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Abstract: In this paper, in an in situ prepared three-terminal Josephson junction based on the
topological insulator BiyTez and the superconductor Nb the transport properties are studied. The
differential resistance maps as a function of two bias currents reveal extended areas of Josephson
supercurrent, including coupling effects between adjacent superconducting electrodes. The observed
dynamics for the coupling of the junctions is interpreted using a numerical simulation of a similar
geometry based on a resistively and capacitively shunted Josephson junction model. The temperature
dependency indicates that the device behaves similar to prior experiments with single Josephson
junctions comprising topological insulators” weak links. Irradiating radio frequencies to the junction,
we find a spectrum of integer Shapiro steps and an additional fractional step, which is interpreted with
a skewed current-phase relationship. In a perpendicular magnetic field, we observe Fraunhofer-like
interference patterns in the switching currents.

Keywords: topological insulator; selective-area growth; molecular beam epitaxy; Josephson junction;
three-terminal junction; Shapiro steps

1. Introduction

Hybrid structures comprising three-dimensional topological insulator nanoribbons
combined with superconductors are a very promising platform for realizing circuits for
fault-tolerant topological quantum computing [1-4]. For its operation, Majorana bound
states are employed, which are formed by aligning an external magnetic field with a nanorib-
bon proximitized with an s-type superconductor [5-7]. For braiding, i.e., the exchange
of Majorana states in nanoribbon networks, multi-terminal structures are required [2,8,9].
Braiding is an essential process in topological quantum computation. It can be performed
by adjusting the superconducting phase of the superconducting electrodes to each other.

Multi-terminal Josephson junctions are the backbone of the Majorana braiding mech-
anism in a topological qubit, where a three-terminal Josephson junction acts as a basic
building block [2]. Understanding the superconducting transport in such a device holds a
key importance for the realization of a topological quantum system. Generally, the use of
hybrid devices with multiple connections leads to rich physics in terms of transport proper-
ties. Indeed, theoretical studies have investigated singularities, such as Weyl nodes, in the
Andreev spectra of multi-terminal Josephson junctions [10-12]. Moreover, multi-terminal
Josephson junctions with topologically trivial superconducting leads may lead to realiza-
tions where the junction itself can be regarded as an artificial topological material [13].
Furthermore, three-terminal junctions also allow transport via the quartet mechanism and
non-local Andreev processes by pairs of correlated Cooper pairs [14-18].

Nanomaterials 2023, 13, 293. https:/ /doi.org/10.3390/nano13020293

https:/ /www.mdpi.com/journal /nanomaterials


https://doi.org/10.3390/nano13020293
https://doi.org/10.3390/nano13020293
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/nanomaterials
https://www.mdpi.com
https://orcid.org/0000-0003-3312-9671
https://orcid.org/0000-0003-1869-2466
https://orcid.org/0000-0002-1824-7293
https://orcid.org/0000-0003-2561-575X
https://orcid.org/0000-0001-7230-0756
https://orcid.org/0000-0001-7977-7848
https://orcid.org/0000-0001-6290-9672
https://orcid.org/0000-0003-1617-3355
https://orcid.org/0000-0001-7861-5003
https://doi.org/10.3390/nano13020293
https://www.mdpi.com/journal/nanomaterials
https://www.mdpi.com/article/10.3390/nano13020293?type=check_update&version=2

Nanomaterials 2023, 13, 293

20f12

On the experimental side, multi-terminal Josephson junctions were fabricated with
different materials for the weak link. In three-terminal Josephson junctions with a Cu or
InAs nanowire subgap states [19,20] and half-integer Shapiro steps [21] were observed,
indicating transport via quartets of entangled Cooper pairs. Supercurrent flow affected by
dissipative currents in an adjacent junction was studied on graphene-based junctions [22].
Moreover, the higher-dimensional phase space was found to lead to fractional Shapiro
steps in this type of junctions due to the inverse AC Josephson effect [23]. By combining a
multi-terminal junction with a top gate, the effect of gate voltage and magnetic field on the
critical current contour was studied [24-26]. Recently, flakes of the topological insulator
BipSe; were also used as a weak link in an interferometer structure and evidence for a non-
sinusoidal current—phase relationship was observed [27]. In flux-controlled three-terminal
junctions based on BiyTes, the opening and closing of a minigap was studied using normal
probes [28].

Here, we report on the transport properties of a three-terminal Josephson junction
based on the BiyTe; material system as the weak link and Nb as the superconductor. To
fabricate the samples, we used selective-area growth for the BisTe; layer in combination
with in situ bridge technology to define the superconducting electrodes [29]. BisTes is a
natural superlattice of alternating Bi, bilayers and Bi,Tez quintuple layers. Initially, BigTes
was reported to be a semimetal with zero band gap and a Dirac cone at the I' point [30].
However, recent band structure calculations in conjunction with scanning tunneling spec-
troscopy and angular photoemission spectroscopy measurements suggest that the material
is a semimetal with topological surface states [31-33]. In particular, advanced GW-band
structure calculations have shown that a band gap of about 0.2eV opens at the I point,
which significantly reduces the density of the bulk state in this energy range [33]. BisyTe3
is classified as a dual topological insulator, a strong topological insulator with a non-zero
mirror Chern number, i.e., a topological crystalline insulator phase. However, in contrast
to other three-dimensional topological insulators, i.e., Bi»Ses [34], a small area exists in
the bulk band structure where a narrow electron pocket remains at the Fermi level [33].
Though BiyTes does not exhibit the proposed Dirac semimetal phase, it is still a very in-
teresting material as it resides in close proximity to the critical point of band crossing
in the topological phase diagram of Bi,Tey alloys [35]. Such a transition is proposed by
Yang et al. [36] where a topological crystalline insulator (Bi;Tez) [37] can be topologically
transformed into a topological Dirac semimetal through alloying it with other materials.
On our multi-terminal junctions, we first investigated the DC properties and related the
results to simulations based on the resistively and capacitively shunted Josephson junction
model. We then measured the radio frequency (rf) response, finding evidence for cou-
pling of adjacent junctions. Finally, the behavior of our three-terminal junctions when an
out-of-plane magnetic field is applied is investigated.

2. Materials and Methods

Using the previously introduced technologies of topological insulator selective-area
growth and in situ bridge technology, we fabricated three-terminal Josephson junctions,
as illustrated in Figure 1a [29,38]. The geometry of the nanoribbon T-shaped junction for
selective-area growth is defined by trenches in a SiO; /Si3Ny (5 nm/15 nm) layer on a highly
resistive Si (111) substrate [39]. First, the 600 nm-wide nanotrenches are etched into the
top Si3Ny layer using a combination of electron beam lithography and reactive ion etching.
Subsequently, a second set of layers, i.e., a 100 nm-thick SiO, layer and a 300 nm-thick Si3Ny
layer, is deposited on top to define the stencil mask for the in situ Nb deposition [29]. After
patterning the structures for the stencil mask into SizsNy, SiO; is etched in hydrofluoric
acid (HF) forming the free-hanging bridge structures. Simultaneously, the Si(111) surface
in the selective-area growth trenches is released in the bottom SiO; layer defined by the
Si3Ny layer on top. The BisTes layer is selectively grown within these trenches, while
the Si3Ny bridge structures are employed to define the geometry of the in situ deposited
superconducting electrodes [29]. The BigTes layer is grown at a temperature of 310 °C using
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molecular beam epitaxy. Subsequently, the 50 nm-thick superconducting Nb electrodes are
deposited via electron beam evaporation followed by covering the whole structure with a
5 nm-thick Al,O3 dielectric capping layer. Our processing scheme ensured a high-quality
crystalline topological insulator material with clean superconductor interfaces [29,40], as
reported in previous transmission electron microscopy studies. An electron microscopy
image of the investigated device is presented in Figure 1b.

The measurements of the three-terminal Josephson junction were carried out in a
dilution refrigerator with base temperature of T = 25mK. containing a 1-1-6 T vector
magnet. As indicated in Figure 1b, the left, right and bottom junction electrodes are labeled
“L”,“R” and “B”, respectively. Two current sources supply currents I} g and Igg from L and
R to the bottom electrode, respectively, with the according voltages V1 g and Vrp measured.
The differential resistances are measured by adding an AC current of 10nA to the DC
current bias using a lock-in amplifier. The rf-irradiation for the Shapiro step measurements
was provided via an antenna placed in close vicinity to the sample.

Figure 1. Rendering of a selective-area grown three-terminal Josephson junction and false color
scanning electron micrograph with circuit: (a) The three-terminal junction is composed of the silicon
substrate (gray bottom layer), the first hard mask composed out of a silicon oxide (white)/silicon
nitride (blue) layer (as indicated by the labels). On top of this, another hard mask layer composed of
silicon oxide (white) and silicon nitride (blue) is deposited and patterned as a shadow mask. The
topological insulator (red) is grown selectively into the first hard mask trench and the shadow mask
is used for the definition of the junction in the metal deposition (silver) step. (b) False-color scanning
electron micrograph of the in situ prepared three-terminal junction device. Niobium contacts (cyan)
are deposited on top of the TI (red). The measurement configuration is also indicated.

3. Results and Discussion
3.1. DC Characteristics

Information about the basic junction characteristics is obtained by measuring the
differential resistances Ri g = AV g/Al g and Rgg = AVrp/Algg as a function of the bias
currents I; p and Igp, respectively. Starting with the left junction, we find that Ry g shown in
Figure 2a,b contains a superconducting region in the center when I; g and Irp are varied.
The observed critical current contour is similar to what has been observed in induced
superconducting nano-junctions made of high mobility materials such as InAs/Al [24,25]
or graphene [22].
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Figure 2. Differential resistance maps: (a) Ry p as a function of the bias currents I; g and Izp at 25 mK
with corresponding line cuts given in (b). In (c), the differential resistance map of Rgp is depicted
with a selection of line cuts given in (d). The dashed lines in (a,c) indicate the superconducting
regions of compensating bias currents. The differential resistances were measured using the lock-in
technique, i.e., Rpg = AV /Al g and Rrg = AVrp/Algs.

The superconducting region extends along an inclined line indicated by the dashed
line in Figure 2a. The switching to the superconducting state can be seen in the line cuts at
fix values Irgp = 0 and £0.7 pA provided in Figure 2b. The extension of the superconducting
state originates from a part of Irg which flows via R to L through the junction between
L and B, compensating the current I} g partly and thereby reducing the total current. For
our three-terminal device, no reduced differential resistance is observed along the line
I1 8 = Irp, which would indicate the presence of a Josephson supercurrent between the
junction formed between electrodes L and R [24,26]. We attribute this to the fact that the
distance between these electrodes is slightly larger than for the other junctions, so that no
Josephson supercurrent is obtained. However, the junction between L and R acts as a shunt
resistor taking care that the switching to the superconducting state is non-hysteretic. The
differential resistance Rrg measured between R and B electrodes, depicted in Figure 2¢,d,
shows behaviour similar to Ry g, i.e., featuring also an extended superconducting range due
a compensation provided by part of I} g. The tilt of the superconducting range indicated
by the dashed line in Figure 2c is lower compared to Figure 2a since now Iy is the
compensating current.

3.2. Simulations

The experimental results are modeled by assuming a network of two resistively and
capacitively shunted Josephson (RCS]J) junctions coupled by a resistor Rc, as illustrated
in Figure 3a. Solving the related system of differential equations numerically, in analogy
to what was presented in previous works [23,24], we simulate the behaviour of the ex-
perimental system (for information about the procedure, see the Supplementary Material:
Supplementary Note 3). The results of the simulations are shown in Figure 3b—e, where the
differential resistance Ry p is given as a function of the bias currents I} g and Igg.
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Figure 3. Numerical simulation of different coupling scenarios: (a) The three-terminal circuit is
modeled by two resistively and capacitively shunted Josephson junctions J; g and Jrp (green and blue
dashed line boxes), which are each modeled by a resistor Ry, a capacitor C and an ideal Josephson
junction J. Currents I; g and Irp are supplied via current sources, while the voltage drops V1 g and
Vrp across the junctions are measured. Both junctions are coupled via a coupling resistance R¢.
(b) Differential resistance R; g as a function of current biases for a realistic scenario for R¢ close to the
one extracted in the experiment: Ry = 400Q, Rc = 160Q, I. =538nA, B = (Ze/h)ICR%\]C = 0.1. The
zero resistance range is observed as a tilted line due to compensation by a part of Izg. Additionally,
the influence of the second junction is observed as a similar line close to horizontal orientation. The
corresponding line cuts indicated in (b) are presented in (c). The scenario for a very small coupling
resistance (Rc — 0) is shown as a color map of Ry g and selected line cuts in (d,e).

The model describes the experiment well by reproducing the Josephson supercurrent
along the inclined lines originating from compensating currents from both electrodes with
a superconducting region at the center. The inclination is determined by the coupling
resistance Rc. In Figure 3b,c, the coupling resistance was taken as Rc = 4 - Ry, with
Rip = 400 which results in the same tilt as observed experimentally. Taking these
values into account, the normal state resistance is given by Ry = 6/5- Ry g = 48Q. In
our simulations, for the critical current and for the Steward—-McCumber parameter we
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assumed I = 538nA and B, = (2¢/ h)ICR%\]C = 0.1, respectively, with C being the junction
capacitance. We found that the superconducting state in the junction between R and B
leads to some weak feature as a similar line inclined towards horizontal orientation. Note
that for this line Ryp is non-zero, as the supercurrent in the other junction only partly
reduces the current in the junction between L and B and hence only partially reduces the
voltage drop. A noticeable difference between experiment and simulation is that in the
measurements the extension of the superconducting state observed along the inclined line
(cf. Figure 2a) is decreased compared to the simulation depicted in Figure 3b. As discussed
by Draelos et al. [22], this effect can be explained by dissipation in the neighboring junction
being in the normal state, resulting in an effective heating, in particular for junctions with
small dimensions. In our simulation, the direct coupling between the different junctions
was neglected. As shown by Arnault et al. [23], including coupling results in a more
complex contour of the critical current area. If the coupling resistance becomes very small,
i.e, Rc — 0, the observed lines in the differential resistance shift towards the diagonal
(cf. Figure 3d,e). Thus, both junctions are maximally correlated to both current biases I g
and IRB-

3.3. Temperature Dependence

In Figure 4a—f, the differential resistance maps are shown for Ry g and Rgrp measured
at temperatures of 100 mK, 200 mK and 800 mK.
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Figure 4. Differential resistance maps at various temperatures: Left column (a,c,e) shows the differ-
ential resistance Ry g, right column (b,d,f) Rgp, accordingly. The temperatures displayed in the rows
from top to bottom are 100 mK, 200 mK and 800 mK.
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One finds that with increasing temperature the area of the central superconducting
region shrinks. This is in accordance with the temperature dependence of the critical current
of a single Nb/BisTe;/Nb reference junction, as shown in the Supplementary Material:
Supplementary Figure S1. It is noteworthy that the superconducting feature along the
inclined lines basically does not change with increasing temperature. This can be explained
by the fact that the dissipation in the neighboring junction already leads to an increased
temperature larger than the substrate temperature.

3.4. rf Characteristics

Next, the radio frequency response of the system is investigated in order to confirm
that the experiment is described well by Josephson junction physics and to analyze the
rf response of the Josephson current. This is done by first choosing a frequency and
an amplitude for the rf irradiation so that both junctions show a large rf response in
the differential resistance. Subsequently, the same DC bias sweeps are performed as in
the prior experiments. Figure 5a,b show Shapiro step measurements of the differential
resistances Rypp and Rgg, respectively, as a function of bias currents I;g and Izg. The
differential resistances are calculated by numerical differentiation. Differential resistances
obtained by lock-in amplifier measurements can be found in the Supplementary Material:
Supplementary Figures S2 and S3.

a b
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Figure 5. Shapiro step measurements at 5.8 GHz: (a) Numerically determined differential resistance
Ryp as a function of I} g and Igp at 5.8 GHz and rf power of 0 dBm. (b) Corresponding map of the
differential resistance Rgg.

The rf frequency f,s and the according power was set to 5.8 GHz and 0 dBm, respec-
tively. The differential resistances show clear intercrossing stripe-like patterns which can
be attributed to the presence of Shapiro steps, confirming the presence of a Josephson
supercurrent. The intercrossing parallel stripes indicate a coupling of both junctions. By
calculating the related voltage drop, we find that for both junctions the Shapiro steps are
located at integer multiples, n = 1, 2, 3..., of the characteristic voltage Vo = hf.¢/2e.

In Figure 6a,b, the differential resistance maps of Ry g and Ry g, now taken at 8.5GHz
at 0 dBm, are depicted, respectively. Here, the color maps are plotted as a function of the
normalized voltages Vi p/Vy and Vgg/Vp. On first sight, one finds that the Shapiro step
pattern is more pronounced in Ry g. We attribute this to a stronger coupling of the rf signal
compared to the neighbouring junction due to spatial variations in the rf field. As for the
measurements at 5.8 GHz, a coupling of both junctions, although weaker, is observed. Our
experimental results concerning Shapiro step measurements are supported by compari-
son to simulations based on the previously introduced RCS] model. In Supplementary
Figure S4a,b maps of the simulated values of Ry and Ryp as a function of the normal-
ized bias voltages are shown. There, one finds that the coupling by R¢ results in a weak
cross coupling of the Shapiro signal, resulting in intercrossing stripe-like patterns of differ-
ent contrast.
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Figure 6. Shapiro step measurements at 8.5 GHz: (a) Numerically determined differential resistance
Ryp as a function of the normalized voltage drops Vi g/Vy and Vgg/Vp at 8.5GHz and rf power
of 0dBm, with Vy = &f,/2e. The blue curves represent the averaged signal along V1 5/V, and
Vrp/ Vo, respectively. The dashed lines indicate the half-integer steps. (b) Corresponding map of the
differential resistance Rig.

A closer inspection of the resistance map presented in Figure 6a reveals that apart
from the integer Shapiro steps half-integer Shapiro steps, e.g., at n = 1/2, are also observed.
The half-integer steps are also clearly resolved in the averaged value of Ry g along Vig/Vy
shown in Figure 6a. In single Josephson junctions, such fractional steps are interpreted by
assuming a skewed current-phase relationship [41-43] (a simulation for this case using our
model is provided in the Supplementary Material). More specifically for multi-terminal
junctions the rf response of superconductivity induced into normal metal was studied
previously by Duvauchelle et al. [21]. Here, half-integer steps were found and interpreted
as a feature due to the presence of coherent quartet states. However, in Figure 2 we did
not find indications of quartet states, which would be visible by a feature in the differential
resistance at opposite voltage drops on the left and right terminal [19]. Other experimental
observations of such fractional steps in multi-terminal junctions are interpreted on the
basis of highly connected nonlinear networks of Josephson junctions, where (due to the
higher phase space) different transitions of the phase particle in the washboard potential
are possible [23]. However, since fractional Shapiro steps were observed in single junctions
made with similar materials [44], we favor the explanation based on a skewed current-
phase relationship, which can be attributed to contributions of quasi-ballistic transport.
Most likely, the quasi-ballistic transport takes place in the topologically protected surface
states in BiyTe;. In our measurements under rf radiation, we did not find indications
of missing odd Shapiro steps, as predicted when Majorana bound states are present in
topological junctions [29,45]. Probably, for our samples the narrow width of the BisTes
ribbons prevents the formation of these states, since due to the finite Berry phase a magnetic
field along the junctions is required to gain a gap closure for the coherent surface states
around the nanoribbon cross section [38]. The finite Berry phase of 7w accumulates because
of the 277 rotation of the spin as it goes around the surface of the topological insulator ribbon.

3.5. Magnetic Field Response

The junction characteristics were also analyzed in a perpendicularly oriented magnetic
field B . In Figure 7a, the magnetic field dependence Ry p is plotted as a function of B, and
I1 , while Igp is kept at zero. One clearly observes a Fraunhofer-like interference pattern
of the switching current, i.e., the boundary between the red superconducting areas and
the areas with finite resistance. The blue line in Figure 7a indicates the according fitting
based on the Fraunhofer interference relation. The close resemblance of the experimental
data to an ideal Fraunhofer pattern points towards a relatively homogeneous distribution
of the supercurrent density. From the fit, we extract a period of about AB =14 mT, which
corresponds to a junction area of 152 x 10° nm?. Relating these values to the dimensions
of the left junction J;g, one finds that the period is about a factor of ten smaller than
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expected. Based on the actual junction size of 200 x 72nm?, a period of 144 mT is expected
for a h/2e flux periodicity. We attribute the discrepancy in the experimental period to a
pronounced flux focusing effect, where the magnetic field is expelled from the edge regions
of the superconducting electrodes and bundled in the junction area. As a matter of fact, a
comparably large flux focusing effect was previously observed in similar planar Josephson
junctions based on topological insulators and Nb superconducting electrodes [38].

a b c
500 100 500 | 100 500 80
2 2 5 % 05 & s
S g 3 c
< o4 0% Eo- 60% £ o0 ® 40 4
= 0 F a0 I e
L4 20 ) 0 = - 20
—500 ~500 1 ~500 -
-25 0 25 -25 0 25 -25 0 25
B, (mT) B, (mT) B, (mT)

Figure 7. Differential resistances under perpendicular magnetic field sweep: (a) A map of Ry as a
function of B| and I} g for Igg = 0. (b) The corresponding map of Rgp as a function of B, and Irp
for I1 g = 0. In (c), the sweep current is chosen to be I} g = Igg, which corresponds to a sweep along
the diagonal in the current plane. In all cases, a standard Fraunhofer pattern is fitted indicated as
blue lines.

In Figure 7b, the magnetic field dependence Rgg is shown as a function of B and
Irp at I1 g = 0. Once again, a Fraunhofer-like interference is observed, although with
a smaller period, i.e., a larger effective area where the magnetic flux is picked up. The
reason for the difference compared to the measurements shown in Figure 7a might be
some inhomogeneity in the supercurrent density in the junction. Finally, the Ry g maps
are scanned diagonally, i.e., I; g = Irp, as shown in Figure 7c. Here, once again a regular
Fraunhofer pattern is observed, which is almost identical to the pattern shown in Figure 7a,
which is an indication that the current Izg through the neighboring junction basically has
not effect on the left junction.

4. Conclusions

We have succeeded in extending the previously developed in situ fabrication technol-
ogy for Josephson junctions to a working and more complex design of a three-terminal
junction. Analysis of the transport experiments shows that our system indeed behaves
like a coupled network of Josephson junctions in DC transport, rf response, as well as
magnetic field response. This is the first report on the topological multi-terminal devices
where an interaction between the individual Josephson junctions is observed. Moreover,
the observation of fractional steps in the rf response opens a window that provides a first
insight into the novel physics of this type of device. We attribute the presence of fractional
steps to quasi-ballistic transport in topologically protected surface states in BiyTez. Our
interpretation is supported by recent band structure calculations predicting the presence of
topological surface states. In these states, quasi-ballistic transport is likely owed to reduced
backscattering [29]. Nevertheless, part of the supercurrent might also be transported by
bulk carriers, which are always present in BisTe3 due to the special band structure [33]. On
a more technical level, our results demonstrate the realization of more complex devices
required for network structures in topological quantum circuits.

Further investigations and detailed understanding of such a system are crucial for
the realization of complex topological quantum systems. In future, similar experiments
with more intricate circuit designs and superconducting phase controlled measurements
will be performed. The complexities in the junction characteristics arose from the selected
weak-link material BigTez. In future experiments, we plan to incorporate conventional
three-dimensional topological insulators, e.g., BipTes, SbyTes, BipSe; and the topological
Dirac semimetal exhibited by the correctly tuned Bi,Te, stoichiometric alloy.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390 /nano13020293/s1, Figure S1: Current voltage characteristics of a
single Nb/BisTe3 /Nb junction; Figure S2: Shapiro Step response at 5.8 GHz; Figure S3: Shapiro step
response at 8.5 GHz; Figure S4: Shapiro step simulations at 8.5 GHz; Figure S5: Simulation of Shapiro
maps at 8.5 GHz with 2¢ term.
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