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Spin-Mixing Enhanced Proximity Effect in Aluminum-Based
Superconductor—-Semiconductor Hybrids

Grzegorz P. Mazur,* Nick van Loo, Ji-Yin Wang, Tom Dvir, Guanzhong Wang,
Aleksei Khindanov, Svetlana Korneychuk, Francesco Borsoi, Robin C. Dekker,
Ghada Badawy, Peter Vinke, Sasa Gazibegovic, Erik P. A. M. Bakkers,

Marina Quintero-Pérez, Sebastian Heedt, and Leo P. Kouwenhoven

In superconducting quantum circuits, aluminum is one of the most widely
used materials. It is currently also the superconductor of choice for the
development of topological qubits. However, aluminum-based devices suffer
from poor magnetic field compatibility. Herein, this limitation is resolved by
showing that adatoms of heavy elements (e.g., platinum) increase the critical
field of thin aluminum films by more than a factor of two. Using tunnel junc-
tions, it is shown that the increased field resilience originates from spin-orbit
scattering introduced by Pt. This property is exploited in the context of the
superconducting proximity effect in semiconductor-superconductor hybrids,
where it is shown that InSb nanowires strongly coupled to Al/Pt films can
maintain superconductivity up to 7 T. The two-electron charging effect is
shown to be robust against the presence of heavy adatoms. Additionally,
non-local spectroscopy is used in a three-terminal geometry to probe the bulk
of hybrid devices, showing that it remains free of sub-gap states. Finally, it is
demonstrated that proximitized semiconductor states maintain their ability
to Zeeman-split in an applied magnetic field. Combined with the chemical
stability and well-known fabrication routes of aluminum, Al/Pt emerges as
the natural successor to Al-based systems and is a compelling alternative to
other superconductors, whenever high-field resilience is required.

with strong Rashba spin-orbit coupling.[?!

Narrow-gap semiconductors with a large
g-factor and low carrier density (such as
InAs and InSb) are most commonly used,
either as 1D nanowires® or 2D electron
gases. The first generation of semicon-
ductor-superconductor hybrids was made
using NbP! and NDTiNC as the super-
conductor. While these materials offer a
large superconducting gap and resilience
to high magnetic fields, the hybrids suf-
fered from a finite in-gap conductance
(often described as “soft-gap”). In addition,
Nb-based hybrids have not been shown to
host parity-conserving transport—a key
ingredient for the development of topo-
logical ~ qubits.!  These  drawbacks
remained even after substantial improve-
ments of the fabrication, such as epitaxial
growth of the superconductor.!

In the meantime, aluminum has
emerged as the material of choice. Thin
shells made of this metal combined with
an oxide-free interface result in clean elec-
tronic transport.”!% This includes sup-
pressed sub-gap tunneling conductance

1. Introduction

Topological superconductivity can arise in hybrid material stacks
containing a conventional superconductor and a semiconductor

(hard induced gap) and parity-conserving transport,'l which
enables the search for topological superconductivity. For a topo-
logical phase to emerge, the minimal condition states that the
Zeeman energy V, = gu,B must be larger than the induced
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superconducting gap A, where g is the Landé g-factor, uy is
the Bohr magneton, and B is the applied magnetic field. It was
demonstrated recently that the properties of the semiconductor,
such as spin-orbit coupling and g-factor, are renormalized by
the presence of a proximitizing metal.'>13] As a result, stronger
magnetic fields than initially anticipated are required to close
and reopen the induced superconducting gap.!* Typical alu-
minum-based hybrids, however, have a zero-field supercon-
ducting gap A, ranging from 200 to 300 peV, %l which results in
poor field compatibility.

This has fueled the search for alternative superconducting
systems, with recent works reporting superconductivity and
parity-conserving transport in InSb/Sn,™! InAs/Pb,l10V]
and InAs/Inl® hybrids. These superconductors offer higher
field compatibility than aluminum, yet they bring different
challenges such as chemical instability and fabrication con-
straints.>2% To avoid these constraints, in this work we present
a different approach by eliminating the main drawback of alu-
minum: its poor resilience against magnetic fields.

For a Bardeen—Cooper—Schrieffer (BCS) type superconductor
like aluminum, there are two dominant mechanisms which
quench superconductivity in a finite magnetic field. The first
of these is orbital depairing, which results from the cyclotron
motion of conduction electrons due to the magnetic field.

If the superconductor is grown as a thin film, this mecha-
nism can be suppressed when the field is applied in the plane
of the film. For light elements such as Al, there is a second con-
tribution arising from spin physics. Once the magnetic field
reaches a certain value, the paramagnetic ground state becomes
energetically favorable. This results in a first-order phase tran-
sition into the normal state. The field for which this happens
is known as the Chandrasekhar— Clogston/?'?? or Pauli limit,
and is given by B, = Ay /(v2u5). In addition, the quasiparticle
excitation spectrum spin-splits upon applying a magnetic field.
In their seminal experiment,/?)! Tedrow and Meservey demon-
strate that Zeeman splitting can be quenched and eventually
suppressed completely through the addition of heavy metal
impurities, such as platinum (Pt). These heavy atoms introduce
spin-orbit scattering, which prevents spins from being polar-
ized by an external magnetic field. As a result, superconduc-
tors made of lightweight elements can reach unprecedentedly
high critical fields. This has straightforward applications in the
field of semiconductor—superconductor hybrids, where large
Zeeman energies are a necessary condition for achieving a top-
ological superconducting phase.

2. Al/Pt Thin Films and Tunnel Junctions

We begin this study by evaluating the properties of aluminum
films with a thickness of 6 nm, coated with varying amounts of
platinum. We define the platinum thickness dp, as measured
by the quartz balance in the deposition chamber (for details of
the calibration see Section S1.1, Supporting Information(?4).
Figure 1 presents the superconducting transitions of Al/Pt
films as a function of temperature (Figure 1a) and in-plane
magnetic field (Figure 1b).

Importantly, the addition of Pt does not affect the shape and
sharpness of the superconducting transitions, which indicates
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that the films do not become strongly disordered or inhomo-
geneous.””! The bare aluminum film has a critical tempera-
ture T, = 1.79 K and in-plane critical field B. = 2.6 T. Upon the
addition of platinum, the critical field is increased above the
bare aluminum’s Chandrasekhar— Clogston limit already for
dp = 1 A, while leaving T, unaffected. In agreement with pre-
vious studies on Al/Pt bilayers,?*] the critical field starts to satu-
rate for dp, = 2 A and increases only by an additional 300 mT
for dp, = 5.1 A (see Figure 1c). At these thicknesses, however,
T. starts to decrease as a result of the inverse proximity effect,
as shown for Au/Be bilayers.?®! Our theoretical model based
on the Usadel equation (see Section S1.3, Supporting Informa-
tion(®) captures the increase of B, as a direct result of including
spin-orbit scattering (Figure 1c). The calculated spin-orbit scat-
tering energies increase linearly with dp, 24 in agreement with
previous experiments.?3l In addition, we perform a structural
analysis of the films. Figure 1d presents the cross-section of an
Al/Pt film with dp, = 1.9 A, which reveals the poly-crystalline
structure of the Al. The results of electron energy loss spectros-
copy (EELS)4 performed on the studied samples indicate that
aluminum and platinum do not form an alloy, in agreement
with the bulk phase diagram.*’]

Furthermore, we investigate the impact of Pt atoms on the Al
quasiparticle density of states through normal-metal/insulator/
superconductor (NIS) tunneling measurements. A schematic
illustration together with the used measurement circuit for
these experiments is shown in Figure 2c. Further details on the
fabrication and measurements can be found in Section S1.2,
Supporting Information.?!l For the aluminum film, we observe
a Zeeman splitting of the quasiparticle coherence peaks
(Figure 2a). At an in-plane magnetic field of By = 3.45 T, the
film undergoes a first-order phase transition to the normal
state. Our theoretical model reproduces these two key features
(Figure 2d), where the first-order transition is reflected in an
abrupt collapse of the order parameter.

The critical field extracted from the model is 200 mT smaller
than the experimentally measured value. This discrepancy
between theory and experiment can be explained by the hyster-
etic behavior of the order parameter near the transition?® (see
Figure S3, Supporting Informationi?¥}). A metastable supercon-
ducting state can persist for magnetic fields slightly above the
calculated critical value.

For the Al/Pt film with dp, = 1.9 A, Zeeman splitting is
not observed. Instead, the film undergoes a second-order
phase transition at By = 6.34 T induced primarily by orbital
effects (Figure 2b). Importantly, the energy gap in the film
remains free of quasiparticle states (for log-scale linecuts, see
Figure S4, Supporting Information). Theoretical modeling
of the film reveals a small magnetic field range with gapless
superconductivity close to the transition (Figure 2e), which is
an expected feature when the transition from the supercon-
ducting into the normal state is of second order.?”! For both
Al and Al/Pt films, the model yields diffusion constants which
correspond to a mean free path of L,g = 7 A. This value is
consistent with reports on Al films grown under similar con-
ditions.?%31 Since the addition of Pt does not seem to affect
the mean free path, the increase in critical magnetic field
cannot be attributed to increased disorder. The suppression
of Zeeman splitting instead demonstrates that spin mixing

© 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 1. Properties of Al/Pt thin films. Four-point measurements of resistance R normalized to its value in the normal state Ry as a function of
a) temperature and b) in-plane magnetic field. Measurements have been performed for 6 nm thick aluminum films with varying amount of platinum
dpy. €) In-plane critical magnetic field and temperature as a function of Pt thickness, together with the predicted critical field from theory calculations.
d) Annular bright field scanning-tunneling electron micrograph and energy-dispersive X-ray images of the Al film with 1.89 A of Pt. The thin layer of
platinum (orange) is visible on top of aluminum film (red). The film is grown on top of amorphous SiO, and amorphous AlO, on top of the film serves

as the capping layer. Scale bars are 5 nm.

is the dominant mechanism. From the model, the increased
spin-orbit scattering energy of the Al/Pt film is extracted to be
I'so = 7.5 meV, corresponding to a spin-orbit scattering time of
Tso = 1.3 X 10733 5. We note, however, that this extracted value
of the spin-orbit scattering energy could be overestimated
due to the presence of Fermi-liquid effects3? (see discussion
in Section S1.4, Supporting Information?*). In Figure 2f, the
measured energy gap is shown together with the energy gap
extracted from theory, as well as the corresponding order para-
meter. We observe good quantitative agreement between the
model and our experiment.

3. Spectroscopy and Coulomb Blockade of
InSb/Al/Pt Hybrids

The next step of our study is to induce superconductivity
in InSb nanowires using Al/Pt films. In order for any mate-
rial combination to be considered for Majorana experiments
and topological qubits, two fundamental properties need to
be demonstrated.

In tunneling spectroscopy, a proximity-induced gap free
of sub-gap states (i.e., a hard gap) should be observed. While
this is conventionally done on hybrids with a grounded
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superconductor, designs of topological qubits typically contain
superconducting segments which are floating.”! These have a
finite charging energy, and it is energetically favorable to add
charges to such an island in pairs if the low-energy excitation
spectrum of the hybrid is free of single-charge states (i.e., 2¢
charging). Both a hard superconducting gap and 2e charging
have already been demonstrated for Al-based hybrids.[>!133]
In order to confirm that platinum does not compromise
these properties, for example through hosting single-electron
states,}¥ hybrids with a grounded superconducting shell as
well as with a floating shell have been investigated.

In Figure 3, we show the results of both tunneling spec-
troscopy and Coulomb blockade measurements on InSb/Al/Pt
nanowires. The fabrication follows our shadow-wall lithography
method,”! of which details can be found in Sections S1.5,
S1.6, and S1.7, Supporting Information.? In Figure 3a, sche-
matic illustrations and measurement circuits of a tunneling
spectroscopy device (top) and a superconducting island device
(bottom) are shown. SEM images of all the measured devices
are shown in Figure S7, Supporting Information.? The meas-
urements are conducted by applying a bias voltage between the
source and drain contacts. The chemical potential in the hybrid
is controlled by the so-called super gate voltage Vg, while the
tunnel gate voltages Vi¢ are used to induce tunnel barriers in

© 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 2. Conductance spectroscopy on Al and Al/Pt NIS tunnel junctions. a) Experimental tunneling conductance of a =4.5 nm Al tunnel junction.
b) Experimental tunneling conductance of a =4.5 nm Al + 1.9 A Pt tunnel junction. c) Schematic and measurement circuit of a NIS tunnel junction.
The tunnel barrier is formed by the AlO, layer between the Al/Pt and Ag electrodes. d) Tunneling conductance from theory calculations of the Al tunnel
junction. e) Tunneling conductance from theory calculations of the Al/Pt tunnel junction. The dashed orange lines present the energy gap E,. The order
parameter A which is extracted from theory is presented by dashed red lines. Dashed yellow lines show the magnetic field B for which the energy gap
is closed, and the dashed pink lines indicate the magnetic field B, for which the order parameter is calculated to vanish. f) Overview of the extracted
energy gap from experiments, the predicted energy gap from theory and the corresponding order parameter of the films.

the nanowire junctions. Details of the measurements can be
found in Section S1.8, Supporting Information.

In order to measure the spectroscopy device, the semicon-
ducting nanowire junction is tuned into the tunneling regime.
Under this condition, the measured differential conductance
reflects the quasiparticle density of states (DOS) in the proxim-
itized section of the nanowire. Here, the super gate voltage is set
to Vsg = -1V, where a strong coupling between the nanowire
and the superconducting shell is expected.'*3*] The differential
conductance is shown as a function of magnetic field parallel to
the nanowire axis in Figure 3d, with linecuts taken at B=0.0 T
and B = 4.5 T presented in Figure 3e. At zero magnetic field,
a large superconducting gap of A = 304 peV is observed. This
is significantly larger than in the case of conventional Al-based
hybrids, which is a direct consequence of the reduced thickness
(=4.5 nm) of the Al shell.l2*]

In addition, the in-gap conductance is suppressed by two
orders of magnitude and the differential conductance matches
the BTK theory,?® indicating that the superconducting gap
is free of sub-gap states (i.e., a hard gap). Importantly, at
B = 4.5 T the superconducting gap is still on the order of
=100 peV, which allows to look for Majorana signatures at

Adv. Mater. 2022, 2202034 2202034 (4 of 8)

Zeeman energies which were not accessible before. Remark-
ably, as can be seen from the in-gap and out-of-gap linecuts
in Figure 3f, the superconducting gap remains hard up to
B = 6.0 T. The field compatibility offered by Al/Pt hybrids
opens up the opportunity to study high-field signatures of
Majorana zero modes, like Majorana oscillations.’”] The
superconducting island device is studied by inducing tunnel
barriers in the semiconducting nanowire junctions, which
separate the island from the leads. The voltage on the super
gate is then swept to tune the charge on the island, as shown
in Figure 3b. This results in a periodic sequence of 2¢ Cou-
lomb diamonds with a charging energy E. = 30 peV. Linecuts
are shown in Figure 3¢, where at finite bias the Coulomb peak
periodicity has doubled due to the onset of single-electron
transport in the quasiparticle excitation spectrum. The mag-
netic field evolution is shown in Figure S12, Supporting Infor-
mation.?!l The observation of 2e charging demonstrates that
semiconductors coupled to Al/Pt are a suitable replacement
of Al-based hybrids, capable to be used for the development
of parity-protected topological qubits. Additional data on tun-
neling spectroscopy devices and superconducting islands is
shown in Section S2, Supporting Information.

© 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 3. Transport data on 2-terminal InSb/Al/Pt hybrids (devices A and B). a) Schematics of devices used for tunneling spectroscopy (top, device
A) and Coulomb blockade spectroscopy (bottom, device B). Device A has a grounded superconducting shell of 1.8 um long, while the floating shell of
Device B is 0.8 um long. Dashed yellow potentials indicate the formation of tunnel barriers in the semiconducting junctions. b) 2e-periodic Coulomb
diamonds measured on device B. The inset is a logarithmic overlay of the Coulomb diamonds, highlighting the 2e periodicity at low biases. c) Linecuts
from the Coulomb-blockade measurements in panel (b) at the locations designated by the colored lines. d) Differential conductance from tunneling
spectroscopy of device A in logarithmic scale, taken at Vs =—1V as a function of parallel magnetic field. e) Linecuts from the tunneling spectroscopy
measurement in panel (d) at the locations designated by the colored lines, shown in linear (top) and logarithmic (bottom) scale. The dashed lines show
conductance from BTK theory, with A = 304 peV, temperature T =70 mK and transmission Gy = 0.018 G,. f) Differential conductance taken from the
tunneling spectroscopy measurement in panel (d) at the locations designated by the colored lines, shown in linear (top) and logarithmic (bottom) scale.

4. Non-Local Measurements of Three-Terminal
Hybrids

The experiments presented above are a prerequisite for inves-
tigating topological superconductivity. Most of the research to
date has focused on the study of zero-bias anomalies and their
evolution as a function of chemical potential and magnetic
field.>38 However, it is becoming increasingly clear that spec-
troscopy of the density of states at the ends of a nanowire is
inconclusive when it comes to identifying an extended topolog-
ical superconducting phase.?**l While conventional tunneling
experiments can provide information on the local density of
states at both ends of a wire, the induced gap in the bulk of
the hybrid can instead be probed by measuring the non-local
conductance in a three-terminal geometry.! Consequently, the
observation of correlated zero-bias peaks at both ends of a wire
should be accompanied by the closing and reopening of the
induced superconducting gap in the non-local spectra.*?!

In Figure 4a we present a schematic of such a three-terminal
device, together with the measurement circuit. The Al/Pt shell
covers three facets of the InSb nanowire and is directly con-
nected to the film on the substrate. This forms the third lead

Adv. Mater. 2022, 2202034 2202034 (5 of 8)

of the device, which we connect to ground in the presented
measurements. The super gate voltage Vsg controls the chem-
ical potential in the hybrid, and the tunnel gate voltages, Vi
and Vrg, are used to control the left and right semiconducting
nanowire junction conductances, respectively. In this work, we
fix the super gate voltage to be Vsq = -2 V, where the nano-
wire is expected to be strongly coupled to the superconducting
shell.33% Bias voltages are applied to the left (V}) or right (Vj)
normal contact while keeping the middle lead grounded. The
local (gi1, grr) and non-local (gg, gri) conductances are meas-
ured to form the full conductance matrix of the system, where
they are defined as g;; = dI;/dV;. Figure 4c—f shows an example
of such a conductance matrix, measured as a function of par-
allel magnetic field.

The critical field in this device is reduced to =4 T in com-
parison to the single-facet device in the previous section. This
is a direct consequence of the thicker Al/Pt shell (=8 nm), in
which the orbital depairing is more pronounced. The local
spectrum on the right junction exhibits a few sub-gap states,
which are not present in the local spectrum on the left junc-
tion. This suggests that these states are confined locally near
the right junction. The corresponding non-local conductances

© 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 4. Three-terminal measurements on InSb/Al/Pt hybrids (device
C). a) Schematic of a three-terminal hybrid device and the measure-
ment circuit. The hybrid has a superconducting shell of T um in length,
which is grounded through its connection to the film on the substrate.
Yellow dashed potentials indicate the formation of tunnel barriers in the
semiconducting junctions. b) Extracted energy gap in the bulk of the
hybrid (top), together with the non-local slope at zero bias (bottom).
c—f) Differential-conductance matrix measurements as a function of par-
allel magnetic field. Panels (c,f) show the local conductances g, and ggp,
respectively, whereas panels (d,e) present the non-local conductances
gir and gg. Conductances are defined as g; = d/;/dV;. Data is taken at
Veg=—2V.

are zero everywhere inside the gap, confirming the local nature
of these sub-gap states. This is emphasized in Figure 4b, which
displays the extracted energy gap E, in the hybrid (top panel)
as well as the non-local slope S = d’L;/dV}* |y,—, (bottom panel).
The non-local slope stays close to zero only while there is an
energy gap present in the bulk of the hybrid. It starts to deviate
from zero around Bj = 3.4 T, indicating the gap in the system
becomes soft before closing eventually around By = 3.8 T.
Remarkably, the induced superconducting gap in the bulk of
these hybrids can be free of sub-gap states up to high magnetic
fields. The effect of the super gate voltage on the proximity
effect in these hybrids will be explored in an upcoming work.
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The extraction procedure for the energy gap and the non-local
slope is described in Section S1.8, Supporting Information.

5. Zeeman Splitting Inside the Hybrid

Having shown that the addition of Pt adatoms quenches the
Zeeman effect in the Al shell, we turn our attention to the
semiconductor part of the hybrid device. Breaking the Kramers
degeneracy through Zeeman splitting of the DOS of the hybrid
segment lies at the heart of the proposed schemes to reach
the topological regime.? Tunneling into a discrete Andreev
bound state (ABS) in the hybrid nanowire involves a transition
between a spinless singlet state and spinful doublet states. The
doublet state splits under the effect of an external magnetic
field.3* Thus, measuring the evolution of the ABS spectrum
in a magnetic field would show whether the effect of spin
mixing leaks to the proximitized semiconductor.

Figure 5a shows a schematic illustration and the measure-
ment circuit of another three-terminal device, with a hybrid
segment 150 nm long. The local conductance gi; as a function
of Vs¢ and V; taken at zero field is shown in Figure 5b.

We observe a clean superconducting gap, in addition to a
series of sub-gap resonances. They appear only when setting
Vse > 0V, and reflect the presence of discrete states in the con-
fined semiconductor. These states hybridize with the supercon-
ductor to form ABSs. In Figure 5c—f, we track the evolution of
the ABSs in an applied magnetic field by measuring the con-
ductance matrix. We set Vg = 0V, so that the energy of one
of the ABSs is reduced below the quasiparticle continuum. To
verify that the ABS is located in the hybrid segment and is not a
local resonance on the left junction, we notice that it appears at
the same energy on both sides, in g; and ggg. We also note that
it shows up in the non-local signals, gg; and gg;, consistent with
a state which is extended along the entire hybrid. Upon applica-
tion of the magnetic field, the ABS splits into two peaks that
move with the same slope in opposite directions. The outgoing
peaks are soon merged with the quasiparticle continuum, but
the peaks shifting to lower energy cross at B = 0.34 T, where
the ABS ground state turns from even to odd.*3] We extract its
gyromagnetic ratio to be g = 20.0 £ 0.3, showing only a mod-
erate amount of renormalization of the semiconducting proper-
ties.213] Thus, the effect of spin mixing from Pt enhances the
critical field of the Al shell, but does not negatively influence
the spin properties in the semiconductor. This is evidenced by
the picture of an extended ABS in the hybrid segment, which
Zeeman splits with a high g factor in the presence of a mag-
netic field. This demonstration is of crucial importance, as a
spin-mixed hybrid would be fundamentally incapable of tran-
sitioning into a topological phase. It is still an open question if
hybrids would preserve these properties when the semiconduc-
tors are coupled to high-atomic-number superconductors, like
Sn, In, or Pb.01>1718]

6. Conclusion

In this work, we have examined the properties of thin alu-
minum films coated with sub-monolayer amounts of platinum,

© 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 5. Spin splitting of Andreev bound states in InSb/Al/Pt hybrids
(device D). a) Schematic of a three-terminal hybrid and the measurement
circuit. The hybrid has a superconducting shell of 150 nm in length, which
is grounded through its connection to the film on the substrate. Yellow
dashed potentials indicate the formation of tunnel barriers in the semi-
conducting junctions. b) Local differential conductance as a function of
super gate voltage taken at zero applied magnetic field. c—f) Differential-
conductance matrix measurements as a function of parallel magnetic
field. Panels (c,f) show the local conductances g, and ggg, respectively,
whereas panels (d,e) illustrate the non-local conductances gz and gg,.
Data is taken at Vsg = 0.0 ~V.

as well as semiconductor nanowires proximitized by Al/
Pt bilayers.

By measuring the critical temperature and parallel magnetic
field of thin films, we have found that =2 A of Pt can increase the
critical field above the Chandrasekhar— Clogston limit without
having a significant effect on the size of the superconducting
gap. We show, using our theoretical model, that the spin-orbit
scattering rate of Pt-covered films is drastically increased. At
the same time, various critical parameters of the films, such as
the mean free path and coherence length, remain unaffected.
When coupling InSb nanowires to these Pt-enhanced films, we
observe a hard superconducting gap up to magnetic fields as
high as 6 T. Additionally, parity-conserving transport results in
the formation of 2e-periodic diamonds in Coulomb-blockade
experiments. Upon switching to a three-terminal geometry,
non-local measurements provide evidence of a bulk energy gap
which is free of sub-gap states. Furthermore, the spin splitting
of extended ABSs in a short hybrid is observed. This evidences
that the spin mixing from Pt does not adversely affect the
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semiconducting properties of a hybrid. Crucially, like Al, the
Al/Pt system satisfies all the necessary requirements for inves-
tigating Majorana zero modes and topological qubits.

What should also be considered is that the fabrication of alu-
minum/platinum samples can be straightforwardly executed,
with minimal modifications of the well-established aluminum
technology. Importantly, aluminum and platinum are non-
toxic materials suited for most UHV deposition chambers. As
a result, the development of scalable quantum systems can
be readily implemented using Al/Pt bilayers—which is still a
major challenge for heavy elements with a low melting point
like Sn and Pb. Thus, we expect that Al covered with Pt will be
the natural successor to Al-based hybrids. Furthermore, since
Al can be grown especially thin in planar geometries, we antici-
pate that Al/Pt will be particularly attractive for proximitizing
2D semiconductors and van der Waals materials. Future works
involving Al/Pt hybrids will focus on investigating Majorana
physics, exploring their behavior as a function of chemical
potential and high Zeeman energies.
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