV+DV*+EV?, (9¢)

over avoltage range e|V| <« 4, which contains the Josephson peak. (We
chose e|V] < 0.32 meV). We also account for offsets in the measured
voltage and current through the parameters V.. and / g... The fit
parameters are collected in Extended Data Table 1. We then subtract
the Josephson contribution as well as the offsets from the measured
datatoisolate the quasiparticle contribution. To reduce the fluctua-
tions at small Vassociated with the Josephson contribution, a Gauss-
ian filter (width o = 5 data points ~ 0.55 mV) is applied to the isolated
quasiparticle current data. Finally, /,,(V) is obtained by interpolation
using a linear splining procedure, enforcing /,,(0) = 0.
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Extended DataFig.1|Statistics of switching and retrapping currents for 2,000 sweepsforeach currentdirection. The junction conductances Gywere
single-atom Josephsonjunctions. a-c, Histograms of absolute values of setat10 mVto 50 pS. The distributions of switching and retrapping currents
switching and retrapping currents for the two bias directions, as extracted arise from the stochastic nature of switching and retrapping events, and are
fromindividual V-/curves for Pb (a), Cr (b) and Mn (c) junctions. The further broadened by piezoelectric creep while taking the 500 to 2,000 sweeps

histogramsinaand cinclude dataextracted from 500 sweepsand bincludes (see Extended Data Figs. 2-4 for histograms without this extrabroadening).
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Extended DataFig.2|Evolution of histograms with G,, for aPbjunction.
Thegrey histograms (background) are extracted for switching (a,b) and
retrapping (c,d) currents from 2,000 individual V-/curves, recorded after
setting the junctionto a (high-voltage) conductance of Gy =50 puS. The
positive-bias (a) and negative-bias (b) switching currents were divided into bins
of100 sweeps each (blue histograms). The same procedure wasimplemented
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for positive-bias (c) and negative-bias (d) retrapping currents (green histograms).
Every other histogramis omitted for clarity. G, varies owing to piezoelectric
drift. Its average valueis indicated for each of the histograms. The piezoelectric
drifttolarger Gyp over the course of the measurementis reflected in shifts to
higher absolute values of switching and retrapping currents. Note that these
datawererecorded with adifferent tip to those in Extended DataFig. 1.
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Extended DataFig. 3 | Evolution of histograms with G, for a Crjunction.
Thegrey histograms (background) are extracted for switching (a,b) and
retrapping (c,d) currents from 2,000 individual V-/curves, recorded after
setting the junction to a (high-voltage) conductance of Gy =50 pS. The
positive-bias (a) and negative-bias (b) switching currents were divided into bins
of100 sweeps each (blue histograms). The same procedure wasimplemented

Joias [NA]

for positive-bias (c) and negative-bias (d) retrapping currents (green
histograms). Every other histogramis omitted for clarity. Gy, varies owing to
piezoelectricdrift. Itsaverage valueisindicated for each of the histograms.
The piezoelectricdrifttolarger G, over the course of the measurement is
reflected in shifts to higher absolute values of switching and retrapping
currents.



Article

66 uS
66 uS
5 | PR PR
‘@
[=4
()
hel
=
E 66 uS
<}
I
65 pS
65 uS
- 3.0 -28 - 26 -24
Ibias [NA]
c
6
66 uS
5
66 pS
4
2
B3
[=4
()
hel
=
3 3 66 pS
[
Q
<
@
2
65 pS
1
65 pS
-
0
-26

Tbias [NA]

Extended DataFig. 4| Evolution of histograms with G,, for aMnjunction.
Thegrey histograms (background) are extracted for switching (a,b) and
retrapping (c,d) currents from 500 individual V-/curves, recorded after
setting the junctionto a (high-voltage) conductance of Gy =50 puS. The
positive-bias (a) and negative-bias (b) switching currents were divided

into bins of 100 sweeps each (blue histograms). The same procedure was
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implemented for positive-bias (c) and negative-bias (d) retrapping currents
(green histograms). G, varies owing to piezoelectric drift. Its average value is
indicated for each of the histograms. The piezoelectric drift to larger Gy, as well
astheshifts to higher absolute values of switching and retrapping currents are
less pronounced thanin Extended Data Fig. 2, as the time of measurement was
muchshorter.
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Extended DataFig.5| Comparison of switching currentsfor the Crand Mn
junctions with the reference data for Pbjunctions. a, Extracted positive
and negative switching currents for Cr and Pb junctions with normal-state
conductances Gybetween 20 and 50 pS. The datawere acquired with the same
tipand under similar measurement conditions. b, Extracted positive and
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negative switching currents for Mn and Pb junctions with normal-state
conductances Gybetween 20 and 50 pS. The switching current depends
linearly on Gyp, with the same slope for magnetic and non-magnetic atoms,
provided dataare taken under corresponding measurement conditions.
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Extended DataFig. 6 |Influence of tip shape. Non-reciprocity of the retrapping
currents (Al =|/.| - l.-|) for Crand Pb (@) and Mn and Pb (b) junctions as
measured with different tips. Pb junctions have symmetric retrapping
currents, whereas Crand Mn junctions show non-reciprocity of the retrapping
current. The precise value of the asymmetry varies between different tips, but
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thesign ofthe asymmetry is consistently opposite for Crand Mn. The
(high-voltage) junction conductances Gywere set between20 and 50 pS at

10 mV. Gy, was determined fromindividual V-/sweeps as described in Methods.
Theasymmetry was derived from/,, and /. after averaging over 100 sweeps.
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Extended DataFig.7|Modelling of the non-reciprocity within the RCSJ
model. |V|-|/|traces corresponding to the simulations in Fig. 4. This close-up
view brings out the strong asymmetry of the retrapping current and includes
theasymmetry of the switching currents. Traces are shown for quasiparticle
currents extracted from measurements on Pb (grey), Cr (blue) and Mn (red).
Asshownby the histograms in Extended DataFig. 8, the asymmetryin the
switching currentislargely owing to statistical fluctuations between different
currentramps. Thus, the underlying non-reciprocity in the switching currentis
actually considerably smaller than the asymmetry shown in this particular

trace.
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Extended DataFig. 8 |Statistics of switching and retrapping currents
(theoretical simulationsbased on/-Vmeasurements). a-c, Histograms
of absolute values of switching and retrapping currents for the two bias
directions, as extracted fromindividual V-/curves from simulation of
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equation (7) with/ (V) obtained from experimental /-V curves of aPb (a), Cr
(b) and Mn (c) junction at Gy =50 uS (compare Fig. 3f as well as equation (9) and
corresponding text). Each histogramincludes data extracted from 100 sweeps
foreach currentdirection. For parameters, see text below equation (7).
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Extended DataFig. 9 |Simulated statistics of switching and retrapping
currents withsymmetric quasiparticle current and asymmetric current-
phaserelation. Histograms of absolute values of switching and retrapping
currents for the two bias directions, as extracted fromindividual V-/curvesin
simulations of equation (7)./,,(V) is obtained from experimental /-V curves of
aPbjunctionat Gy=50 pS. The asymmetric current-phaserelationis givenin
equation (8). Each histogramincludes dataextracted from 98 sweeps for each
currentdirection. Other parameters asin Extended DataFig. 8.
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Extended Data Table 1| Quasiparticle current fitting parameters

Vostsat IMV] | T offset [NA] | 8V ImVI [ A [nA] | B [nA] | C [NA/mV] | D [nA/mVZ] | E [nA/mV7]
Pb 0.0187 0.0292 0.135 164 | 206 7.00 0.121 218
Cr 0.0210 0.00169 0140 | 596 | -7.71 401 247 1.0
Mn 0.0129 0.123 0138 | 847 | -10.7 3.66 252 151

Fitting parameters for extracting the quasiparticle current /,,(V) from the measured current I,..,,(V) by subtracting the Josephson peak owing to incoherent Cooper-pair tunnelling (see

equation (9) and corresponding text).
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