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The combination of strong spin-orbit coupling, large g factors, and the coupling to a superconductor can
be used to create a topologically protected state in a semiconductor nanowire. Here we report on growth and
characterization of hybrid epitaxial InAsSb/Al nanowires, with varying composition and crystal structure. We find
the strongest spin-orbit interaction at intermediate compositions in zinc-blende InAs, _, Sb, nanowires, exceeding
that of both InAs and InSb materials, confirming recent theoretical studies. We show that the epitaxial InAsSb/Al
interface allows for a hard induced superconducting gap and 2e transport in Coulomb charging experiments,
similarly to experiments on InAs/Al and InSb/Al materials, and find measurements consistent with topological
phase transitions at low magnetic fields due to large effective g factors. Finally we present a method to grow pure
wurtzite InAsSb nanowires which are predicted to exhibit even stronger spin-orbit coupling than the zinc-blende

structure.
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Hybrid epitaxial semiconductor-superconductor interfaces
hold potential for a variety of gateable superconducting experi-
ments and applications. Semiconductor nanowires (NWs) with
strong spin-orbit interaction (SOI) coupled to a superconductor
are of particular interest [1-3] due to the prospect of hosting
topologically protected Majorana zero modes (MZMs), which
can be used for fault-tolerant quantum computing [4-7]. So
far, signatures of MZMs which obey non-Abelian exchange
statistics have been reported on binary III-V semiconduc-
tor/superconductor hybrids, e.g., InSb/Nb(TiN) and InAs/Al
NWs [8-12], which possess the necessary properties for real-
izing a topological superconductor. Besides induced supercon-
ductivity, realizing topological protection and MZMs requires
an applied magnetic field with a magnitude that depends on
the effective SOI and g factor of the hybrid system. Thus,
realizing strong topological protection depends on the ability to
engineer materials with the appropriate properties. A material
platform which remains unexplored is ternary-based semi-
conductors such as InAsSb [13], which have been predicted
to exhibit much stronger spin-orbit coupling than its binary
compounds [14], and could potentially provide a material with
sufficiently strong topological protection to realize topological
quantum information applications. Moreover, InAsSb NWs are
promising candidates for a variety of additional applications
due to the tunable energy band gap (covering the whole IR
spectrum, depending upon Sb concentration), making them
highly promising in IR emission and detection along with
ultrafast novel nano-optoelectronic devices [15-17].
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Here we present structural, compositional, and electronic
characterization of zinc-blende (ZB) and wurtzite (WZ)
InAs;_,Sb, NWs with and without epitaxially grown Al. We
characterize the crystal structure and composition with high-
resolution transmission electron microscopy (TEM) methods,
and the electronic properties with low-temperature transport
measurements. From measurements of weak antilocalization
(WAL) on segmented InAs;_,Sb, NWs of different Sb com-
positions x, we find a nonmonotonic dependence of spin-orbit
length (Isp) on the composition, with the smallest measured
Iso at x ~ 0.5. For the hybrid InAsSb/Al NWs we find char-
acteristic epitaxial semiconductor-superconductor structural
ordering, where 3:2 lattice matched interfacial domains appear
as the preferred interface for all compositions characterized.
However, the interfaces do not appear as atomically sharp as
in the case of the epitaxial InAs/Al interfaces [ 18], and residual
dislocation arrays are present in the semiconductor as a result
of strain relaxation relative to the strongly bound bicrystal
interface. Despite these structural details, we do not observe
any degradation of the induced gap from tunnel spectroscopy
measurements on InAsy,Sbg g/Al NWs. We study the density
of states (DOS) as a function of applied magnetic field and
show that Andreev bound states (ABS) merge to zero energy
at relatively low magnetic fields due to large effective g factors
of the hybrid system. This is consistent with a topological
phase transition as expected for materials with large SOI
[3,11,19]. Coulomb charging experiments performed on NWs
from the same growth batch show a transition from 2e to le
charge periodicity at magnetic fields comparable to where the
zero-energy states are observed in the DOS measurements.
InAsSb NWs with ZB structure at intermediate concentrations
of Sb were not measured as it was difficult to gate and pinch
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FIG. 1. (a) Sb concentration, x, as a function of NW length, L, with a steplike profile of the As/Sb molar fraction along the NW. The inset
shows the NWs as grown on the substrate. (b) False-colored scanning electron micrograph of a typical device. Yellow, Ti/Au contacts and gates;
gray, InAs;_,Sb, NW; Vsp, the applied voltage bias; /, measured current; Vg, gate voltage controlling the chemical potential on individual
segments. (c) Trace/retrace (black/gray) of differential conductance for x = 0.18 as a function of V; showing aperiodic reproducible fluctuation
with amplitude ~e?/ h. (d) Averaged differential conductance change, (Ag), as a function of magnetic field showing suppression of the weak
antilocalization effect around B = 0 for all concentrations. Red overlay is the fit from Eq. (1), from which /5o is extracted. (e) Spin-orbit length
(left y axis) as a function of Sb concentration. A noticeable minimum in /g is observed around x ~ 0.5, for the three different gate averaging
amplitudes, V,y, =4V, 6V, and 8 V. The Rashba coefficient (right y axis) is a conversion of the average I5o displaying a qualitative maximum

around x ~ 0.5.

off with standard gating geometries. To circumvent this we
present a method to grow WZ InAsj 7Sbg 3/Al NWs, which is
relevant both because of a lower electron affinity compared
to ZB and because of a potentially higher SOI. We find
an improved electrostatic gate response and measure a hard
induced superconducting gap, comparable to what is measured
in ZB NWs.

I. SPIN-ORBIT INTERACTION IN InAs;_,Sb, NWs

To study the dependence of SOI strength on composition,
we measure the magnetoconductance in axially segmented
heterostructure NWs with six different compositions along
the NW length. The NWs have a steplike compositional
change along the growth direction as seen on the energy-
dispersive x-ray spectroscopy (EDX) line scan in Fig. 1(a).
The quantification of composition with TEM-EDX is done
following the approach presented in the Supplemental Material
of Ref. [20], and was confirmed with relative lattice spacing
measures from high-resolution TEM (assuming Vegard’s law).
From measurements on multiple NWs, we find that each
segment has a given length relative to the total NW length,
which makes it possible to contact each individual segment by
electron beam lithography (EBL), as seen in Fig. 1(b). Each
contact is placed on the transition from one composition to the
next, ensuring that every segment of the device has a given
composition; see Sec. S3 of the Supplemental Material [21].
All measurements were carried out using standard ac lock-in

measurements in a dilution refrigerator with a base temperature
of ~35 mK.

Two-terminal differential conductance measurements as a
function of gate voltage, Vi, were performed on each segment.
An example of a trace/retrace is displayed for x = 0.18 in
Fig. 1(c). Reproducible conductance fluctuations are observed
with an amplitude on the order of e?/h indicating universal
conductance fluctuations (UCFs). This suggests that the phase
coherence length, /4, is on the order of or longer than the
device length. We assume that the elastic scattering length, /,,
is shorter or comparable to /4, which means that the transport
resides in the diffusive regime [22-25]. A measure of the
spin-orbit length is then extracted by fitting the magneto-
conductance measurements, as similarly done on InAs and
InSb NWs [23,26-30]. In this work the contribution from
UCFs was averaged out by modulating the side gates with
amplitudes, V,ys, using a sawtooth-shaped wave with a 2 Hz
frequency. Here the averaging of the differential conductance
was measured with a 372 Hz lock-in modulation over a 3 s
period [31]. The typical scale of the UCFs was found from the
correlation function to be V. ~ 0.5V, and by using Ve > Ve
we ensure effective averaging over many UCF periods.

The average differential conductance, (Ag), is plotted as a
function of magnetic field in Fig. 1(d) for all device segments
using Ve = 6 V. A characteristic increase in (Ag) symmet-
rically around B = 0 is observed indicating WAL which is
canceled away from zero field [32,33]. In order to extract a
measure of the phase coherence length, /4, and the spin-orbit
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scattering length, /o, we fit the measured magnetoconductance
traces with a commonly used expression for the WAL correc-
tion to the conductance. We note that the extracted length scales
are dependent on the model and fitting approach, rather than
quantitative measures. However, we can reasonably compare
relative length scales between the different compositions, and
compare to literature values based on the same fitting approach.
The model used here for the correction in the diffusive limit
for small elastic scattering lengths is expressed as [34,35]

1/2
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Here, the magnetic dephasing time (tg) is defined as g = Chy

2
where D is the diffusion constant and the magnetic length,
Im = ()72, is on the order of the NW diameter for the fitting
range 0.35 T, as in Refs. [23,27,28].

The prefactor, C, can in principle be computed numerically
for a given geometry [29]. In general, it depends on details
of the systems such as whether there is surface accumulation.
However, modifications in the geometry typically only change
C by afactor of order 1, as we show in an example in Sec. S7 of
the Supplemental Material [36]. Since we are mainly interested
in the qualitative behavior of the SOI, we follow previously
published work and use C = 3 [23,37]. Taking a fixed NW
diameter W = 100 nm (as determined by SEM), we then use
Eq. (1) to fit the magnetoconductance data measured with aver-
aging voltages V,ye = 4, 6, and 8 V. The red overlay in Fig. 1(d)
shows the fit to the WAL data for all segments at Vo = 6 V.
The mean standard deviation of goodness of fit of all data points
shown in Fig. 1(e) is & ~ 0.33nm, and we find x? = 0.05.
We note that [, shows no apparent dependence on composition
(see Sec. S4 of the Supplemental Material [38] for details). The
extracted [so is shown in Fig. 1(e) as a function of composition
for all applied averaging voltages. Here, the smallest /5o is
obtained atx ~ 0.5, indicating a nonmonotonic dependence on
composition and that a significantly smaller /s can be achieved
compared to pure InAs and InSb NWs [23,26,28,29].

As these NWs are grown along the [111] direction with a
pure ZB crystal structure, the Dresselhaus contribution from
bulk inversion asymmetry is negligible [29] and therefore
dominated by the Rashba contribution arising from structural
inversion asymmetry. Therefore, /5o can be used as a measure
of the Rashba spin-orbit strength. Following Refs. [27,39], we
can rewrite the relation between the /g in a diffusive system
into the spin-precession length /g which is related to the Rashba

. 2 . . .
coefficient as [z = 52 —. Using the estimate of the relation

NEIA e .

v+ we can relate the Rashba coefficient to
the spin-orbit scattering lengths as ag = %m*’l(%)’l/ 2
Estimates of m* as a function of composition are found in
Ref. [40]. In Fig. 1(e) we plot « as a function of composition
and find the highest measured value of 1.65 eV Aatx ~0.5.
This approach must be applied with caution since the obtained

Ig is smaller than the diameter of the NW. However, for

between lso =

qualitative analysis of the Rashba contribution we expect this
model to be applicable.

The strong SOI at intermediate compositions could have
different origins. Ordering effects could lead to SOI enhance-
ments as shown in recent ab initio modeling performed on
InAs;_,Sb, NWs [14]. Here, a strongly enhanced SOl is found
in the case of CuPt ordered stacking for compositions around
x = 0.5. We did not find any signature of such ordering in
our TEM characterization, but small effects of such ordering
could be reflected in the measurements, giving a minimum /5o
around x = 0.5.

Previous studies have shown that the SOI measured by
WAL can be influenced by the carrier density. Due to a weak
gate coupling in these devices we cannot separate the carrier
density and mobility of the samples. Thus the variation of
Iso may be influenced by a dependence of carrier density on
x. Nonetheless, we note that Rashba SOI exists even in the
absence of external electric fields, arising from the intrinsic
inversion asymmetry of the structure. Due to electrostatic gate
tuning the electric fields in the InAsSb NWs gives rise to a
Rashba SOI which is proportional to the semiconductor band
gap [41], which is smallest for x ~ 0.6. Comparatively, in InSb
NWs values of & ~ 1 eV A were reported [29].

Since the band gap in InAsj4Sby¢ is roughly a factor 2
smaller than the band gap in InSb, we can expect around
twice the value for « in InAsSb, which is in agreement with
our measurements. Hence, we expect the enhanced SOI in
InAs;_,Sb, NWs to be strongly dependent on the composition
and the semiconductor band gap (especially around x ~ 0.6).

II. EPITAXIAL RELATIONSHIP OF Al ON InAs;_,Sb, NWs

In the following section we focus on epitaxial growth of
Al on InAsSb NWs at different compositions. As previously
shown, a thin Al shell can be grown epitaxially on selected
facets of InAs NWs at low temperatures [18,42,43], with
a resulting hard induced superconducting gap [44], which
makes them promising materials for gateable superconducting
devices with low quasiparticle poisoning rates [45]. However,
correlations between structural properties of the epitaxial
match and the associated induced superconducting properties
have so far not been studied in detail. By introducing Sb we
change the lattice constant and crystal structure, which affects
the relative orientation of the Al and bicrystal interfacial match.
For NWs grown in the conventional [111]B/[0001]B growth
direction, the crystal structure changes from WZ to ZB, when
exceeding a given small fraction of Sb [46]. Also, under the
growth conditions used here, the facets change from InAs
{1100}w to InAsSb {110}, i.e., rotating 30°, and the lattice
spacing increases linearly as a function of Sb concentration
[47,48].

In Figs. 2(a)-2(c) we show different bicrystal interfaces
for different InAsSb compositions. The white and black ar-
rows specify the crystal orientations for the InAsSb and Al,
respectively. The schematics in the top-right corners indicate
the viewing direction in relation to the NW morphology.
Characteristic orientations of the Al grains are observed to
be strongly dependent on the InAsSb composition. For low
Sb concentrations, x ~ 0.34 [Fig. 2(a)], we find in-plane
interfacial domains, which can be expressed in compact
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FIG. 2. (a) 7° rotation between the [110] and the [112] directions
in the semiconductor and the superconductor at x = 0.34, respec-
tively. Scale bar is the same for (a)—(c). (b) Rotation between the two
[112] directions for x = 0.64 is 6°. (c) No observed rotation between
the [110] and [111] for x = 0.84. (d) Bicrystal Burger circuit on along
segment of an interface for x = 0.34 showing two edge dislocations
with respect to 3:2 domain match. Color bar shows relative bending of
the interplane distances with respect to a reference region away from
the interface. Blue is upwards bending; red is downwards bending.
(e), (f) The two dislocations from (d).

notation [18], (23’“¢ —2.03%)| x (98‘“ L0 (0. 55%)L,

InAsSb,[111] InAsSb.[112] .
where the transverse domain match is estimated from atomic
lattice modeling (see Sec. S4 of the Supplemental Material
[38]). As the Sb concentration is increased [Fig. 2(b)] we find
that the Al phase keeps an orientation that preserves an inter-
facial match with a 3:2 axial domain, (%,—399%)” X
(518:‘;:‘[?]2] 2.41%)L. However, the transverse match changes

by aligning the Al [1 12] planes along the semiconductor
[112] planes. By increasing the Sb concentration even further
[Fig. 2(c)] the Al phase attains the low interface energy domain

. . L 3
of 3:2, with alow residual axial mismatch, (#[b”[fm 0.5%)| x
.

8Al.[liO]

OmaAssb.[113] —2.75%)1L.

The Alrotates discretely depending on the Sb concentration,
with rotations occurring both radially and axially around the
(112) or (111) rotational axes. Examples of radial rotations are
highlighted in Figs. 2(a) and 2(b), whereas Fig. 2(c) shows
axial rotation but no radial rotation. Even small axial rotations
obscure the visualization of the bicrystal match when imaging
with TEM, because the InAsSb and Al will not simultaneously
have a high symmetry zone axis. The Al orientation can be
understood in terms of minimization of thermodynamic excess
free energy under the constraints of kinetic barriers during
grain growth [18]. The four main terms that contribute to the ex-
cess of the chemical potential are the surface energy, the grain
boundaries, the semiconductor/superconductor interface, and
related strain energies. Rotations increase the relative lattice
plane distances at the interface and therefore may decrease
the residual interfacial mismatch and lead to a higher ordered
epitaxial interface and lower semiconductor/superconductor
interfacial energy. If the interfacial bonding is strong, the
semiconductor/superconductor interface term may dominate
and lead to rotations in order to minimize the interfacial
bonding energy. We propose that the discrete characteristics
of the rotations are due to the fact that specific rotations give
high symmetry cutting planes with low energy interfaces (see
Sec. S5 of the Supplemental Material [49]). As shown above
we generally find that the axial interfacial domain match seeks
a 3:2 relation even though other lower ordered domains would
give a lower residual mismatch. The 3:2 domain match is
seen in the periodic interference effect (light/dark repeating
pattern) along the interface. The dashed white rectangle in
Fig. 2(d) shows an example of a bicrystal Burger circuit
which counts 98 planes in the semiconductor and 150 in the
superconductor away from the interface. This implies that
the specific interface must have at least two residual misfit
dislocations in order to acquire an interfacial 3:2 domain
match. We find two types of dislocations and both occur
in the InAsSb close to the interface. The edge dislocations
are either associated with adding [Fig. 2(e)] or removing
[Fig. 2(f)] a plane. Thus, the density of dislocations is here
higher than predicted by the bicrystal Burger circuit. In the
particular region of the interface shown in Fig. 2(d), we find
four dislocations, three additions and one removal. The color
plot on the right side of Fig. 2(d) shows the relative bending of
the semiconductor planes in relation to a reference region away
from the interface. Here, going from blue, which indicates
downward bending planes, to red, which indicates upward
bending planes, is associated with a dislocation (see Sec. S5
of the Supplemental Material [49]). The color plot shows the
positions of the dislocations, which can be helpful because of
bicrystal phase contrast smearing of the interface. The fact that
all dislocations are observed inside the semiconductor, rather
than at the interface, indicates a lower dislocation energy in the
InAsSb bulk compared to the apparently strongly bonded 3:2
domain matched interface. This differs from epitaxial InAs/Al
materials where no dislocations are found in the semiconductor
and the Al phase appears fully relaxed with a 5 nm thick film
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[50]. Since the introduction of Sb is the only difference between
the two types of NWs it is reasonable to assume that the Al-Sb
bonds play a major role on this strong interfacial bonding.
We note that even though we see dislocations appear to occur
closer to the interface for Sb concentrations x = (0.34 than for
x = 0.64, we have not been able to find a systematic trend for
the dislocation depth as a function of composition.

III. TUNNEL-PROBING InAs, »Sby.s/Al NWs

In the following section we investigate the supercon-
ducting transport properties of the hybrid InAsgy,Sbg /Al
material using two device geometries: a normal-metal
insulator—superconductor (NIS) device and a normal-metal
insulator—superconductor insulator—-normal metal (NISIN) de-
vice [Figs. 3(a) and 4(a), respectively]. The so-called insulator
part is a segment of InAsSb where the Al is selectively etched
away to enable carrier depletion by electrostatic gating. We
note that we were not able to deplete carriers in devices with x
between 0.3-0.7, using standard gating geometries, and hence
focus on devices with x = 0.8.

Data from tunneling conductance spectra of the bottom-
gated NIS device are shown in Fig. 3(b). By adjusting the
voltage applied on the junction, V., we restrict the device

0 - T 0
0 200 400 -0.4 -0.2 02 04

B,(mT)

0
Vg, (mV)

FIG. 3. (a) False-colored scanning electron micrograph of a NIS
device. (b) Differential conductance as a function of Vsp plotted on a
linear (blue) and logarithmic scale (red) showing a highly suppressed
differential conductance within A = 4230 ueV. (c) Conductance as a
function of Vsp and Vi showing two symmetric ABS within A ~ 230
peV at two different gate configurations. Unbroken and dashed
lines indicate the gate configuration for (d) and (e), respectively.
(d), (e) Conductance as a function of Vgp and B showing the magnetic
field evolution of two ABS that merge and form zero-bias peaks at
~350 and 400 mT, respectively. (f) Conductance as a function of Vsp
corresponding to line cuts (blue and red squares) seen in (d); shows
the zero-bias peak with strongly suppressed differential conductance
symmetrically around the peak, signature of a hard topological gap.

in the tunneling regime with a conductance well below
the conductance quantum (g < 2¢?/h). From the tunneling
spectrum, as a function of source-drain voltage, we find the
superconducting gap, A, to be approximately ~230 ueV. The
differential conductance in the gap is suppressed by a factor of
approximately 10? compared to the conductance outside of the
gap, which is similar to the gap hardness reported on epitaxial
InAs/Al NWs [44], and seems to be attributed to the clean
superconductor-semiconductor interface rather than specific
epitaxial lattice matching. We note that while the critical field is
comparable to what we typically find for similar Al thicknesses
on InAs/AINWs, the induced superconducting gap of A ~ 230
neV is significantly larger.

In Fig. 3(c) differential conductance as a function of gate
voltage, Vi, and Vsp shows two pairs of ABS at two very
different gate configurations extending out of the continuum
symmetrically around Vsp = 0. For most gate configurations
at zero field the superconducting gap appears hard and empty
of states. By tuning V., the coupling, I, between the lead and
the proximitized segment can be controlled, as also evident
by the difference in the magnitude of differential conductance
between the left and right plot.

For gate voltages corresponding to the dashed and unbroken
line cuts in Fig. 3(c) left and right panels, Figs. 3(e) and 3(d)
show the respective DOS evolution in a parallel magnetic field
along the NW axis. The parallel magnetic field orientation
is found as similarly described in the methods section of
Ref. [12]. The ABS merge and pin to Vsp = 0 at magnetic
fields around B ~ 350 and 400 mT, respectively. This occurs
at relatively low fields [8,9,11] due to large effective g factors
of the hybrid system, in this case extracted to be on the
order of 10. Like the overall conductance, also the bound
state conductance and zero-bias peak (ZBP) height depend
strongly on V. For the ZBPs it was not possible to exceed
0.3 x 2¢?/h by opening V., before the gap softened and
the overall conductance increased. This indicates that the
cutter region where the Al is etched away does not fulfill
resonant tunneling. Ideal tunneling was recently observed in
two-dimensional hybrid materials with a thin etch stop layer
between the Al and the InAs, and also in hybrid NWs with
“shadowed” junctions [51,52]. The ZBPs prevail until the
closing of the superconducting gap at critical fields of the
Al at B. ~ 600-800 mT. The observed critical fields are low
compared to similar experiments conducted on InAs NWs
proximitized by Al which yielded critical fields of B, ~2 T
with a film thickness of 7 nm [11]. We attribute the lower
critical fields to the average Al film thickness which in our
case is about 15 nm [53]. The blue and red squares in Fig. 3(d)
correspond to the two line traces in Fig. 3(f), where the
normalized differential conductance as a function of Vsp at
B = 0 and 430 mT is plotted. We find that the gap stays hard
around the ZBP at By = 430 mT, with a gap of the order of
A. Extracted g factors of the hybrid system at various gate
configurations are generally extracted to be between 10 and 20
as shown in Sec. S8 of the Supplemental Material [54].

IV. COULOMB SPECTROSCOPY ON InAs.»Sby s/Al NWs

Additional transport measurements were performed on the
same batch of InAsp,Sbyg/Al NWs using a normal-metal
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FIG. 4. (a) False-colored SEM image of the measured NISIN
device. (b) Cartoon of the cross sections indicated in (a) by three
colored dashed lines illustrates the top-gate material sequencing.
(c) Differential conductance, g, as a function of Vg and Vgp
showing 2e-spaced Coulomb diamonds within A ~ 0.15 meV.
For Vsp > 0.15 mV, le periodic Coulomb resonances are evident,
verifying Cooper pair tunneling within Vsp ~ +0.15 mV. (d) Differ-
ential conductance at zero bias as a function of Vi and By. Splitting
from 2e to le initiates at B* = B = 150 mT and is evenly 1le spaced
at B** = B = 250 mT, suggesting a smooth transition from 2e to le.

insulator—superconductor insulator-normal metal (NISIN) ge-
ometry. In Fig. 4(a) we show a scanning electron micrograph of
a measured NISIN device with a superconductor island length
of L = 800 nm. In this device the gates are realized as top gates
using AlO, as a dielectric. Schematics of the cross sections of
the different material stacking sequences of the device are seen
in Fig. 4(b).

Differential conductance as a function of Vsp and Vg at
different magnitudes of parallel magnetic fields are shown
in Fig. 4(c). Evenly spaced Coulomb diamonds are observed
as well as differential conductance resonances above the
superconducting gap. At B = 0 and Vsp = 0 each Coulomb
resonance occurs at double the gate voltage separation com-
pared to the period observed above the superconducting gap.
The period doubling within the superconducting gap implies
Cooper pair tunneling of charge 2e as opposed to the le peri-
odicity above the superconducting gap. As previously reported
from experiments on superconductor islands [45,55,56], we see
regions with strong negative differential conductance (NDC) at
bias voltages where the 2e to le transitions occur. At B = 150
mT the 2e periodic Coulomb diamonds are still observed,
however with a decreased superconducting gap and magnitude
ofthe NDC. At B = 300 mT, well below the critical field, B, of
the Al, the Coulomb resonances exhibit a 1e periodicity. This is
consistent with the energy of the odd charge state being lowered
sufficiently by the Zeeman energy in order for the 1e periodicity
to become dominant [12]. We speculate that the lack of visible
oscillations in the even-odd energy difference, as observed in
Ref. [12], could be due to the combination of a relatively large
island size and high SOI for this material, producing a minimal
overlap between the Majorana wave functions. Tunneling from
the bound state to the Bardeen-Cooper-Schrieffer continuum

in the Al gives rise to NDC due to transport blockade by
electron/hole excitations. When the quasiparticle relaxes from
the continuum back into the bound state and escapes to the leads
the transport blockade is lifted. This way large NDC indicates
a relatively long quasiparticle relaxation time as explained in
Ref. [45].

Figure 4(d) shows the evolution of the zero-bias Coulomb
peaks in a parallel magnetic field. A distinct 2e peak spacing
is evident until B = 150 mT where the splitting initiates.
Noticeably, the intensity of the zero-bias resonances decreases
drastically as it evolves into a le periodicity between B* and
B**. From B = 250 mT the evenly spaced Coulomb reso-
nances regain intensity but with a 1e evenly spaced periodicity
and no signatures of even-odd intensity variance—again con-
sistent with transport through topologically protected MZMs
[57,58]. The splitting is completed well below the closing of
the induced superconducting gap, which is spectroscopically
extracted to be between B, ~ 600-800 mT (depending on gate
configuration). For example, residual superconductivity is still
clearly visible at B = 300 mT, as seen in Fig. 4(c).

V. WZ InAs 3Sby.7 /Al NWs

As discussed above, we find that ZB InAs;_,Sb, NWs
exhibit a weak electrostatic gate response for a range of
compositions. The electron affinity of the InAsSb material
crucially influences the filling of the conduction band, and
therefore how easily the NW can be gated and possibly
depleted. As the electron affinity of III-V materials typically is
higher in ZB than WZ [59], we expect that InAsSb NWs with
a WZ crystal structure could improve gateability. Since it is
challenging to form WZ phases in NWs containing Sb, because
of alarge bulk cohesive energy difference between ZB and WZ
[60,61], we grow from a WZ basis by initiating growth from
the (1100) side facets of [0001] InAs WZ NWs, as explained
in Refs. [20,62]. This is illustrated in the inset in Fig. 5(a). As
long as the NWs grow layer by layer in the [ 1100] direction, the
crystal structure is locked in the parent WZ crystal basis, and
can in this case not change to ZB without introducing a high
energy incoherent interface. After initiating the [1100] InAs
growth, we gradually introduce Sb over a segment of ~1 um
to avoid secondary kinking, and continue the InAsSb growth
for ~5 um. We terminate the growth with an epitaxially grown
shell of Al on the top facet. The NWs as-grown are seen in
Fig. 5(a). A high-resolution TEM micrograph of the bicrystal
interfacial match between the WZ InAsg 7Sbg.zs NW and the Al
shell is seen in Fig. 5(b). Similarly to the ZB hybrids presented
in Fig. 2, we find a well-defined and epitaxial interface with
a 3:2 domain match along the growth direction. In contrast to
the similar InAs/Al NWs [18], the residual mismatch along the
[1100] direction is negative and thus bending the NW upwards
as evident in Fig. 5(c). In Fig. 5(c) we show a false-colored
SEM micrograph of the InAsy7Sbg; WZ NW connected by
normal-metal leads. The device geometry is similar to the
geometry shown in Fig. 3, except side gates are used instead of
bottom gates. The inset shows an EDX map with normalized
intensities for In, As, and Sb, performed on the last part of a
kinked NW as illustrated by the white square. This verifies
a constant composition along the growth direction with no
detectable Sb shell formation and a quantified composition
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FIG. 5. (a) Top-view SEM micrograph of the NWs grown in the
six directions parallel to the substrate. Inset show a 45° tilted SEM
micrograph of three kinked structures. (b) HR-TEM micrograph of
the InAsSb/Al interface shows a coherent epitaxial crystal match.
The black and white arrows indicate the orientations of the hybrid
system, where a 3:2 domain match with no rotation is observed.
(c) False-colored SEM micrograph of a NIS device composed of
normal-metal leads connected to an InAsy;Sbyps WZ NW grown
along the [1100] direction. Inset shows normalized EDX intensities
for In, As, and Sb from a region of the NW shown by the white box.
(d) Differential conductance as a function of Vsp plotted on a linear
(red trace) and logarithmic scale (blue trace) showing a superconduct-
ing hard gap with highly suppressed differential conductance within
A = £225 peV.

of x =0.3. In Fig. 5(d) the left y axis shows normalized
differential conductance as a function of Vsp displaying a hard-
gap profile in the DOS. The right y axis shows the same nor-
malized differential conductance plotted on a logarithmic scale
where the differential conductance within A = 0.225 meV
is suppressed by a factor of ~80. These findings are comparable
to transport measurements performed on the ZB InAsy»Sbg g
NWs. Assuming that the WZ electron affinity as a function
of composition follows that of ZB, a composition of x = 0.3
would have an effective maximum [63]; thus it is likely

that all compositions of WZ InAs;_,Sb, NWs would be
depletable simply by applying standard side gates. Additional
advantages to WZ NWs grown in the [1100] direction could be
a contribution to the SOI from the Dresselhaus spin-orbit term
that is linear in momentum, arising solely due to asymmetry
in the crystal structure [31].

In conclusion, we show from WAL measurements that the
SOI as a function of composition in InAs;_, Sb, NWs exhibits
a nonmonotonic behavior with a maximum in the Rashba
spin-orbit coefficient at x ~ 0.5. By growing Al shells in situ
on InAs;_,Sb, NWs with varied compositions we find an epi-
taxial relationship with a specific low energy interfacial domain
of 3:2 in the axial direction for all compositions. Axial and
radial Al rotations combined with interfacial edge dislocations
seem to reduce the contribution to the excess energy. Coulomb
charging and tunneling measurements on InAsg »Sbg s/Al hy-
brid NWs show hard gap induced superconductivity, as well
as data consistent with topological superconductivity.

From the tunneling experiments we find a ZBP protected by
a hard superconducting gap. Additionally, from the Coulomb
charging experiments we find strong NDC indicating long
quasiparticle poisoning times.

In the end we present a method to grow InAsSb NWs with
WZ structure, which shows an improved electrostatic response
for InAsy7Sbg3 NWs grown along the [1100] direction. The
strong Rashba SOI, the good electrostatic response, the well-
defined epitaxial superconductor-semiconductor match, and
the potential addition to an even higher SOI due to a potential
Dresselhaus contribution are all ingredients that make WZ
InAs) sSby.s/Al hybrid NWs a promising material for further
studies on topological superconductivity.
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