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Single channel Josephson effect in a high
transmission atomic contact
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The Josephson effect in scanning tunneling microscopy (STM) is an excellent tool to probe
the properties of a superconductor on a local scale. We use atomic manipulation in a low
temperature STM to create mesoscopic single channel contacts and study the Josephson
effect at arbitrary transmissions. We observe significant deviations from the Ambegaokar-
Baratoff formula relating the critical current to the order parameter starting from transmis-
sions of 7 > 0.1. Using the full current-phase relation, we model the Josephson effect in the
dynamical Coulomb blockade regime, where the charging energy of the junction capacitance
cannot be neglected, and find excellent agreement with the experimental data. Projecting the
current-phase relation onto the charge transfer operator shows that at high transmission,
non-linear behaviour arises and multiple Cooper pair tunneling may occur. Our model
includes these deviations, which become non-negligible in Josephson-STM, for example,
when scanning across single adatoms.
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uperconductivity is an example of a macroscopic quantum
phenomenon, which continues to fascinate physicists and
trigger technological developments well over a century after
its original discovery. Impurities and defects, however, are known
to induce sub-gap excitations, which lead to local changes in the
superconductor’s ground state. Yu-Shiba-Rusniov states,
Majorana-bound states, Kondo resonances and pair density waves
are all predicted to lead to local changes in the superconducting
condensate! . Quantifying these modifications promises to
improve the current understanding of superconductivity in
mesoscopic systems and to open new avenues in material design
for emerging applications, especially in quantum computing,
Detecting such local changes in the order parameter has since
become a major goal of research in superconductivity>*6-11,
Information about the Cooper pair (CP) condensate is enco-
ded, for example, in the Josephson current flowing between two
weakly coupled superconducting electrodes!213. Using super-
conducting tips in a scanning tunnelling microscope (STM), it is
possible to map local variations in the Josephson current in the
vicinity of defects in a superconducting sample and extract local
values of the critical current I¢. Josephson STM (JSTM) data are
generally analysed on the basis of the Ambegaokar—Baratoff (AB)
formula36-8:10,14-16.

s A
IRy = - Atanh | ——— 1
iy = gphtan (szT>’ (v

which establishes the product of the Josephson critical current I
and normal state resistance Ry as a fundamental quantity directly
proportional to the order parameter A (T is the temperature and
kg is Boltzmann’s constant). As the temperature dependence is
rather weak for kT <« A, we will assume the low-temperature
limit (see Supplementary Note 1). While Ry is directly measur-
able in the experiment, I needs to be extracted through a the-
oretical model and requires detailed knowledge of the
electromagnetic environment of the junction!7-20,

However, the derivation of the AB formula predates the
invention of the STM by two decades. Equation (1) sets out to
describe planar tunnel junctions with a macroscopic surface area
where the current is carried by many nearly opaque transmission
channels. The experimental reality in the STM is starkly different
from this: operating at sub-nanometre spatial resolution, the STM
junction is a mesoscopic point contact with the tunnel current
carried by only a few channels at arbitrary transmission (AT)?122.
Furthermore, at very low temperatures (T < 1 K), the STM
typically operates in the dynamical Coulomb blockade (DCB)
regime, where the phase is no longer a classical well-defined
variable!>17:19,20.23-25 " Algo, in this regime thermal-phase fluc-
tuations are reduced such that the previously used
Ivanchenko-Zil'berman model is not applicable®$. Therefore, a
more generalized description is needed to accommodate the few
channel, high transmission contacts in STM to explore Josephson
physics beyond the AB approximation.

Here, we report the controlled preparation of single-channel
Josephson atomic point contacts to examine deviations from the
AB model as a function of channel transmission. We prepare
Josephson point contacts!®26-30 jn our STM using atomic
manipulation and extract the number of transmission channels
and their respective transmission, that is, the mesoscopic PIN
code (in the mesosocopic community the number of transport
channels and their transmission is referred to as PIN code in
analogy to the “Personal Identification Number” used in financial
transactions), using a fitting model?>31. Through single atom
manipulation and careful tip preparation, we construct junctions
with a single dominant transmission channel across a wide range
of conductances. These point contacts form a highly controllable

model system in which we can explore Josephson physics beyond
the low transmission regime. Indeed, we observe a breakdown of
the AB formula beginning at modest conductances. We show that
the product IRy is then no longer uniquely determined by A, but
is also influenced by the mesoscopic PIN code and the non-
linearity of the current-phase relation as a function of the channel
transmission. We develop a new DCB junction model valid in the
single-channel limit, which accurately describes our data and
could form the basis for a more general few channel model to be
used in JSTM data analysis. This DCB junction model considers
the Josephson junction in the presence of phase fluctuations by
transforming the energy-phase relations from phase space to
charge space.

Results

Characterizing the atomic contact. We first characterize the tip
by acquiring a low-conductance tunnel spectrum above the clean
Al(100) surface to extract the tip gap Ay, which is required for
the following analysis (for experimental details see “Methods”
and Supplementary Note 2). Typical data and a fit using a
Bardeen-Cooper-Schrieffer model for both tip and sample are
shown in Fig. 1d. We then measure a series of current-voltage
I(V) curves above the aluminium adatom. The tip-sample dis-
tance is decreased between consecutive measurements to increase
the conductance. The superconducting gap is gradually filled with
sub-gap states as multiple Andreev reflections (MARs) start
contributing to the total current3233. We exploit the MAR sig-
nature for mesoscopic PIN code analysis according to the
methods published in refs. 29313435 (see Supplementary Note 3
for a detailed description). Our fitting model includes three
independent transport channels, their respective transmissions
being free parameters in the fit?122. Additional channels do not
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Fig. 1 Single atom junction. a Topographic image of the AI(100) surface
with a surface defect as a reference (white protrusion with black halo)
before atomic manipulation. b An Al atom has been pulled from the surface
(black depression on the lower left) and placed on to the surface again
(white protrusion on the upper right). The scan areaina, bis 5 nm x 5 nm.
The contrast has been adjusted to display the details of the lattice
corrugation, such that the adatom appears completely white. ¢ Schematic
of the tunnel junction. The tip of the scanning tunnelling microscope is
placed directly above an Al adatom creating a mesoscopic point contact.
d Fit of a quasiparticle empty gap differential conductance spectrum at a
conductance setpoint of 36 nS.
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Fig. 2 Extracting the channel transmission. a Andreev reflection data
(thick lines) and fits (thin lines) for different tip-sample distances (the
origin of the length scale is at Gy = Gg) used for PIN code analysis. For
symmetry reasons and based on the valence of Al, we have assumed three
channels. The blue shaded area is the energy range for the analysis of the
Josephson spectra in Fig. 3. b The three channels and their transmission for
the different spectra in a as a function of tip-sample distance. The second
and the third channels have equal transmission. ¢ Topographic image

(3 nm x 3 nm) of AI(100) near an impurity (foreign atom). Different sites
are marked on and off the impurity (I), where the mesoscopic PIN code was
extracted. d The channel transmissions are plotted for the different sites in
¢ along with the sum (Z). For some sites the second and third channel have
the same transmission. For comparison, the channel transmission through
the Al adatom is plotted showing the most pronounced single-channel
behaviour. The spectra were taken at a normal state conductance of 0.17G.

improve the quality of the fit. The tip is then treated by controlled
indentation into the pristine Al(100) surface until the PIN code
analysis shows a single dominant transport channel across all
channel transmissions. We now focus our analysis on the trans-
port properties of such a single-channel junction.

A typical set of I(V) curves for a single-channel junction is
shown in Fig. 2a. All I(V) curves are acquired with the same tip at
varying tip-sample distances, given relative to the point where the
normal state conductance Gy reaches Gy. The feedback loop is
disengaged at a voltage of 1 mV, far outside the gap. In the lowest
conductance I(V) curve, shown in dark blue, the gap edge is
visible as a prominent step at Ay, + Agample = 360 pV. Below the
gap edge, the MARs are visible as a series of steps. As the normal
state conductance at 1 mV increases, higher and higher orders of
MARs contribute to the current, and the sub-gap features are

progressively washed out. Superimposed on the experimental data
are the fit results from the PIN code analysis. We find excellent
agreement with the experimental data, except for small deviations
in the low-conductance curves, which are likely due to inelastic
processes arising from tunnelling in the DCB regime, which are
not included in our model. Note that the MAR model does not
include the Josephson effect. This leads to deviations from the full
I(V) characteristic below ca. 70 pV (blue shaded area in Fig. 2a).
Figure 2b shows the result of the PIN code analysis for each of the
curves in Fig. 2a. We found that the junction is dominated by a
single transport channel, which eclipses all other contributions by
at least an order of magnitude across all tip—sample distances. We
can thus realize a controllable and stable single-channel
Josephson point contact in our STM. For comparison, we have
measured several different sites on the bare AI(100) surface as
well as on an impurity (I), which is shown in Fig. 2c. The
corresponding distribution of channel transmissions for each site
is shown in Fig. 2d along with the Al adatom. We found that each
location has a slightly different mesoscopic PIN code and
conclude that the Al adatom has the most pronounced single-
channel character (for details see the Supplementary Note 4).
With the transport parameters fixed for the corresponding data
sets, we can now turn to the low-voltage regime to analyse the
effect of single-channel transport on the Josephson current and
evaluate the validity of the AB approach.

Single-channel Josephson effect. Due to the low base tempera-
ture of the instrument, the charging energy of the junction
becomes the dominant energy scale in our experiment. We are
thus operating in the DCB regime where interactions with the
electromagnetic environment can no longer be neglected. The
Josephson current arises from inelastic tunnelling of CPs, with the
broadening determined by the P(E) function, which models
energy exchange with the surroundings. The I(V) relation for the
Josephson current in the DCB regime is!”

B 4rme

I(V) - (%) [P(2eV) — P(—2¢eV)], (2)

where E; = hzl—g is the Josephson energy, which we calculate from
the AB formula (cf. Eq. (1) or (3) below, and V the junction bias).
The factor 2 in the argument of the P(E) function reflects the
charge of the CPs. The critical current can be extracted from the
I(V) characteristic with knowledge of the P(E) function. The AB
formalism relates Ej and A through

A AGy
El=zZTi=zG—o- 3)

1

This approach describes a junction with an arbitrary number of
transport channels, as long as the transmissions of all individual
channels remains low (7; < 1).

Figure 3 shows I(V) curves of a typical STM single-channel
Josephson contact at various transmissions with a focus on the
low-voltage regime and the Josephson effect. At low transmission
(Fig. 3a), the Josephson effect, visible as a dip-and-peak feature
centred at zero bias, dominates the spectrum. This feature is
gradually washed out as we move towards higher transmission
and MARs begin to become more relevant in the low-voltage
regime. We model the experimental data using the P(E) model
from Eq. (2) and an estimate for E; from Eq. (3) (see
Supplementary Note 5). The results are shown as yellow lines
in Fig. 3 and labelled as AB in the legend. Even at modest
transmissions of 7 = 0.09, the AB description underestimates the
Josephson peak height. The discrepancy between the prediction of
the AB model and the experimental data increases with increasing
transmission (see Fig. 3a-g). We find that the AB theory indeed
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Fig. 3 Single-channel Josephson effect. a-g Josephson spectra at different
transmissions (the total transmission 7 is indicated in each panel). A clear
deviation between the Ambegaokar-Baratoff approach (AB) and the full
Andreev-bound state relation at arbitrary transmission (AT) can be seen at
higher transmission. For the transmissions in f, g, non-adiabatic processes
become significant at higher bias voltages, such that our model is only
applicable within the blue shaded areas. h shows the y2 values of the fits.
The arbitrary transmission model yields low y2 values throughout
(indicating good agreement), except in the red shaded region, where non-
adiabatic processes become significant.

fails to describe the Josephson junction at high transmission. This
regime is not well explored in experiments nor described by
theory at present.

We propose an extension of the P(E) theory, which is valid in
the single-channel limit and could serve as a basis for a more
general few channel theory. The discrepancies between the
experimental data and the AB theory can be traced to the non-
sinusoidal energy-phase relation expected in high transmission
contacts. The presence of higher-order terms in the Fourier
transform of the energy-phase relation suggests the existence of
tunnel processes transferring multiple CPs. To see this, we begin
with the energy-phase relation for Andreev-bound states in a
single channel at AT3¢

E(p) = +Ay/1 — 7sin? (g) (4)

Equation (4) is illustrated in Fig. 4 for various values of 7. Next,
we expand Eq. (4) into a Fourier series

E(p) = i E,e™. (5)

m=—00

and, in the spirit of P(E) theory, replace the phase ¢ by an
operator to introduce the charge transfer operator ¢™®, which is
more appropriate to describe charge tunnelling in the DCB
regime. The amplitudes E,, as non-linear functions of 7 are
specified in Supplementary Note 6. Charge transfer is now
described within a perturbative treatment applied to the operators
€™, which represent the transfer of m CPs across the junction.
We introduce new P,,(E) functions describing the probability of
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Fig. 4 Energy-phase relation and coupling coefficients. a Andreev-bound
state relation for high transmissions. As the gap closes, the probability for
transitions between branches (non-adiabatic processes) becomes more
likely. b Absolute value of the coupling coefficients |E,,| at different
transmissions in comparison to the coupling coefficient of the linear
Ambegaokar-Baratoff model (E)/2).

inelastic tunnel processes, where energy packages 2meV are
exchanged with the environment during an m CP process (see
Supplementary Note 7 for details):

P (E) = +OO£ m?](t)+iEt/h 6
wE) = e (6)

and find a Josephson current for the single-channel case,
27 +00 5
(V) = 7Z|Em| (2me)[P,,(2meV) — P, (—2meV)].  (7)
m=1

Note that in the low transmission limit the first-order
coefficient in the Fourier series dominates and Eq. (7) reduces
to Eq. (2) with E, = % Past this limit, Eq. (3) breaks down and
knowledge of the mesoscopic PIN code is required for an accurate
description of the Josephson current.

The results of the extended DCB theory (red lines in Fig. 3)
from Eq. (7) are compared to the experimental data and the
conventional DCB theory from Eq. (2). In Fig. 3h, the y? values
for the calculated curves are plotted as function of total
transmission. The lower y? values for the AT model indicate a
much better agreement compared to the AB model (details of the
2 calculation can be found in the Supplementary Note 8). Note
that neither calculation involves any adjustable parameters, but
uses the independently determined mesoscopic PIN code from
the MAR analysis, gap parameters for tip and sample obtained
from the quasiparticle spectrum at low conductance, and tunnel
junction parameters entering the P,,(E) function(s) determined
by the Josephson spectrum at lowest transmission (see Supple-
mentary Notes 3 and 5). Without introducing additional
parameters or assumptions, the AT model based on Eq. (7) gives
a far better description of the experimental data than the
conventional AB model (see fits in Fig. 3).

We find excellent agreement between the extended model and
the experimental data over the whole voltage range of the
Josephson peak up to a transmission of 7 = 0.8. Discrepancies past
7 = 0.8 are presumably due to non-adiabatic processes (transi-
tions between the Andreev branches, cf. Eq. (4), Fig. 4a and
Supplementary Note 9) in the total tunnel current. We estimate
the adiabatic approximation on which Egs. (4) and (7) are based
to be valid below a threshold voltage of eVt = (1 — 7)A (shaded
area in Fig. 3, see Supplementary Note 10). The contribution from
non-adiabatic processes is to be expected as branch crossing
(Landau-Zener transitions) between the Andreev-bound states
above and below the Fermi level becomes increasingly important
at high 7 (see Fig. 4a).

The improved agreement in Fig. 3 is the result of the energy
dependence of the Fourier amplitudes E,, on the channel
transmission 7. The E,, take on a similar role as Ej in the AB
model, but, in contrast to Eq. (3), have a non-linear dependence
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on the transmission 7. We compare the first three Fourier
coefficients with Ej/2 calculated from Eq. (3) in Fig. 4(b). It is the
non-linear increase of E; (single CP transfer), which gives the
dominant contribution to the deviations from the AB model®”. At
higher transmission, coefficients of higher order (E,, Es, ...)
become increasingly important, implying that the transfer of
packages of multiple CPs is relevant for the net charge current
through the contact. Our theory thus predicts a small part of the
Josephson current to be carried by the coherent tunnelling of
several CPs in high transmission contacts.

Locally resolved Josephson effect. The consequences of the non-
linear dependence can be directly seen in the locally resolved
IcRy product near a nonmagnetic impurity on Al(100). The gap
parameter A is independent of the presence of nonmagnetic
impurities, such that the IcRy product is expected to be constant
within the AB model (see Supplementary Note 11). The normal
state conductance Gy and the maximum Josephson current I
measured at constant height are shown in Fig. 5a and b,
respectively. In the DCB regime, a relative local change in the
critical current I¢ can be directly extracted from the relation I,
VI (cf. Egs. (2) and (7)). Figure 5¢ shows the IcRy product
normalized to the average value across the image. We find var-
iations of up to 6%. Arguing within the AB model, this behaviour
is in contradiction with the expected constant gap parameter.
However, the AB model does not take into account any non-
linearities in the conductance dependence. To understand this
behaviour, we calculate the IcRy product using the AT model
with a constant gap parameter A (for details see Supplementary
Note 11), which is shown in Fig. 5d normalized to the average
value across the image. We find a very similar relative change for
both experimental and calculated data. This corroborates the
non-linear dependence of the critical current on the channel
transmission coefficients. We conclude that the IcRy product in
general is not simply a function of the order parameter. Such
non-linear changes have to be taken into account in JSTM data.
Their severity has to be judged on a case-by-case basis.

o,

0.98

1.02

CN

i

Calc. I _R_ (norm.)

0.98

Fig. 5 Locally resolved Josephson effect. a Map of the normal state
conductance Gy (Ry = Glj) around an impurity on AI(100) measured at
constant height. b Map of the current maximum I of the Josephson peak at
a bias voltage of V =14 uV under the same conditions as in a. ¢ Map of the
IcRn product. The critical current I is extracted from b through I o \/E
The data are normalized to the average value. d Map of the IcRy product
calculated from the arbitrary transmission model (Egs. (4)-(7)). The
variations in the IcRy product are due to the non-linear dependence of I on
Rn. The gap parameter A is expected to be constant. All maps have a size of
2.2 nm X 2.2 nm.

Discussion
We have fabricated stable and highly controllable single-channel
Josephson junctions in a low-temperature STM and use such
contacts as model systems to study the Josephson effect at AT.
The AB formula fails to accurately describe these measurements.
Significant discrepancies are observed starting from transmission
7=~ 0.1. We propose an alternative model in which we project the
full Andreev-bound state relation for a single transport channel
onto charge transfer operators for single and multiple CP tun-
nelling. The new model accurately describes the experimental
data as function of transmission as well as on a local scale. The
prediction of multiple CP tunnelling in high transmission single-
channel Josephson contacts is an experimentally observable
hallmark of our theory which could, for instance, be validated by
coupling a Josephson junction to an external microwave source3S,
The Josephson effect in the STM is becoming an important
experimental tool used to quantify local changes in the super-
conducting condensate. Our findings show that the details of the
junction geometry need to be considered in the data analysis as
the local mesoscopic PIN code influences all quantities derived
from the Josephson current. As the STM operates in the limit of
few channels with AT, the non-linear dependence of the critical
current on the channel transmission has to be considered. In
general, the IcRy product is not simply proportional to the order
parameter A. This is particularly true for magnetic adatoms and
molecules, which are expected to lead to a local reduction of the
order parameter and in whose vicinity changes in the number and
transmission of transport channels are expected.

Methods

Experiments were performed in a low-temperature, ultra-high vacuum STM at 15 mK
base temperature®. The Al(100) sample (T = 1.2 K) was cleaned by repeated
sputtering and annealing cycles. A polycrystalline aluminium wire was used as a tip.
Due to the small capacitance of the STM junction, the charging energy is dominant at
mK temperatures!® and the instrument operates in the DCB regime?3-2> where
energy exchange with the environment described by the P(E) function is no longer
negligible!”-1%20, Individual aluminium atoms were extracted from the surface with
the STM tip resulting in a vacancy and an adatom (see Fig. 1a, b). When the tip is
positioned above the adatom, a Josephson point contact is formed as schematically
shown in Fig. 1c. For more details, see Supplementary Note 2.

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

Code availability
The code that supports the findings of this study are available from the corresponding
author upon reasonable request.
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