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ABSTRACT

We present a report on hybrid InSb-Pb nanowires that combine high spin-orbit coupling with a high critical field and a large
superconducting gap. Material characterization indicates the Pb layer of high crystal quality on the nanowire side facets. Hard induced
superconducting gaps and gate-tunable supercurrent are observed in the hybrid nanowires. These results showcase the promising potential
of this material combination for a diverse range of applications in hybrid quantum transport devices.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0155663

Superconducting electronics is a rapidly evolving field with multi-
ple potential applications. Such applications include parametric-
amplifiers for qubit readout and control and dissipation-less diodes.””
Among candidate materials used for such electronic applications, the
semiconductor-superconductor hybrids stand out, due to their ability
to be tuned in situ between various desirable regimes. The semicon-
ductor-superconductor hybrids have also been proposed as a leading
platform for the realization of Majorana zero modes, with potential
application for fault-tolerant quantum computations. The elemental
superconductor Al has so far proven to give highly transparent inter-
face with semiconductors, such as InAs or InSb, which has been dem-
onstrated to be beneficial in various applications, such as
superconducting diodes," gatemon and fluxonium qubits,™* paramet-
ric a.mpliﬁers,7 and “poor man’s Majorana” states.” However, the small
spectral gap and low critical field of Al might be limiting factors in
pushing such applications forward. An alternative superconductor
could be the elemental Pb, which has a significantly large gap and a
high critical field. The Pb monolayers are known to exhibit strong
Rashba spin-orbit coupling.”'’ The further study has revealed that the
magnetic Co-Si clusters can drive a Pb monolayer into a topological
superconducting state on Si(111)."" The InAs—Pb hybrid island devices
have shown correlated two electron transport, establishing the possi-
bility to induce superconductivity from Pb to semiconducting

platforms.12 With CdTe shells as a tunnel barrier, it is also possible to
grow epitaxial Pb layers on the side facets of InSb nanowires (NWs)."”
Another system of interest is a hybrid between Pb and PbTe NWs,
which are also used for Majorana-based research.'" '

In this work, we report the development of hybrid NWs com-
posed of Pb and InSb. We grew InSb-Pb NWs using molecular beam
epitaxy and in situ metallic deposition. To avoid ex situ etching while
making Josephson junctions and tunnel junctions, a process that sig-
nificantly reduces the quality and yield of the produced devices, we
used a shadow technique to partially mask the deposition of Pb on
some segments of the NWs. This approach allows us to obtain in situ
junctions. The structural characterization of the NWs shows the InSb
core of single crystalline zinc blende phase and the Pb layer of high
crystal quality. However, the Pb layer is not epitaxial on the NW side
facets. The transport characterization shows that the Pb layer has a
superconducting transition temperature similar to that of bulk Pb. The
spectrum of the hybrid system, measured using tunnel junctions,
reveals a hard superconducting gap. Moreover, the observation of the
oscillations of the supercurrent in the in situ Josephson junctions
under both in-plane and out-of-plane magnetic fields confirms the
extent of the proximity effect from the Pb layer into the InSb core.

Stem-assistant InSb NWs were grown on pre-fabricated 1/4 2-in.
undoped n-type (100)B zinc blende InAs wafers (Semiconductor
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Wafer, Inc.) with the vapor-liquid-solid (VLS) method in III-V
growth chamber of a solid-source Varian GEN-II MBE system with
the background pressure below 1 x 107'° Torr, which is similar to our
previous work."”'” The as-grown InSb NWs were transferred from
the III-V growth chamber to the dedicated chamber for metal deposi-
tion after growth. Prior to the Pb deposition, the sample holder and
the sample were left for cooldown and temperature stabilization for
~6h. The substrates were about 27° tilted toward the Pb source. The
Pb layers were nominally deposited on two side facets of NW's with in
situ electron beam evaporation with a substrate temperature of
-144°C, as measured by a thermo-coupling back sensor. Calibration
with a dummy wafer shows that the surface temperature is actually
around -20 °C. The average Pb deposition rate was 1.6 nm/s. The oxy-
gen with 10 Torr partial pressure was used to in situ oxidize the NW
surface for 10 s, which helped to stabilize the Pb layers. As the last
step, the load lock was vented with N2 (500 Torr), and the sample was
placed in this environment for 5 min, allowing the sample temperature
to raise above 0°C before unloading. In this work, there are several
batches of NWs, which have slight differences among each other. In
structural characterization, the nominal 40 nm Pb was deposited on
the NWs to increase image contrast and get better view of Pb layers
and in situ grown junctions. The NWs for studying Pb superconduc-
tivity have 20 nm Pb and 2 nm AlOx capping (the 2 nm Al layer was
deposited with a growth rate of 0.06 nm/s with in situ electron beam
evaporation, while keeping the sample on the same sample stage so
that the Al layers could be perfectly overlapping with the Pb layers.
This is to avoid possible Pb dewetting during sample transferring and
unloading). The Pb layer of NWs used for hard gap and supercurrent
study is nominal 30 nm. The growth time of NWs used for hard gap
and supercurrent study was 60 min while that of others was only
40 min.
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The 30kV field emission scanning electron microscope (SEM)
JEOL 7800F was used to investigate how the NWs grew in the trenches
and to locate the NWs for device fabrication. During device fabrica-
tion, the locations of junctions were also rechecked with SEM after
NW transfer. The FEI Titan 80-300 transmission electron microscope
(TEM) was used at 300 kV for scanning transmission electron micros-
copy (STEM) imaging, electron diffraction, and energy-dispersive x-
ray spectroscopy (EDS). The microscope is equipped with a Schottky
field emission gun (FEG), a CEOS probe Cs corrector as well as STEM
annular dark field (ADF) detectors.

The system for bulk Pb superconductivity characterization is a
modified Dynacool cryo-cooled physical property measurement sys-
tem (PPMS) with a temperature range of 1.7-400 K and perpendicular
magnetic field in a range of 9 T. When measuring the differential con-
ductance, the lock-in amplifiers (SR830) were employed to enable the
PPMS to measure tiny AC signal. The SIS device presented in Fig. 2
was measured in a Janis cryostat with a vector magnet and at a base
temperature of 300 mK. The standard lock-in amplifier techniques
were used to obtain the differential conductance. The SNS device of
Fig. 3 was measured in an Oxford Triton dilution refrigerator with a
base temperature of approximately 30 mK. Each contact was routed to
two bondpads to perform four-point measurements. For each mea-
surement, two of the four bondpads were used to apply a current bias
while the other two were used to measure the voltage drop. The DC
differential resistance was obtained using a numerical derivative of the
VI-curves. All devices were tuned using a global back gate.

As shown in Fig. 1, the as-grown InSb NWs are typically about
200 nm of diameter and around 3.5 um of length. The Pb layers with a
nominal thickness of 40 nm were deposited on two side facets of InSb
NWs. The in situ grown junctions are visible in Fig. 1(b), where the Pb
beam is blocked by other NWs during deposition. The remaining part

FIG. 1. Structure of InSb-Pb NWs. (a)
SEM image (viewing angle 36° from nor-
mal) of InSb-Pb NWs. (b) Enlarged SEM
image (viewing angle 36° from normal) of
InSb—-Pb NWs to show their junctions. (c)
Atomic resolution STEM ADF image of
InSb lattice in InSb—Pb NWs. (d) Atomic
resolution STEM ADF image of Pb lattice
in INSb-Pb NWs.
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of the Pb layers is complete and continuous. There are small features
on the surface of the Pb layers along NWs, which suggests that the
substrate temperature is not low enough to reach the range suitable for
Pb deposition. To understand the lattice match between InSb and Pb,
we performed STEM ADF imaging on the InSb-Pb NWs at atomic
resolution. In Fig. 1(c), which shows a transverse view of the NW, we
can see the single crystalline zinc blende InSb lattice without disloca-
tion when the zone axis is along InSb [1-10]. Under the same zone
axis, the lattice fringes in the Pb shell are not visible, and the InSb/Pb
interface is not sharp at the atomic scale (Fig. S1). Based on cross-
sectional EDS in Fig. S2, it seems that part of InSb moves from the
interface between InSb and Pb to the surface of the Pb shell, so the
interface is planarized. Therefore, it is probably needed to introduce
barrier layers like CdTe to protect InSb."” In comparison, both the Pb
and InAs lattices are visible when zone axis is along InAs [11-20] on
the InAs stem of the NWs (Fig. S3). It shows that the Pb layer can
grow epitaxially on InAs, which is consistent with the previous
report.'” We then rotated the NW and aligned the Pb crystal orien-
tation with the electron beam. It is found that the Pb [1-10] zone
axis is tilted 5°~10° with respect to the InSb [1-10] zone axis based
on analysis of 5 NWs, so the Pb layer is not epitaxial on InSb side
facets. The STEM imaging [Fig. 1(d)] shows the crystalline struc-
ture of Pb shell. The Pb layers usually prefer to grow with (111)
surface.'” In this case, the surface of Pb layer is a few degrees off
from (111), so the lattice mismatch at the interface between InSb
and Pb can probably be reduced. Meanwhile, the diffraction pat-
terns acquired along the Pb layer suggest its single crystallinity, as
shown in Fig. S4.

After growth of InSb-Pb NWs, we used the NWs without junc-
tion to study the properties of the Pb shell. Figure 2(a) shows an
InSb-Pb NW contacted with four normal Ti/Au contacts. Based on
the device, the four-probe differential resistance of the Pb shell on top

ARTICLE pubs.aip.org/aip/apl

of the NW as a function of the temperature (T') and magnetic field
applied in the out-of-plane direction (B, ) was measured as shown in
Fig. 2(b). An AC voltage excitation from a lock-in amplifier was
applied to one of the outer leads. The resulting current was measured
at the other outer lead by a lock-in, while the voltage drop between the
two inner leads was measured by another lock-in. The differential
resistance was then computed by dividing the measured voltage drop
by the measured current. No DC or voltage bias was applied to the
device. We observed a region of zero resistance, which turned into
finite upon reaching a critical value of B,. Moreover, this critical
field decreases with increasing temperature, which shows charac-
teristics of type-I superconductors.”’ The critical temperature T¢ is
~ 7.0 K, which is similar to the corresponding value for bulk Pb.”’
We extrapolate a zero-temperature critical field of ~1.3 T from the
empirical, parabolic law for finite temperature critical fields
B.(T) = B%(1 — T%/T?).”" This is much larger than the bulk Pb
value of B = 0.08T at 0K.”' Figure S5 shows similar four-point
measurements performed on two other InSb-Pb NWs, with com-
parable values for T;, but having different critical fields due to dif-
ferent orientations with respect to the magnetic field.

After having focused on the intact Pb layer, we now turn our-
selves to InSb-Pb NWs with junctions. Figure 2(c) shows an InSb-Pb
NW with an in situ grown junction,'® contacted by 10 nm Ti + 50 nm
Al leads on the bare InSb and the Pb, respectively. We set
Vie = 0.1V, so the bare InSb acts as a tunnel barrier and perform
superconductor-insulator-superconductor (SIS) spectroscopy for
By, = 0 as shown in Fig. 2(d). We observed a single pair of particle-
hole symmetric peaks at eVy,s =~ =1.6 meV, instead of two pairs at
eViias = = (Au=Apy) as expected from SIS tunneling. The relative
magnitude of these peaks depends on temperature, and the peak at
Au + App has been observed to be more visible than the Ay — Apy
peak in the previous study.”” Taking the bulk value of Ay = 0.175 meV

a
M Ti/Au
H Pb FIG. 2. Transport measurements of
InSb InSb-Pb hybrid NWs. (a) False-colored
i SEM micrograph of an InSb-Pb NW with-
Ti/Al out junctions, where the contacts are
schematically indicated by golden rectan-
d gles. (b) Four-point measurements of
0.4 zero-bias differential resistance as a func-
’ tion of out-of-plane magnetic field B, and
b 6‘5 i temperature T of the device presented in
~ 0.2 (a). (c) False-colored SEM micrograph of
3 ] an InSb-Pb NW SIS device with Ti/Al con-
2 tacts and a global back gate, where a
e 0- i . magnetic ﬁ_eld B/ is applied parallel to
| 0.3 the NW axis. (d) Tunneling spectroscopy
= G =dl/dV of the SIS device of (c) at
4 0 0.75 B = 0 for varying voltage bias Vj;,; mea-
@ E 0.2 5 sured at T=300 mK. An AC voltage
= 0.5 S Vac = 30 1V is applied on top of the volt-
2 @ 0.25 010 age bias. (e) Same as (d), for varying
both B// and Vhias-
0 0
T (K) Vbias (MV)
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for the Al lead,”” we estimate App &~ 1.4meV, similar to that of a Pb
layer 1.36 meV”* but larger than theoretical value 1.28 (Ref. 25) or
1.25meV of epitaxial Pb.'* Moreover, the sub-gap conductance is two
orders of magnitude lower than the above-gap conductance, which we
interpret as a hard gap, similar to those reported in III/V NWs with epi-
taxial Al,"**" epitaxial Pb,"* polycrystalline Sn,”* and amorphous Ta.”’
Figure 2(e) shows tunneling spectroscopy for varying B,/, where the Al
turns normal for a finite field. It is found that the gap shrinks with field
but cannot be closed due to blockaded transport at low-bias. It can be
attributed to an accidental quantum dot formed in the junction which
causes a coulomb blockade.

Another metric to characterize the proximity effect in semicon-
ductor-superconductor hybrids is the presence of supercurrents in
Josephson junctions. In Fig. 3(a), the InSb-Pb NW was shadowed in
two segments, so two superconductor-normal conductor-supercon-
ductor (SNS) junctions were formed. Figure 3(b) shows the V-I curve
measured in a four-point configuration between the middle and top
contact depicted in Fig. 3(a). Within a range of applied currents,
between approximately 0 and 6 nA, no voltage dropped over the junc-
tion, indicating the presence of a supercurrent in the system. In Fig.
3(c), the measured switching current () responds non-monotonically
to Vpg, typical for a disordered Josephson junction in such hybrids.
When we turn our attention to the dependence of I on the applied
magnetic field, Fig. 3(d) shows V-I curves measured with increasing
B, between the middle and bottom contact shown in Fig. 3(a). Ig
decayed rapidly once the magnetic field was applied, giving rise to an
interference pattern with I smaller than 500 pA. The separation
between the lobes allows us to estimate the effective area of the junc-
tion by assuming that they are separated by approximately one flux
quantum. The lobes are spaced 100mT apart, giving an effective

C
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junction are of 20 000 nm?, slightly larger than the area of 15000 nm”
observed in the SEM image. In Fig. 3(¢), we show the interference pat-
tern of Is resulting from the application of in-plane magnetic field.
Here, there is a supercurrent extinction and revival around
By =~ 250mT, which corresponds roughly to one superconducting
flux being threaded through the NW cross section. This behavior is
predicted for NW Josephson junctions with multiple modes.”””" The
observed gate- and field-based interference could result from mode-
mixing of multiple, occupied modes in the NW as observed in compa-
rable systems.”””” The maximum value of switching current is usually
proportional to the superconducting gap.” Therefore, mixing of mul-
tiple modes in a large-gap superconductor like Pb could result in a
gate-tunable supercurrent over a large range. It is noted that the NW
in Fig. 3(a) is bent. When the NW is bent, the strain can be induced in
the NW. The strain can move the Fermi level in the band structure, so
it can influence the band offset between InSb and Pb. At the same
time, it can change the carrier density which can affect the strength of
proximity effect. Therefore, the induced superconducting gap will be
changed, and the obtained results could be deviated from intrinsic
properties of the devices based on strain-free NWs.

In summary, we develop hybrid InSb-Pb NWs based on molecu-
lar beam epitaxy growth technique. The in situ junctions were fabri-
cated during Pb deposition with a shadowing approach. The NWs
consist of the single crystalline zinc blende InSb lattice free of disloca-
tions and the Pb layer of high crystal quality. However, the Pb [1-10]
zone axis is tilted 5°~10° with respect to the InSb [1-10] zone axis, so
the Pb layer is not epitaxial on InSb side facets. The intact Pb layer
shows a superconducting transition at 7 K, similar to that of bulk Pb.
The tunneling spectrum of a SIS device shows a superconducting gap
of around 1.40meV in the single-particle density of states of the

B, (M)

5
4
38 FIG. 3. Current-biased measurements of
N InSb-Pb SNS devices. (a) False-colored
23 SEM micrograph of an InSb-Pb NW SNS
device, contacted on the Pb shell by three
1 Ti/Al contacts. A global back gate is used
to tune the InSb electron density. The
0 directions of magnetic fields are shown for

(d) and (e). (b) The voltage drop V;,, mea-
sured between contacts L2 and L3 indi-
cated in (a). (c) The DC differential
resistance Ry = dVp /dl vs bias current
3 Ipias, for varying back gate voltage Vpg.
The blue line indicates the value of Vgg,
where (b) is measured. (d) Ry vs bias

2 _ current I, and out-of-plane magnetic
g field B, measured between contacts L1
~ and L2. (e) Same as (d), but for magnetic
% field B/, applied parallel to the NW axis.

hias (NA)

hias (nA)
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InSb-Pb NW. The sub-gap conductance is two orders of magnitude
lower than that above the gap, indicating a hard gap. The supercurrent
interference measurements show modulation of switching current for
both in-plane and out-of-plane magnetic fields.

See the supplementary material for structural information of
InSb-Pb VLS NWs (Figs. S1-S4) and transport measurements of
InSb-Pb VLS NWss (Fig. S5).

We thank C. B. Serensen, A. J. Cui, and J. H. Kang for technical
assistance. We also thank L. Kouwenhoven for fruitful discussion. We
acknowledge the financial support from the Microsoft Quantum
initiative, from the Danish Agency for Science and Innovation through
DANSCATT, from the European Research Council under the
European Union’s Horizon 2020 research and innovation program
(Grant Agreement No. 716655), and from the international training
network “INDEED” (Grant Agreement No. 722176). This project has
received funding from the European Union’s Horizon 2020 research
and innovation program under Grant Agreement No. 823717-
ESTEEM3. S.AK. also acknowledges the financial support from Danish
Agency for Higher Education and Science.

AUTHOR DECLARATIONS
Conflict of Interest

The authors have no conflicts to disclose.

Author Contributions

Yan Chen and David van Driel contributed equally to this work.

P.K. and Y.L. initiated and designed experiments; S.A.K. and Y.L.
prepared substrates and did NW growths; Y.C. and C.L. fabricated
and measured the devices without junctions; D.v.D. and T.D. fabri-
cated and measured the SNS/SIS devices; L.Z. and E.O. carried out
structural characterizations; and Y.C., D.v.D., KA, T.D., and Y.L. pre-
pared the manuscript.

Yan Chen: Investigation (equal); Methodology (equal). Yu Liu:
Methodology (equal); Supervision (equal); Writing - original draft
(equal); Writing - review & editing (equal). David van Driel:
Investigation (equal); Methodology (equal); Writing — review & edit-
ing (equal). Charalampos Lampadaris: Investigation (equal). Sabbir
Ahmed Khan: Investigation (equal); Methodology (equal). Khalifah
Alattallah: Writing - review & editing (equal). Lunjie Zeng:
Investigation (equal); Methodology (equal). Eva Olsson: Resources
(equal); Supervision (equal). Tom Dvir: Investigation (equal);
Methodology (equal); Writing — review & editing (equal). Peter
Krogstrup: Conceptualization (equal); Supervision (equal).

DATA AVAILABILITY

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

REFERENCES

'B. Yurke, L. R. Corruccini, P. G. Kaminsky, L. W. Rupp, A. D. Smith, A. H.
Silver, R. W. Simon, and E. A. Whittaker, “Observation of parametric amplifi-
cation and deamplification in a Josephson parametric-amplifier,” Phys. Rev. A
39(5), 2519-2533 (1989).

ARTICLE pubs.aip.org/aip/apl

2H. Wu, Y. J. Wang, Y. F. Xu, P. K. Sivakumar, C. Pasco, U. Filippozzi, S. S. P.
Parkin, Y. J. Zeng, T. McQueen, and M. N. Ali, “The field-free Josephson diode
in a van der Waals heterostructure,” Nature 604(7907), 653-656 (2022).

3F. Ando, Y. Miyasaka, T. Li, J. Ishizuka, T. Arakawa, Y. Shiota, T. Moriyama,
Y. Yanase, and T. Ono, “Observation of superconducting diode effect,” Nature
584(7821), 373-376 (2020).

“G. Mazur, N. van Loo, D. van Driel, ].-Y. Wang, G. Badawy, S. Gazibegovic, E.
Bakkers, and L. Kouwenhoven, “The gate-tunable Josephson diode,”
arXiv:2211.14283 (2022).

5L. Casparis, M. R. Connolly, M. Kjaergaard, N. J. Pearson, A. Kringhoj, T. W.
Larsen, F. Kuemmeth, T. Wang, C. Thomas, S. Gronin, G. C. Gardner, M. J.
Manfra, C. M. Marcus, and K. D. Petersson, “Superconducting gatemon qubit
based on a proximitized two-dimensional electron gas,” Nat. Nanotechnol.
13(10), 915-919 (2018).

M. Pita-Vidal, A. Bargerbos, C. K. Yang, D. J. van Woerkom, W. Pfaff, N.
Haider, P. Krogstrup, L. P. Kouwenhoven, G. de Lange, and A. Kou, “Gate-
tunable field-compatible fluxonium,” Phys. Rev. Appl. 14(6), 064038 (2020).

7L. J. Splitthoff, A. Bargerbos, L. Grunhaupt, M. Pita-Vidal, J. J. Wesdorp, Y.
Liu, A. Kou, C. K. Andersen, and B. van Heck, “Gate-tunable kinetic induc-
tance in proximitized nanowires,” Phys. Rev. Appl 18(2), 024074 (2022).

8T. Dvir, G. Wang, N. van Loo, C.-X. Liu, G. P. Mazur, A. Bordin, S. L. ten
Haaf, J.-Y. Wang, D. van Driel, and F. Zatelli, “Realization of a minimal Kitaev
chain in coupled quantum dots,” arXiv:2206.08045 (2022).

OT. Sekihara, R. Masutomi, and T. Okamoto, “Two-dimensional superconduct-
ing state of monolayer Pb films grown on GaAs(110) in a strong parallel mag-
netic field,” Phys. Rev. Lett. 111(5), 057005 (2013).

1o¢. Brun, T. Cren, V. Cherkez, F. Debontridder, S. Pons, D. Fokin, M. C.
Tringides, S. Bozhko, L. B. Ioffe, B. L. Altshuler, and D. Roditchev,
“Remarkable effects of disorder on superconductivity of single atomic layers of
lead on silicon,” Nat. Phys. 10(6), 444-450 (2014).

"'G. C. Menard, S. Guissart, C. Brun, R. T. Leriche, M. Trif, F. Debontridder, D.
Demaille, D. Roditchev, P. Simon, and T. Cren, “Two-dimensional topological
superconductivity in Pb/Co/Si(111),” Nat. Commun. 8, 2040 (2017).

12T, Kanne, M. Marnauza, D. Olsteins, D. J. Carrad, J. E. Sestoft, J. de Bruijckere,
L. J. Zeng, E. Johnson, E. Olsson, K. Grove-Rasmussen, and J. Nygard,
“Epitaxial Pb on InAs nanowires for quantum devices,” Nat. Nanotechnol.
16(7), 776-781 (2021).

3G. Badawy, M. A. Verheijen, and E. P. A. M. Bakkers, “Tunable coupling
between InSb nanowires and superconductors,” Phys. Rev. Mater 7(1), 016201
(2023).

%Y. Y. Jiang, S. Yang, L. Li, W. Y. Song, W. T. Miao, B. B. Tong, Z. H. Geng, Y.
C. Gao, R. D. Li, F. T. Chen, Q. H. Zhang, F. Q. Meng, L. Gu, K. J. Zhu, Y. Y.
Zang, R. N. Shang, Z. Cao, X. Feng, Q. K. Xue, D. E. Liu, H. Zhang, and K. He,
“Selective area epitaxy of PbTe-Pb hybrid nanowires on a lattice-matched sub-
strate,” Phys. Rev. Mater. 6(3), 034205 (2022).

157. Cao, D. E. Liu, W. X. He, X. Liu, K. He, and H. Zhang, “Numerical study of
PbTe-Pb hybrid nanowires for engineering Majorana zero modes,” Phys. Rev.
B 105(8), 085424 (2022).

165. G. Schellingerhout, E. J. de Jong, M. Gomanko, X. Guan, Y. Jiang, M. S. M.
Hoskam, J. Jung, S. Koelling, O. Moutanabbir, M. A. Verheijen, S. M. Frolov,
and E. P. A. M. Bakkers, “Growth of PbTe nanowires by molecular beam epi-
taxy,” Mater. Quantum. Technol. 2(1), 015001 (2022).

7p. Krogstrup, N. L. B. Ziino, W. Chang, S. M. Albrecht, M. H. Madsen, E.
Johnson, J. Nygard, C. M. Marcus, and T. S. Jespersen, “Epitaxy of
semiconductor-superconductor nanowires,” Nat. Mater. 14(4), 400-406 (2015).

185, A. Khan, C. Lampadaris, A. Cui, L. Stampfer, Y. Liu, S. Pauka, M. E.
Cachaza, E. M. Fiordaliso, J.-H. Kang, and S. Korneychuk, “Highly transparent
gatable superconducting shadow junctions,” ACS Nano 14(11), 14605-14615
(2020).

19Y. Liu, S. Vaitiekénas, S. Marti-Sénchez, C. Koch, S. Hart, Z. Cui, T. Kanne, S.
A. Khan, R. Tanta, S. Upadhyay, M. E. Cachaza, C. M. Marcus, J. Arbiol, K. A.
Moler, and P. Krogstrup, “Semiconductor—ferromagnetic insulator-supercon-
ductor nanowires: Stray field and exchange field,” Nano Lett. 20(1), 456-462
(2020).

20M. Tinkham, Introduction to Superconductivity, 2nd ed. (McGraw Hill, New
York, 1996).

21]. Eisenstein, “Superconducting elements,” Rev. Mod. Phys. 26(3), 277-291 (1954).

Appl. Phys. Lett. 123, 082601 (2023); doi: 10.1063/5.0155663
Published under an exclusive license by AIP Publishing

123, 082601-5

¥0:71:ZL €202 Joquiaydes | |


https://doi.org/10.1103/PhysRevA.39.2519
https://doi.org/10.1038/s41586-022-04504-8
https://doi.org/10.1038/s41586-020-2590-4
http://arxiv.org/abs/2211.14283
https://doi.org/10.1038/s41565-018-0207-y
https://doi.org/10.1103/PhysRevApplied.14.064038
https://doi.org/10.1103/PhysRevApplied.18.024074
http://arxiv.org/abs/2206.08045
https://doi.org/10.1103/PhysRevLett.111.057005
https://doi.org/10.1038/nphys2937
https://doi.org/10.1038/s41467-017-02192-x
https://doi.org/10.1038/s41565-021-00900-9
https://doi.org/10.1103/PhysRevMaterials.7.016201
https://doi.org/10.1103/PhysRevMaterials.6.034205
https://doi.org/10.1103/PhysRevB.105.085424
https://doi.org/10.1103/PhysRevB.105.085424
https://doi.org/10.1088/2633-4356/ac4fba
https://doi.org/10.1038/nmat4176
https://doi.org/10.1021/acsnano.0c02979
https://doi.org/10.1021/acs.nanolett.9b04187
https://doi.org/10.1103/RevModPhys.26.277
pubs.aip.org/aip/apl

Applied Physics Letters

223 H. Pan, E. W. Hudson, and J. C. Davis, “Vacuum tunneling of superconduct-
ing quasiparticles from atomically sharp scanning tunneling microscope tips,”
Appl. Phys. Lett 73(20), 2992-2994 (1998).

23C. T. Black, D. C. Ralph, and M. Tinkham, “Spectroscopy of the superconduct-
ing gap in individual nanometer-scale aluminum particles,” Phys. Rev. Lett.
76(4), 688-691 (1996).

24c, Kittel, Introduction to Solid State Physics, 5th ed. (John Wiley & Sons, Inc.,
New York, 1976).

25A. 7. Bennett, “Theory of the anisotropic energy gap in superconducting lead,”
Phys. Rev. 140(6A), A1902-A1920 (1965).

26y, Chang, S. M. Albrecht, T. S. Jespersen, F. Kuemmeth, P. Krogstrup, J.
Nygard, and C. M. Marcus, “Hard gap in epitaxial semiconductor-
superconductor nanowires,” Nat. Nanotechnol. 10(3), 232-236 (2015).

27]. E. Sestoft, T. Kanne, A. N. Gejl, M. von Soosten, J. S. Yodh, D. Sherman, B.
Tarasinski, M. Wimmer, E. Johnson, M. Deng, J. Nygard, T. S. Jespersen, C. M.
Marcus, and P. Krogstrup, “Engineering hybrid epitaxial InAsSb/Al nanowires
for stronger topological protection,” Phys. Rev. Mater 2(4), 044202 (2018).

28M. Pendharkar, B. Zhang, H. Wu, A. Zarassi, P. Zhang, C. P. Dempsey, J. S.
Lee, S. D. Harrington, G. Badawy, S. Gazibegovic, R. L. M. Op het Veld, M.
Rossi, J. Jung, A. H. Chen, M. A. Verheijen, M. Hocevar, E. P. A. M. Bakkers,
C. J. Palmstrom, and S. M. Frolov, “Parity-preserving and magnetic field-

ARTICLE pubs.aip.org/aip/apl

resilient superconductivity in InSb nanowires with Sn shells,” Science
372(6541), 508-511 (2021).

29D, J. Carrad, M. Bjergfelt, T. Kanne, M. Aagesen, F. Krizek, E. M. Fiordaliso, E.
Johnson, J. Nygard, and T. S. Jespersen, “Shadow epitaxy for in situ growth of generic
semiconductor/superconductor hybrids,” Adv. Mater. 32(23), 1908411 (2020).

30K, Gharavi and J. Baugh, “Orbital Josephson interference in a nanowire
proximity-effect junction,” Phys. Rev. B 91(24), 245436 (2015).

'W. Himmler, R. Fischer, M. Barth, J. Fuchs, D. A. Kozlov, N. N. Mikhailov, §.
A. Dvoretsky, C. Strunk, C. Gorini, and K. Richter, “Supercurrent interference
in HgTe Josephson junctions,” arXiv:2211.06702 (2022).

32x. Zuo, V. Mourik, D. B. Szombati, B. Nijholt, D. J. van Woerkom, A. Geresdi,
J. Chen, V. P. Ostroukh, A. R. Akhmerov, S. R. Plissard, D. Car, E. P. A. M.
Bakkers, D. I. Pikulin, L. P. Kouwenhoven, and S. M. Frolov, “Supercurrent
interference in few-mode nanowire Josephson junctions,” Phys. Rev. Lett.
119(18), 187704 (2017).

33V. Levajac, G. P. Mazur, N. van Loo, F. Borsoi, G. Badawy, S. Gazibegovic, E. P.
Bakkers, S. Heedt, L. P. Kouwenhoven, and J.-Y. Wang, “Impact of junction
length on supercurrent resilience against magnetic field in InSb-Al nanowire
Josephson junctions,” arXiv:2211.07858 (2022).

34V. Ambegaokar and A. Baratoff, “Tunneling between superconductors,” Phys.
Rev. Lett. 10(11), 486-489 (1963).

Appl. Phys. Lett. 123, 082601 (2023); doi: 10.1063/5.0155663
Published under an exclusive license by AIP Publishing

123, 082601-6

¥0:71:ZL €202 Joquiaydes | |


https://doi.org/10.1063/1.122654
https://doi.org/10.1103/PhysRevLett.76.688
https://doi.org/10.1103/PhysRev.140.A1902
https://doi.org/10.1038/nnano.2014.306
https://doi.org/10.1103/PhysRevMaterials.2.044202
https://doi.org/10.1126/science.aba5211
https://doi.org/10.1002/adma.201908411
https://doi.org/10.1103/PhysRevB.91.245436
http://arxiv.org/abs/2211.06702
https://doi.org/10.1103/PhysRevLett.119.187704
http://arxiv.org/abs/2211.07858
https://doi.org/10.1103/PhysRevLett.10.486
https://doi.org/10.1103/PhysRevLett.10.486
pubs.aip.org/aip/apl

