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Abstract

As a promising platform for unconventional superconductivity, Josephson junctions (JJs) of
tetradymite topological insulators (TIs) and s-wave superconductors have been investigated in
recent years. This family of TI materials, however, often suffers from spurious bulk transport,
which hampers the observation of the exotic physics of their topological surface states. Thus,
disentangling the transport mechanism of bulk and surface contributions in TI JJs is of

high importance when investigating proximity induced superconductivity in those crystals.

In this work, we add to the insights regarding these contributions by studying the
temperature-dependent behaviour of a Bi, Tes-based JJ with transparent interfaces. In electrical
transport measurements, we investigate differential conductance spectra of multiple Andreev
reflections (MARs) and find a qualitative temperature-dependent change from peak features at
low temperatures to dip features at higher ones. The observation of both kind of MAR patterns
in a single JJ suggests contributions of diffusive bulk and ballistic surface states and links to a
similar finding in the temperature dependence of the critical current. Our work advances the
research of induced superconductivity in TIs and offers new avenues to study the induced
superconductivity in the topological surface states of these materials.
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1. Introduction

The prediction of unconventional superconductivity in
the proximitized surface of topological insulators (TIs)
[1] triggered many experimental efforts to investigate
TI-superconductor (S) hybrid devices. Among the first TIs
was the family of tetradymite compounds like Bi, Tes, Sb,Tes
or Bi,Ses, which offer a large bulk band gap for accessing the
topological surface states [2]. Pioneering work investigating
Josephson junctions (JJs) on exfoliated flakes demonstrated
a superconducting proximity effect in these materials [3, 4]
and has subsequently been extended to epitaxially grown bin-
ary, ternary and quaternary TIs. However, a major obstacle
for the investigation of the induced superconductivity in the
topological surface states of these materials is the presence
of undesired bulk channels, particularly for the binary com-
pounds. While bulk conduction often dominates signatures in
normal transport characterization and impedes the visibility
of the surface states, a recent work on (Bi,Sb),Tes-based JJs
managed to distinguish bulk and surface contributions to a
supercurrent by the distinct temperature dependence in these
different transport regimes [5].

In addition to the characterization of the superconducting
state, it is worthwhile to study S-TI-S JJs also in the dissipat-
ive state where the differential conductance can show a subhar-
monic gap structure (SGS) [6-10]. The SGS features are typic-
ally attributed to resonances from multiple Andreev reflections
(MARs) and expected to appear at voltages of V = 2A /en with
A being the superconducting gap, e the elementary charge
and n an integer [11, 12]. The exact shape of the SGS, e.g. if
the features appear as differential conductance dips or peaks,
depends on the transport characteristics in the junction and can
hence reveal valuable insights [13, 14]. In this spirit, MAR sig-
natures have for example already been used to estimate the
transparency of ballistic channels in JJs [15] and they have
been theoretically predicted as an indicator for a topological
transition in semiconductor nanowires [16]. As the SGS also
differs significantly for JJs in the diffusive limit compared to
ballistic ones [13, 14], we investigate in this work the SGS of
a TI JJ for distinct MAR contributions of diffusive bulk and
ballistic surface states.

2. Methods

2.1. Fabrication

For the fabrication of TI JJs we use an ultra-high vacuum
(UHV) process based on a monolithically integrated stencil
mask [5]. This process combines the selective area growth
of TI materials via molecular beam epitaxy (MBE) and the
deposition and patterning of superconducting electrodes under
UHYV conditions. It thus allows to create a pristine interface
between the deposited S and the TI material. Furthermore, it
allows to conserve the TI weak link in sifu with an amorph-
ous Al,O3 capping and thereby prevents degradation of the
TI’s surface. As a TI material for our study in this work we
choose BiyTe; which is typically n-type doped and shows a

large bulk conduction in normal transport characterization (see
appendix A). As parent S we use Al with a small adhesion layer
of 3 nm Nb for interface engineering (see appendix B).

We start the fabrication with a Si(111) substrate with a res-
istivity >2000 €2 cm. The SiO, and SizNy layers for the stencil
mask are deposited via low pressure chemical vapour depos-
ition (LPCVD). The mask layout is structured in the top SizNy4
layer via electron beam lithography and reactive ion etching.
Subsequently, the sample surface is cleaned with Piranha solu-
tion (H,O,+H,SOy4 (1:2)) and the sacrificial layer of SiO; is
etched wet chemically using hydrofluoric acid (HF 1%). The
sample is then loaded into the MBE chamber and heated to
700 °C prior to selective area growth of a 15 nm Bi,Tes thin
film under continuous sample rotation. For the deposition of
metals, the sample is cooled below 0 °C and layers of 3 nm
Nb and 40 nm Al are deposited without sample rotation using
an electron beam evaporator. Finally, a 5 nm Al,O3 capping
layer is applied under rotation to protect the TI from degrada-
tion at ambient conditions. The sample is then taken out of the
MBE chamber and most of the excessive Nb/Al stack on the
stencil mask (except in the very proximity of the JJ) is etched
using standard photolithography techniques and wet chemical
etching. This yields pairs of well-defined bond pads which are
interconnected by an in situ fabricated JJ.

In figure 1(a), a top view false-color scanning electron
micrograph of the fabricated JJ is shown. In a bright contrast,
the free-standing stencil mask can be seen (with the metallic
layer on the mask not colored for clarity). The small separ-
ation between the Nb/Al electrodes on the Bi,Te; film ori-
gins from the shadow of the stencil mask during the depos-
ition and represents the JJ with a length of L = 80nm and a
width of W= 1pum. A cross-sectional schematic of the lat-
eral junction geometry is depicted in figure 1(b). An effect-
ive superconducting gap A* < Ag is expected to be induced
in the Bi;Te; under the electrodes whose magnitude depends
on the interface transparency parameter g (with vg = 0 for
a perfectly transparent interface and g — oo for a vanish-
ingly small interface transparency) [17]. The interface of the
TI under the electrodes (light green in figure 1(b)) to the
uncovered TI in the junction (dark green in figure 1(b)) can
be seen as effective interface for Andreev reflections, which
might add an additional barrier, e.g. due to a Fermi velocity
mismatch.

The characteristics of this JJ depend on the transport prop-
erties of the Bi,Te; weak link. The MBE-grown Bi,Te; thin
films are typically unintentionally n-type doped and show dif-
fusive bulk transport (blue) superimposed by transport medi-
ated via topologically protected surface states (red). In normal
transport measurements the bulk transport usually dominates
and has been characterized by magneto-transport measure-
ments (see appendix A or [18, 19]). While the phase coher-
ence length [, is usually found to be several hundreds of
nm, the electron mean free path /. i ranges typically only
around a few nm. This also links to a short superconducting

coherence length of the bulk states &y = Eqir = % with

D= %le} puk Ve being the diffusion constant. Assuming a Fermi
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Figure 1. Topological insulator Josephson junction with Al electrodes. (a) Top-view on a false-colored scanning electron micrograph of a
Josephson junction fabricated via stencil lithography. The Bi, Tes thin film (green) is grown selectively on the Si surface (black) and
contacted by the two Al/Nb electrodes (yellow). The free-standing mask has a bright contrast and metals on top of the mask are not colored
for clarity. (b) Cross-sectional schematic of a topological insulator Josephson junction. The transport in the junction is governed by both
bulk (blue) and surface (red) states. The important length scales for the classification of the junction are illustrated below the schematic.

velocity of vg =4.3-10° = (determined by angle-resolved
photoemission spectroscopy on Bi,Te; thin films [20]), an
electron mean free path of /. pux ~ 1 — 10nm and an induced
gap of A* =~ 160 peV yields &y =~ 20 — 80nm. Hence, for
the bulk channels the JJ is expected to be in the phase-
coherent, diffusive regime with intermediate length. For the
surface states, on the other hand, the electron mean free path
le, surface €an often not be determined straight-forwardly from
normal transport measurements due to the large bulk contri-
butions. However, from observations of Shubnikov-de Haas
oscillations [18] it can be estimated to be longer than the bulk
electron mean free path and we assume the junction to be in a
(quasi-) ballistic regime (I, surface ~ L) for the surface states.
In this case, the superconducting coherence length &gypyce 1S
expected to range between it (le, surface = L) &~ 260nm and
Epal = % ~ 1.77 yum implying that for the surface channels
the junction is expected to be in the short junction limit.

3. Results

We characterized our as-fabricated JJ with current biased quasi
four-point electrical transport measurements in a dilution refri-
gerator equipped with commercially available RF + RC filters
[21] and a base temperature of 7 < 50 mK. The IV curve of the
junction is displayed in figure 2 for different sweeping direc-
tions of the bias current. At high bias currents the IV curve is
linear and we extract a normal resistance of R, = 58¢) from
a fit to this region (black dashed lines in figure 2). When the
voltage over the junction is below 2A* /e (indicated by red
dotted line), we observe a deviation from this linear behaviour
in the IV characteristics. This is a common signature of an
excess current carried by Andreev reflections in the junction,
which we determine to Iy = 2.37 pA. It should be noted that
we observe additional features in differential measurements
at even higher bias currents that, however, scale in temperat-
ure with a smaller superconducting gap and disappear above
a temperature of 7= 1.1 K (see appendix C, figure S2). At
low bias currents, we observe a supercurrent of I, = 2.22 uA
and a retrapping current of [, = 0.89 uA (see inset figure 2).

A similar hysteretic behaviour is often reported in measure-
ments of coplanar JJs and origins from heating effects in the
resistive state of the junction [22]. The magnitude of both crit-
ical current and excess current can be related to the supercon-
ducting gap and these values are often taken as a preliminary
reference for the quality of the junction. However, their the-
oretical values also depend on the limit of the junction. In the
short junction limit &gt /pan >> L, for instance, the excess cur-
rent in a fully transparent, ballistic junction is described by
elexcRy/A* = 8/3 ~2.67 [23] while it has been found to be
elexc Ry /A* = (7r2/4 - 1) ~ 1.47 [24, 25] for diffusive chan-
nels. In longer diffusive junctions (€gir ~ L or &gy << L), both
the excess current and the critical current have been found
to decrease with an increasing ratio L/Eg [14, 26]. For our
junction we find el R, /A* =~ 0.86 and el.R,/A* ~ 0.8. By
assuming only diffusive bulk transport this fits to an intermedi-
ate long junction regime (L/&gir &~ 2 — 3) [14]. Possible addi-
tional contributions from the (quasi-) ballistic surface states in
el.R,/A* and el R,/ A*, however, would decrease the relat-
ive bulk contribution and accordingly indicate a higher L/&q
ratio for the bulk channels.

In order to study the SGS of the TI JJ, we further investig-
ated the sample with differential measurements using standard
lock-in techniques. While in the dissipative regime of interest
the constant voltage over the junction causes an ac Josephson
effect and thus ac currents, our measurements only probe the
dc current component and the respective differential conduct-
ance. In figure 3(a), the differential conductance spectrum at
low temperatures (7= 0.1 K) is shown to reveal a rich SGS
within the gap region (|V| < 2A*/e). As mentioned above, the
MAR features depend on the characteristics of the junction
and they are often observed as differential conductance peaks
or dips at voltages |V| = 2A*/en with n being an integer in
short JJs (L < &). For diffusive channels in an intermediate
long phase-coherent regime ({4isr < L < I;), the conductance
features of MARs have been calculated by Cuevas et al [14]
(under the assumption of fully transparent SN interfaces). Our
low temperature differential conductance data (figure 3(a)) fit
well to their simulation for L = 4y shown in figure 3(b)
and we extract an induced gap of A* =158 eV from the
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Figure 2. IV characteristics of the junction. The up sweep is shown
in blue and the down sweep in orange. The black dashed lines are
linear fits to the region at high bias currents. For positive voltages,
the red dotted line marks the value 2A* /e. Inset shows three up and
three down sweeps with a fine stepping and /./I; are extracted from
the mean value.

differential conductance feature positions in the measurement.
Both the observation of MARs as well as the large magnitude
of the induced gap (with respect to the critical temperature, see
below) are indications for transparent interfaces. We contin-
ued the SGS measurements at higher temperatures and found
that the differential conductance spectrum looks quite differ-
ent in this temperature regime (figure 3(c)). While a scaling
of the feature position with the decrease of the induced gap
at higher temperatures is expected and has been reported in
many experiments, we observe an overall change in the pat-
tern. Most interestingly, we find dips instead of peaks at the
voltages |V| = 2A*/en. Similar differential conductance dip
features have, for example, recently been observed in Bi,Ses
[7] or InAs 2DEG [15] JJs and their appearance has been
linked to highly transparent ballistic channels. A simulated
curve based on [13] for such a high interface transparency is
shown in figure 3(d).

We further study this transition in the full temperature
dependence of the MAR features shown in figure 4(a). The
low/high temperature conductance spectra from figure 3 can
be observed over a range of temperatures with a crossover
starting below 7= 1 K. While the change first seems to affect
mainly the spectrum at lower energies a gradual transition can
be observed at the higher energy features (with the measure-
ments at temperatures of 7~ 0.8 K showing features of both
spectra, see black arrows in figures 4(a) and (c)). In order
to study the temperature dependence of the induced gap, we
extract the position of the three highest MAR features at both
low and high temperatures. The curves within the transition are
skipped as the feature position cannot be assigned unambigu-
ously. The extracted peak positions are shown in figure 4(b).
For the analysis we plot the temperature dependence of an
induced gap next to the data [17]:

A*(T) = Agcs (T)
1+ 781/ Apcs ()2 — A(T)* ks,

ey
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Figure 3. Conductance spectra and simulations of multiple Andreev
reflections. (a) Measured conductance spectrum at 7= 0.1 K.

(b) Simulated conductance spectrum for a diffusive SNS junction
with L = 4¢. Reprinted figure with permission from [14], Copyright
(2006) by the American Physical Society. (c) Measured
conductance spectrum at 7= 1 K. (d) Simulated conductance
spectrum for a single-mode, short SNS junction with a transparency
D = 0.9 (no other scattering in the vicinity of the junction)
following [13]. The dashed lines in all curves correspond to 2A*
(dark red), A* (red) and 2A* /3 (light red) with

A*(0.1K) = 158 ueV and A* (1K) = 106 peV. The crosses mark
the features in the measurement data (analogue to figure 4(a)).

Where Agcs (T) describes the temperature dependence of
the gap of a Bardeen-Cooper-Schrieffer (BCS) S with a crit-
ical temperature T.. We find the best match for the A* feature
of the low-temperature data using g = 0.45 and 7, = 1.15K
(using an interpolation formula [27] for the BCS gap). For
the 2A* and 2A* /3 traces the curve has been scaled respect-
ively, yielding the red curves figure 4(b). In addition to the
induced gap temperature dependence, figure 4(b) shows the
pure BCS gap Apcs () (solid grey lines) and a rescaled ver-
sion of this BCS gap scaled to the low-temperature limit of
the induced gap (dashed grey lines). While it is arguable that
the induced gap dependence fits better to the data than a (re-
scaled) BCS gap, it should be emphasized that this needs to
be taken with caution as we could not extract values in the
intermediate temperature regime where the difference would
be most clear and we rely on the extraction of both type of
MAR features. We use the extracted data of the temperature-
dependent gap A*(T) to show the anomalous temperature-
dependent change in the three highest MAR features by scal-
ing the dc voltage of spectra at five different temperatures
to the respective induced gap (figure 4(c)). The characteristic
change of the MAR pattern for these features can be compared
to simulations of MAR patterns for a purely diffusive junction
shown in figure 4(d). Unlike the measurements, these simula-
tions only predict a gradual decrease of the feature size with
increasing temperature and no other distinct change in their
appearance.
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Figure 4. Temperature dependence of MAR spectra. (a) MAR spectra at different temperatures from 7= 1.2 K down to 7= 0.1 K (with
more curves shown for the faster change at higher temperatures). The positions of the MAR features have been marked with crosses on the
positive branch for 2A* (blue), A* (black) and 2A* /3 (green). At intermediate temperatures both dip and peak features are present (black
arrows at 0.8 K curve) so that the feature position could not be assigned unambiguously. For visibility the curves are offset by 0.75R5.

(b) Temperature dependence of MAR feature positions assigned to 2A* (blue), A* (black), and 2A*/3 (green). While the boxes indicate
the position extracted from dip-like features at higher temperatures, the spheres represent the position extracted from peak-like features at
low temperatures. The dashed red lines are plots of equation (1) using 7. = 1.15 K and «g = 0.45 and the (dashed) grey lines show the
(re-scaled) BCS gap (all three scaled to 2A*, A*, and 2A*/3). (c) MAR spectra at different temperatures scaled to the temperature-
dependent gap A* extracted from feature positions. For the curve at T = 0.8 K (= 0.7 T¢) the interpolation value from the red curve in (b)
was used. Grey dashed lines indicate positions of 2A*, A*, and 2A* /3 respectively. d) Simulated temperature-dependent MAR spectra for

a diffusive SNS junction with L = 4¢ following [14].

4. Discussion

Such a temperature-dependent dip-to-peak transition of MAR
features in a single JJ has, to our knowledge, not been observed
yet. The IV characteristic and the MAR pattern at low temper-
atures fit well to the theoretical predictions for the junction
regime estimated by normal transport characterization for the
diffusive bulk channels. This hence suggests that the transport
in the JJ is mainly carried by these bulk states at low temperat-
ures. On the other hand, the MAR features at higher temperat-
ures are not expected to appear for diffusive channels and sug-
gest the presence of ballistic modes mediated by the topolo-
gical surface states. This observation adds to a previous study
of Nb-(Bi,Sb),Tes;-Nb JJs, which reported a distinct temperat-
ure behaviour of two different contributions to the supercur-
rent carried by diffusive bulk and ballistic topological surface
states [5]. While both contributions are present at low temper-
atures, the ballistic surface states dominate the supercurrent
at higher temperatures. In appendix D, the same analysis for
the temperature-dependent critical current of the junction in
the present work is shown to yield qualitatively similar res-
ults. The qualitative similarity to the temperature dependence
of the MAR spectra supports the rationale that the anomalous
temperature dependence of MAR spectra origins from distinct
contributions of ballistic surface and diffusive bulk channels.

Future studies in different junction regimes will help to study
this temperature-dependent transition and its origin in more
detail.

5. Conclusion

In this work, we present the study of MAR features in a
Bi,Tes based JJ with transparent interfaces. While the trans-
port at low temperatures seems to be mainly governed by dif-
fusive bulk channels we observe an anomalous temperature-
dependent dip-to-peak transition in the features of differential
conductance spectra. Similar to findings in the temperature
dependence of the critical current, we relate the observation
of both patterns in different temperature regimes of the same
JJ to the presence of ballistic surface states next to the dif-
fusive bulk contributions. Our work hence offers new insights
into the distinct contributions in TI JJs and indicates the rel-
evance of the temperature regime when studying their MAR
signatures.

Data availability statement

The data that support the findings of this study are available
upon reasonable request from the authors.
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Appendix A. Normal transport characterization

For the characterization of electronic transport in the Bi,Tes,
we prepared a Hall bar device with a thin film of 15 nm Bi,Te;
grown with the same parameters as the JJ sample in a different
growth run. The Hall bar substrates, however, did not have a
mask for selective area growth/stencil lithography. After MBE
growth, the TI thin films were capped with 5 nm Al,O3 and
10 pm wide Hall bar devices were patterned using a standard
lithography process and reactive ion etching. In a second litho-
graphy step, ohmic contacts were deposited by first etching the
Al,O3 capping layer in the contact area with a TMAH-based
developer and subsequent deposition of 50 nm Ti/100 nm Pt
electrodes.

An optical micrograph of the bonded Hall bar device is
displayed in figure S1(a). On this sample, Hall effect meas-
urements were taken in a cryostat with a base temperature
of 1.2 K and magnetic fields up to 14 T. Using standard
lock-in measurement techniques, both longitudinal resistivity
pxx and Hall resistivity py, have been measured as a func-
tion of the out-of-plane magnetic field (figure S1(b)). The
negative slope of the measured Hall voltage indicates n-type
transport typical for MBE grown Bi,Tes films. From the
Hall resistance curve, the sheet carrier density is determ-
ined to nyp = 2.55 x 10'*cm™2 and a mobility of y = 121%
is extracted. From this, we estimate the 3D charge carrier
density to n3p = npp/15nm = 1.7 x 102°cm~—3. These values
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Figure S1. Normal transport characterization of Bi, Tes thin films.
(a) Optical micrograph of the Hall bar device. (b) Magnetic field
dependence of longitudinal resistivity px (red) and Hall resistivity
Pxy (blue) at 7= 1.2 K. (c) Weak anti-localization feature in pyx
measured at different temperatures. The dashed blue lines are two
corresponding fits with the HLN model to the positive and negative
magnetic field data. (d) Temperature dependence of the extracted
phase coherence length /. The values are averaged from both HLN
fits of the respective temperature in (c) which, however, show only a
small deviation.

are close to the range of previous reports on MBE grown
Bi, Tes thin films [19, 28]. The rather high charge carrier dens-
ity indicates that the Fermi level lays far above the Dirac
point in the conduction band and normal transport is dom-
inated by bulk contributions. With the approximation of an
open cyclindrical Fermi surface at elevated charge carrier
densities [29], the in-plane Fermi wave vector can be assumed
to kpxy = /27 (n3p - ¢/m) with ¢ = 3.05 nm being the out-
of-plane lattice parameter of Bi,Tes;. This Fermi wavevector
can be used to estimate the elastic electron mean free path
for the bulk to le puik = hkpxyt /e =~ 8nm. This length is on
the order of magnitude of previously reported values [19],
where a similar calculation yields /. pux =~ 2nm. The phase-
coherence length is found by fitting with the Hikami—Larkin—
Nagaoka (HLN) model [30] to the weak anti-localization fea-
ture of the Hall signal. We extract a phase coherence length
of [, ~700nm at 7 = 1.2 K with a prefactor « close to —0.5,
indicating transport via a single channel.

Appendix B. Properties of the superconductor
layer stack

In order to investigate the unconventional superconductivity
in more complex topological insulator-superconductor hybrid
devices, we aim to use Al as parent superconductor due
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its advantageous properties like the reported long timescales
for quasiparticles excitations [31], particularly interesting for
devices like TI-based superconducting qubits [32] or topo-
logical qubit proposals [33]. For the present work, the use
of Al also allows to investigate the temperature-dependent
transition of the MAR features in a low temperature range
T < 1.3K (compared to junctions with Nb (T, np ~ 9K)) and
thus reduces thermal noise in the measurements. However, the
deposition of pure Al on tetradymite topological insulators has
been found to create bad interfaces due to strong interdiffu-
sion [34]. A solution for this problem are interfacial layers to
stop the diffusion of Al and allow for a good proximity effect.
The impact of such interfacial layers has already been invest-
igated on ex situ fabricated Al-Bi,Te;—Al and Al-Bi,Se;—Al
JJs [6, 7, 35]. A natural choice for the investigations of this
work forms a thin Nb interfacial layer (see figure 1(b)) which
is already known from previous work to form highly trans-
parent interfaces to tetradymite TIs [5]. In the following, we
discuss the superconducting properties of this Al/Nb stack and
the influence of the thin Nb layer.

At first, we analysed the properties of the 40 nm Al layer
by fabricating a reference sample and characterizing the film
properties in electrical resistance measurements at low temper-
atures. We find 7, 4; = 1.3 K which is close to literature values.
In order to determine the impact of the Nb layer under similar
conditions as in the JJ experiments, i.e. regarding growth con-
ditions and proximity effects, we prepared a thin film sample
with 15 nm Bi;Te; + 3 nm Nb + 40 nm Al (without a
stencil mask). For this stack, we find a critical temperature
Testack = 2.38 K. As this critical temperature is higher than
T. a1, the thin Nb layer seems to be superconductive itself.
Compared to thicker Nb films with 7. np ~ 9K, however, the
critical temperature of this thin layer is greatly reduced. The
superconducting properties of thin Nb films have been stud-
ied by Delacour et al [36] and a transition at a film thickness
of 3 nm has been found. This transition takes place rapidly in
a thickness regime of a few A. For the JJ sample discussed
in the main text, the differential conductance measurements
directly allow us to determine the critical temperature of the
Al/ND stack at the interface to the TI to be 7. = 1.15K which
is smaller than the critical temperature observed for the refer-
ence sample. As our reference measurements show that the Nb
interlayer is right at the border to the superconducting regime
and we do not see such an increased critical temperature in the
JJ, we think that the interfacial Nb layer in our JJs is slightly
thinner than for the control chip with the Nb being in a metallic
state or in a superconductive state with a critical temperature
even lower than 2.38 K.

Appendix C. Differential conductance at higher
biases

Additional to the temperature-dependent MAR data shown
in the main text figure 4(a) we also measured the differ-
ential conductance up to higher bias currents (figure S2).
Here, additional features are visible outside of the induced
superconducting gap whose position might be interpreted as
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Figure S2. Additional differential conductance features at voltages
higher than 2A*. (a) Differential conductance measurement up to a
dc voltage of V= 43.9mV at a temperature of 7= 0.1 K. Arrows
indicate additional features present at |V| > 2A*. (b) Differential
conductance at higher biases for various temperatures. Dashed line
indicates scaling of the higher bias features similar to the induced
superconducting gap shown in figure 4(b). Curves shifted for clarity
by 0.4 Ry.

gap features of Nb (A ~ 1.3meV). The features, however,
scale in temperature qualitatively like the (smaller) induced
superconducting gap and vanish at 7= 1.2 K. This speaks
against their assignment to a superconducting gap higher than
the observed induced gap and it is more likely that they
are related to heating effects in the electrodes or the lateral
coplanar JJ geometry itself as suggested for similar obser-
vations in previous work on SNS JJs [6, 15, 37, 38]. Below
a temperature of 7= 0.8 K, we observe additionally a small
change in the differential conductance at high biases (visible
in figure S2(b) by a smaller offset between 0.8 K and 0.7 K
curve) corresponding to a change in differential resistance of
a few Ohm.

Appendix D. Temperature dependence of the
critical current

The interpretation of the temperature-dependent MAR data
in the main text as signatures of diffusive bulk and ballistic
surface states links to a similar observation in the temperat-
ure dependence of the critical current by Schiiffelgen er al
[5]. In order to support the link between both signatures, we
additionally measured and analysed /. (T) data of the junction
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Figure S3. Temperature dependence of the critical current of the
Josephson junction. The data have been extracted from IV curves at
the respective temperature by using a criterion of Vi = 2 pV. Each
black point is averaged from three up and three down sweeps. For
the total fit (red) to the data the ballistic (orange) and diffusive
(blue) components are added.

in the main text. These data are shown as black points in
figure S3. Around a temperature of 7 = 0.45 K there is a ‘kink’
in the slope in the data, suggesting that there are two contri-
butions to the supercurrent with distinct temperature depend-
ence. Next to the data, we show simulations of the temperature
dependence of the critical current consisting of two compon-
ents following [5]. One component is calculated for a short
ballistic weak link and the other one for an intermediate long
diffusive weak link. The red line in figure S3 shows the com-
bined critical current values of both components.

Analogous to [5] we use the clean limit Eilenberger
equations to model the ballistic component of the surface
states [39]. As an input parameter we use the critical temper-
ature Tepa = 1.15K and the Fermi velocity vg = 4.3 - 10° o
We assume a similar transparency parameter for both inter-
faces of D = 0.95. For the simulation of the diffusive supercur-
rent component of the bulk, we use the Usadel equations with
effective boundary conditions [40, 41]. In accordance with the
induced gap scaling extracted from the temperature-dependent
MAR data we set the parameter yg = 0.5 and leave the para-
meter 7, which describes the strength of the proximity effect,
as open parameter for the fitting. We use the same critical
temperature as for the surface states 7 gisr = 1.15K (as there
is no obvious other choice) and vary the parameter L/Egis e

hD
271'/(3 TC

the coherence length normalized to the critical temperature.
For the fitting to our data, we leave the relative scaling of
both components free and find a good fit by using the para-
meters v = 0.25 and&TLch = 6. Notice that due to the differ-

ent normalization of the coherence length &4ifr 7 compares to

in the intermediate long regime, with i e = being

the coherence length &g =
Eaitere ~ 0.5 &gty

While we assume in the present case, in contrast to [5],
the same critical temperature for both components

\/ 22 cited in the main text via

(Tepan = Teqifr), figure S3 clearly shows that their distinct
temperature dependence leads to two regimes. At high tem-
peratures, the contribution of the ballistic channels dominate
and the diffusive contribution is small. As the temperature is
lowered, the diffusive contribution starts to increase faster and
is dominant at lower temperatures. While not being directly
linked to the SGS, the qualitative similarity of the compon-
ents to the critical current and the observation of the MAR
temperature dependence in the main text is notable.
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