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Flux-periodic supercurrent oscillations
in an Aharonov–Bohm-type nanowire
Josephson junction
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Recent theoretical studies highlight hollow-core semiconductor-superconductor hybrid nanowires as
a promising platform to engineer topological superconductivity via the Little-Parks effect and phase-
winding of the superconducting order parameter. Such nanowires exhibit enhanced spatial
confinement of carriers, potentially enlarging the accessible topological phase space compared to
conventional core/full-shell structures. Inspired by these insights and as an essential preliminary step,
we experimentally investigate GaAs/InAs core/shell nanowires with aluminum half-shells, aiming to
understand how Andreev-bound states are influenced by their complex geometric confinement. With
normal contacts we observed pronounced h/e flux periodic oscillations in the magnetoconductance,
which can be explained via the presence of a tubular conductive channel in the InAs shell. Conversely,
the switching current in Josephson junctions oscillates with approximately half that period, i.e., h/2e,
indicating a full proximitization of the InAs shell from the half-shell superconducting contacts and a
successful imprint of the non-trivial geometric topology onto the Andreev transport spectrum in the
junction enclosing threading magnetic flux. On these structures, we systematically studied the gate-,
field-, and temperature-dependent evolution of the supercurrent.

Josephson junctions, at their core, are two superconductors separated by a
thin insulating barrier or a weak link. They allow the dissipationless and
coherent transfer of bosonic quasiparticles, i.e., Cooper pairs. The resulting
supercurrentflowswithout the application of an external voltage and is only
driven by the phase difference between the macroscopic wavefunctions in
the superconducting electrodes, i.e., the Josephson effect.

Realizations of such devices with a semiconductor nanowire (NW)
as the weak link have generated significant attention for their potential in
the realization of superconducting quantum circuits, particularly within
the realm of quantum computing. The appeal of these junctions lies in
their multifaceted advantages. Firstly, the incorporation of a semi-
conducting weak link enables precise control of junction parameters
through field-effect manipulation. This attribute permits dynamic
adjustments of the quantum circuit’s properties, making it a flexible
platform for quantum information processing. Secondly, the unique

combination of a large Fermi wavelength and a small nanowire diameter
enables the design of junctions wherein only a limited subset of quantum
states, known as Andreev bound states, play a pivotal role in carrying the
Josephson supercurrent1–3. This selective modulation facilitates the use of
paired Andreev bound states as a foundational element for the creation of
quantum bits (qubits)4–8, which are the fundamental units of quantum
information processing.

Moreover, semiconductor nanowire hybrid structures play a central
role in the quest for realizing topological qubits9–11, a cutting-edge approach
to fault-tolerant quantum computing beyond the current NISQ (noisy-
intermediate-scale-quantum) methodology. Here, qubits are constructed
based on the unique properties of topological states of matter, which offer
inherent protection against certain types of quantum errors, thus rising the
fidelity of the whole system. A key element in this endeavor is the search for
parafermionic excitations, e.g., Majorana zeromodes (MZMs)9,12. The latter
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are a particular type of quasiparticle excitation that behaves as its own
antiparticle, i.e., with non-abelian characteristics. Thus, they are decoupled
from the conventional charge carrier space, which makes them highly
robust against external disturbances. Recently, several proposals have
emerged that aim toovercomeknownchallengesof trivial-topological phase
transitions in hybrid nanowire Josephson junctions, e.g., the need for strong
in-plane magnetic fields to open up a helical gap or large trivial charge
carrier background contributions. In particular, the so-called Little-Parks
effect in nanowire structures that are fully surrounded by a superconducting
shell has gained considerable interest due to themuch lower requirements in
terms of magnetic field strength or the desired length of the Josephson
junction channel13–16. The Little-Parks effect describes the periodic sup-
pression and reemergence of superconductivity due to the acceleration and
overheating of the Cooper pair condensate (Tc → 0) in a thin-walled
cylinder and a winding of the superconducting order parameter associated
with it17. Such full-shell nanowire devices can display rich physics with
analogs to Abrisokov vortices in type-II superconductors18 and have
application for flux control in Josephson devices19.

Tunnel- and microwave spectroscopy studies in InAs/Al nanowire/
full-shell devices confirmed the existence of the characteristic lobe structure
of the Little-Parks effect, but did not find any clear evidence of MZMs or
other topological excitations20–22. One possible cause for this is an insuffi-
cient radial quantization, which not only gives rise to a large number of
possible angular momentum states, but might also still allow transport
through the bulk of the nanowire23.

By combining a wide bandgap core, e.g., GaAs, with a shell made out
of a narrow bandgap material such as InAs, it is possible to confine the
charge carriers and thereby enhance the radial quantization of the system.
These core/shell systems cannot only act as Aharonov–Bohm (AB) type
systems24–27, but have also been studied in terms of an enlargement of the
topological gap due to the steeper band bending, confinement, and wave
function engineering, and an enhanced spin-orbit interaction23,28–30. In
addition, these systems with an effectively “hollow” or “tubular” core31–33

can be analytically mapped to the seminal models of Oreg et al.10 and
Lutchyn et al.11. Here, we take a step towards realizing thesemore complex
systems by investigating epitaxially-grownGaAs/InAs/Al core/shell/half-
shell nanowires that, in contrast to earlier works34, have been fabricated by
making use of state-of-the-art techniques such as self-catalyzed selective-

area growth and an in-situ and low-temperature deposition of the
superconducting shell35–37.

First, information onorbital states present in the InAs shell is gained by
measuringAharanov–Bohm type oscillations on bareGaAs/InAs core/shell
Nanowires. Subsequently, the characteristics of corresponding Josephson
junctions are investigated. In particular, the periodic features present in the
critical current are studied at various gate voltages, temperatures, and
magnetic field orientations.

Results and discussion
Device details
The GaAs/InAs core/shell nanowires are grown selectively by molecular
beam epitaxy (MBE) on pre-patterned substrates using the self-catalyzed
vapor-liquid-solidmethod.Details about the nanowire growth canbe found
in the “Methods” section. In short, the polymorphic GaAs nanowires are
grown selectively, resulting in a typical length of 4 μm and diameters
between 100 and 200 nm (See Supplementary Notes 1 and 2 for details).
Subsequently, the InAs shell is grown by vapor-solid overgrowth of the
GaAs core. The total thickness of the InAs shell is about 20–30 nm. Two
growth runs are performedwith identical parameters. The nanowires of the
first growth run are equipped with Ti/Au normal contacts for magneto-
transport measurements (device A). In the second growth run, a 20–30 nm
thick Al half-shell is in-situ deposited on the GaAs/InAs core/shell nano-
wire. In Fig. 1a, b, scanning electronmicroscope (SEM) images of front- and
backside of the Al-half-shell covered GaAs/InAs nanowires are depicted.
From this growth run two different Josephson junctions, i.e., devices B and
C, have been fabricated and subsequently studied.

The structural properties of the GaAs/InAs/Al core/shell/half-shell
nanowires are examined using scanning transmission electron microscopy
(STEM) to generate both side and cross–section views. Figure 1c shows an
annular dark field scanning transmission electron microscope (ADF-
STEM) image of a GaAs/InAs/Al junction cross–section and the corre-
sponding energydispersiveX-ray (EDX) elementalmaps,which are given in
Fig. 1e–h. The thicknesses of the different componentsweremeasuredusing
several cross–sections. Based on that, we determined values of 150 nm,
25 nm, and 20 nm for the GaAs core, InAs, and Al half shell, respectively.
Inspecting amagnified view (Fig. 1d) of the semiconductor/superconductor
interface in the nanowire cross-section, we confirm a high level similar to

Fig. 1 | Structural and crystallographic analysis of GaAs/InAs/Al core/shell/
halfshell nanowires. False-colored scanning electron micrographs of the a front-
and b backside of a GaAs/InAs/Al core/shell/half-shell nanowire. c Annular dark-
field scanning transmission electronmicrograph (ADF-STEM) of a cross-section of

one of the wires from (a), showing the hexagonal crystal structure. d Zoom-in of the
area outlined in red in (c), revealing a high InAs/Al interface quality. e–h Energy-
dispersive X-ray spectroscopy (EDX) analysis of the same nanowire.

https://doi.org/10.1038/s42005-025-02242-7 Article

Communications Physics |           (2025) 8:363 2

www.nature.com/commsphys


what is reported for conventional InAs nanowires with in-situ Al35,37. Lastly,
the EDX maps of Fig. 1e–h depict the chemical composition of the nano-
wires, confirming no signs of obvious (inter-)diffusion of elements. Further
TEM images of the Al/InAs interface and an intensity profile across the
GaAs/InAs/Al heterostructure can be found in the Supplementary Note 1,
Figs. S1 and S2.

Magnetoconductance in GaAs/InAs core/shell nanowires
First, the transport properties of bare core/shell GaAs/InAs NWs are stu-
died. Figure 2a shows an SEM imageof thenormal contacted sample (device
A) made with wires from the first growth run. In this device, the GaAs core
has a diameter of 150 nm and an InAs shell thickness of 25 nm. To confirm
the phase–coherent nature of electronic transport at low temperatures, the
conductance of device A was measured under an axially applied magnetic
field B at gate voltages (Vg) between 0 and 6V. In the obtained curves, we
observe regular h/e–periodic oscillations in the conductance G (cf. Fig. 2b),
which are attributed to AB–type oscillations24. The oscillation amplitude is
about 0.5% of the total conductance and does not exhibit a significant
increase for higher gate voltages and enhanced electron accumulation24. In
order to better resolve the oscillation pattern, the slowly varying background
G0(B) was subtracted from the conductance by means of a moving average
fit, resulting in the oscillation signal δG =G−G0(B) plotted exemplary in
Fig. 2c for Vg = 6 V. The beating pattern in the signal is attributed to small
radius variations along the nanowire axis and hence its enclosed area A,
resulting in differences of the enclosed magnetic flux Φ =AB. In addition,
we observe a decrease of the oscillation amplitudewith temperature increase
(See Supplementary Note 3 and Fig. S3)27, which is consistent with a
reductionof thephase-coherence lengthdue to thermally induced scattering
events. Figure 2d shows the fast-Fourier transform (FFT) amplitudes for
various gate voltages corresponding to the recorded magnetoconductance
oscillations shown in (b). The central frequency peak occurring at 5.5 T−1

implies oscillation period of ΔB ≈ 182mT. Assuming a hexagonal cross-
sectional area of the nanowire and taking into account an estimated oscil-
lation period ΔB, relation h=e ¼ ΔBr2ð3 ffiffiffi

3
p

=2Þ yields a phase–coherent

trajectory radius r ≈ 93 nm.The obtained results imply a confined trajectory
within the boundaries of the InAs shell and shows good agreement with the
expectedh/e-related frequency.This confirms that theorigin of the observed
Aharonov-Bohm type oscillations is that which one would expect of a
tubular conductor24,27. Indeed, the radius calculated from the oscillation
period agrees very well with the radius of 89 nm corresponding to a wave
function located in the center of the InAs shell. Lastly, we studied the phase
rigidity of the oscillationswith respect to changes in the applied gate voltage.
As canbe seen inFig. 2e, the oscillationphase is shiftedwhen the gate voltage
is varied. This behavior is a characteristic feature of AB-type oscillations in
mesoscopic samples with disorder and can be attributed to different scat-
tering paths around the circumference of the ring if the Fermi wavevector is
changed24,25,38.

Josephson junctions based on GaAs/InAs/Al core/shell/half-
shell nanowires
After confirming the presence of phase-coherent transport via tubular states
in normal contacted GaAs/InAs core/shell nanowires, we now focus on
Josephson junctions based on corresponding core/shell nanowires with in-
situ deposited Al half-shells. An example of such a device with an etched
Josephson junction is shown in Fig. 3a (device B). As shown in Fig. 3b, for
junction device B, a pronounced supercurrent with a switching current of
Isw(Vg = 0 V) = 22 nA, and a normal state resistance (RN) of about 2.2 kΩ is
observed. Based on the hysteresis in the supercurrent branch (see inset), we
determine that the junction is underdamped. In addition, the device exhibits
several peaks in the differential resistance (red trace in Fig. 3b) that can be
interpreted as signatures of multiple Andreev reflections39,40. For device C,
the current-voltage characteristic shows a non-zero resistance in the
supercurrent branch due to the presence of a parasitic series resistance of
273Ω, the subtractionofwhich leads to a clear Josephson junctionbehavior,
including the presence of well quantized Shapiro steps in AC-driven mea-
surements (see Supplementary Note 4 and Fig. S4). We attribute this
parasitic resistance to a poor connection between the superconducting Al
shell and the superconductingNbTi leads due to an insufficient Ar cleaning

Fig. 2 | Flux-periodicmagnetoconductance oscillations in aGaAs/InAs core/shell
nanowire with normal contacts. a Scanning electron micrograph of GaAs/InAs
core/shell nanowire (green/orange) equipped with normal conducting Ti/Au con-
tacts (device A). bMagnetoconductance in units of e2/h of device A at various gate

voltages between 0 and 6 V (0.5 V steps). cConductance in units of e2/h at 1.7 K and
Vg = 6 V after subtracting the slowly varying background signal. d Fast-Fourier
transformation of the measurements shown in (b). e Conductance as a function of
magnetic field and gate voltage, showing the evolution of the oscillation phase.
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process. As can be seen in Fig. 3c, for device C, the magnitude of the
supercurrent as well as RN can be altered by adjusting the gate voltage
betweenVg =−8 and 0V. However, no complete pinch-off is achieved.We
attribute this to the comparatively thick wire geometry, which lowers the
effectiveness of the gate. Indeed, prior devices based on InAs/Al half-shell
wires showed a full depletion of the conducting channel for negative gate
voltages in the very same gate layout (c.f. ref. 41).

Following earlier experiments on core/shell nanowire devices34,42, we
focus on the modifications to the electrical transport if the device is pene-
trated by an in-plane magnetic field parallel to the nanowire axis. Figure 4a

shows the change in differential resistance of the nanowire Josephson
junction (device B) for an applied axial in-plane magnetic field and
Vg =− 8 V. In this configuration, the device exhibits the typical iris-shaped
closing of the superconducting gap (see e.g., ref. 41) without any sign of
additional quantum (interference) effects. However, for Vg = 0 V (see
Fig. 4b), the response of the junction changes significantly. Here, both the
supercurrent and the sub-gap Andreev transport start to show pronounced
flux-periodic oscillations on top of the aforementioned closing of the
superconducting gap (in the following referred to as background). The
oscillations become even more prominent for large positive gate voltages
(Vg = 8 V, c.f. Fig.4c). We also note that the oscillation spectrum extends all
the way up into the dissipative regime, which might be relevant in the
context of recent studies about Joule heating in nanowire-based hybrid
junctions43. Figure 4d shows the extracted switching current (Isw) of the
junction, i.e., the current value above which the device starts to exhibit a
finite resistance, as a function of magnetic field at several gate voltages for
device B. For all gate voltages, we observe the previously mentioned iris-
shaped background that is associated with the closing of the super-
conducting gap. However, above Vg = 0 V, flux-periodic oscillations of Isw
emerge, with a maximum amplitude at Vg = 8 V of ~1/4 of the zero-field
background current.Wenote that the results are similar to a recent report in
InAsSb/Al junctions where the surface accumulation layer provides a tub-
ular channel44. However, the exact relation between the oscillation ampli-
tude, background current, and tunability of their ratio remains unclear and
requires further studies with different junction length and nanowire
geometries.

In the case of the Josephson junction the highly visible oscillations
allow simple extraction of the period, as shown in Fig. 4d, revealing ΔB ≈
60mT in device B. This value corresponds to an effective radii of
rh/e ≈ 158 nmassumingh/eperiodic oscillations or rh/2e ≈ 112 nm, assuming
h/2e periodic oscillations, for a hexagonal cross section. Based on an average
total wire diameter of 300 nm, with an Al thickness of around tAl = 25 nm
and an InAs thickness of tInAs = 25 nmand the fact that themaximumof the
probability function is situated in the middle of the InAs shell24, we find a
good correspondence to the calculated effective radius rh/2e. The relatively
large difference to the cross-sectional dimensions of device A can be
explained by the significant spread of nanowire GaAs core diameters
between different arrayswith holes of different diameters and pitches on the
very same growth substrate (see SupplementaryNote 2, Tables SI and SII for
a more detailed analysis of the different nanowire dimensions across the
growth substrates).

Figure 4e provides an overview of the gate- and magnetic field-
dependent evolution of the switching current for device C. This device
exhibits a region of suppressed Isw (indicated by the arrow in Fig. 4e) that is
hysteretic in magnetic field and we attribute to trapping of vortices within
the junction45. Similar to results of device B, the depletion-induceddamping
of the flux-periodic oscillations is much stronger than one of the back-
ground supercurrent. Here, comparable radii as to device B are evaluated
from the oscillation period of 60mT with rh/e ≈ 163 nm or rh/2e ≈ 115 nm
assuming h/e or h/2e periodic oscillations, respectively. Contrary to the
results for the normal conducting samples shown in Fig. 2e, fixed positions
of theminimaandmaxima (see vertical lines inFig. 4e) of the oscillations are
observed. This resilience against changes in the applied gate voltage is a
typical signature of quantum interference effects protected by time-reversal
symmetry, such as h/2e-periodic Al’tshuler–Aronov–Spivak oscillations in
normal conducting, mesoscopic samples46, for which any effect of random
scattering loops caused by modifications of the Fermi wave vector kF, and
thus the aforementioned additional phase shift, is canceled46.

To gain a more detailed picture of the origin of the observed flux-
periodic supercurrent oscillations in connection to the geometrical condi-
tions, we investigate the transport in device C at temperatures above Tc of
the aluminum half-shell and at bias voltages outside of the induced proxi-
mity gap, as shown in Fig. 5a–c, for Vg = 0 V, Vg = 0 V and Vg = 8 V,
respectively. Figure 5a shows the evaluated switching current forT = 14mK
for comparison with traces in (b, c). Figure 5b shows the differential

Fig. 3 | Supercurrent and Andreev transport in GaAs/InAs/Al Josephson junc-
tions. a False-colored scanning electronmicrograph of an exemplary GaAs/InAs/Al
core/shell/halfshell nanowire Josephson junctions with an approx. 140 nm long
channel. bCurrent-voltage characteristics (blue) and differential resistance (red) as a
function of bias current of device B at T = 14 mK and a gate voltage of Vg = 0 V. The
inset shows detail around the supercurrent branch of the I–V trace, revealing an
underdamped behavior. c Differential resistance as a function gate voltage and bias
current for device C at T = 14mK.
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resistance (dV/dI)measured atT = 2.2 K and at zeroDC current (Ioffset = 0),
where the aluminum half-shell forming the junction is in the normal state
(Tc ~ 1 K). Comparing the peak separation in (a, b), indicated by the dashed
lines, one finds that the period of the oscillations approximately doubles if
the transport takes place above the critical temperature of the aluminum
half-shell. We also investigate how the system responds at temperatures for
which the shell is superconducting (T≪ Tc) if subjected to bias currents that
drive the transport into the dissipative regime. Using a superposition of a
constant DC offset current of Ioffset = 600 nA and a small AC lock-in signal,
the resistivity oscillations shown in Fig. 5c reveal once more a prominent
increase in their periodicity, as compared to the low-temperature and zero-
bias response in Fig. 5a. We note that the period of oscillations in the
superconducting transport is approximately 60mT as compared to about
128mT in the normal transport. Assuming that superconducting state
oscillations are (h/2e) periodic andnormal oscillations are (h/e) periodic this
corresponds to radii of 115 and 112 nm, respectively.

The findings for the gate-, temperature-, and current-dependent evo-
lution of the junction response indicate a clear correlation between the
special device properties, i.e., the complex geometric topology, and the h/2e-
oscillations. Furthermore, the observation of supercurrent oscillations goes
beyond the earlier results reported in refs. 34,42,47 that were obtained on
GaAs/InAs core/shell nanowire-based Josephson junctions with ex-situ
contacts and global backgates and which could only observe the flux-
periodic oscillations in the normal state resistance RN. In this context, we
interpret the results as an interference effect that takes place on the level of
flux-periodicAndreev reflection/Andreev bound stateswithin thenanowire.

Following this picture, we assume that Andreev transport processes
enclosing the threadingflux can occur around the perimeter of the nanowire
in regions without an aluminum shell. This is a strong indication that the
InAs shell is fully proximitized in the aluminum-covered regions of the
device. We expect that two effects may play a role in the device as discussed
below. The first is based on the Little-Parks effect in an inhomogenous
cylinder, in which most of the modulation of the superconducting order
parameter occurs in the area with weaker superconductivity48. In this pic-
ture, the proximitized InAs shell on the side of the nanowire opposite the
aluminumhalf-shell (i.e., the underside of the nanowire) forms an extended,
additional weak-link that can support a non-zero non-dissipative current.
Upon application of afield along thewire axis a screening current is induced
around the wire circumference with amagnitude fixed by the current-phase
relationship of this extended weak-link. The condensate velocity due to the
screening current can then cause modulation of the critical temperature of
theAl half-shell, akin to the Little-Parks effect, which in turnwillmodify the
current that can be supported by the weak-link. In the conventional Little-
Parks effect the screening current varies linearlywith appliedflux in contrast
to the proposed sinusoidal variation due to the weak-link formation49.
However, devices fabricated with normal contacts and no etched Josephson
junction reveal no significant modulation of the superconducting transport
(see SupplementaryNote 5 and Fig. S6), indicating that the above-discussed
effect,while possible, is likelynot theprimary cause of the strongmodulation
observed in the Josephson junction devices. Furthermore, the observed gate
dependence gives a strong indication that the effect is likely specific to
transport in vicinity of the defined junction.

Fig. 4 | Flux-periodic supercurrent oscillations and their gate voltage depen-
dence. a–cDifferential resistance of device B as a function of magnetic field and bias
current for Vg =−8 V, 0 V, and 8 V, respectively. d Switching current (Isw) as a
function ofmagnetic field evaluated for the gate voltages shown in (a–c). e Switching

current of device C as a function ofmagneticfield (swept fromnegative to positive) at
various gate voltages. Device C exhibits a narrow suppressed switching current
feature that is hysteretic with respect to magnetic field and likely caused by trapping
of vortices in the junction (indicated by an arrow).
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In a second interpretation, the effect arises from the Josephson junction
transport. Here, the oscillations are based on superimposed Andreev
reflection trajectories that loop around the perimeter of the InAs shell and
enclose magnetic flux. A similar interpretation has recently been employed
to explain the magnetic response of topological insulator nanowire
Josephson junction devices inwhich surface states dominate the transport50.
To illustrate this effect, we utilize a simplified semi-classicalmodel following
thework ofHimmler et al.50 in which the different current contributions are
integrated over all possible ballistic trajectories51. The model used here
closely follows the outline by Himmler et al. in ref. 50 and is discussed in
detail in the methods section with additional plots in the Supplementary
Note 4. Each trajectory represents an electron and hole path, with Andreev
reflections occurring at each superconductor interface. Threedifferent types
of trajectories can be identified, which differ by the relationship between the
angle of incidence (θi) at the two relevant superconductor interfaces and
the trajectory anglewith respect to thewire growth axis (θt). Examples of the
three trajectory types are shown in Fig. 5c. Type 1 trajectories pass between
the two short edges of the superconducting leads at the junction and are
therefore equal to the transport situation in a planar system. Type 2 tra-
jectories pass between a short edge of a contact and a long contact edge that
is parallel with the nanowire growth direction. Finally, type 3 trajectories
pass between two long contact edges. In all cases, it is possible to find
trajectories that wind around the nanowire perimeter, enclose a magnetic
flux, and induce an AB-type phase shift. We utilize expressions for the
Andreev reflection probability taken from the work of Mortensen et al. in
ref. 52 to account for the relation between incident angle (θi) and the
transparency of the channel τ. In Fig. 5e, we use the Blonder and Tinkham
model53 to simulate the device response for different tunnel barrier strength
Z. For typical values for nanowire junctions with an epitaxial super-
conducting shell35,54, we obtain clear h/2e oscillations that are in accordance

with our experimental findings. In the case of very high transparencies,
additional Φ =Φ0/2e oscillations can be observed (see Supplementary
Note 6), as has been reported in topological insulator nanowires50. Themost
straightforward explanation for the corresponding double peak feature
would be the presence of trajectories that make two passes about the cir-
cumference of the wire. However, in our simulations, we find that these
processes are suppressed due to the angular transparency function and the
angular cut-off. Instead, the Φ =Φ0/2e oscillations start to appear due to
modifications of the current-phase relation once the system is dominated by
type-2 and type-3 trajectories, e.g., if the Z parameter is small and either the
length of the channel is increased or the number of facets covered by the
superconductor is reduced. Here, the influence of the number of facets
coveredby superconductor is less intuitive, but stems fromareductionof the
angle of incidence, and also a wider range of angle for which highly trans-
mitting trajectories can circle the cylinder before meeting the second lead
passing through the gap between the two superconducting leads short edges
at least once. However, we would like to stress that we do not see any
correlationwithphase-winding effects in our simulation and also thatwe do
not detect any experimental signatures of such features in our devices.

Lastly, we investigate the relation between the supercurrent oscillations
and the orientation of the magnetic field, i.e., the effect of an off-axis mis-
alignment of the applied magnetic field, on the flux periodicity in device B
(see Fig. 6). The oscillation period (ΔB) is extracted from the separation of
two peaks close to zero field atVg = 4.0 V and for fields applied in-plane and
at an angle θ to the nanowire axis (see Fig. 6a, b) for the experimental data).
As shown in Fig. 6c, we observe that an off-axis orientation of the magnetic
field leads to an anomalous decrease of the oscillation period. For com-
parison, the solid red curve in Fig. 6c corresponds to the expected oscillation
period assuming that only the axial component of the magnetic field pro-
duces the oscillations. This prediction follows a cosine dependence that is

Fig. 5 | Temperature- and bias-dependent evolution of oscillation periodicity and
semiclassical interpretation of flux interference. a Switching current of device C
measured at Vg = 0 V and at T = 14 mK. b Differential resistance measured at an
elevated temperature of 2.4 K and the same gate condition as in (a). c Differential
resistance at T = 14 mK and Vg = 8 V with a DC current bias of 600 nA, probing
transport outside the bias window of the superconducting gap. d Schematic depic-
tion of the three possible trajectories on the surface of the hexagonal nanowire. The

images at the side show two different perspectives of the system as well as the
maximum length scales of the trajectories. The displayed type-2 and type-3 trajec-
tories contribute an AB phase while the type-1 trajectory does not. e Example
simulation result for a range of dimensionless barrier stengthsZ, showing the critical
current as a function of magnetic flux, with Φ0 = h/2e the magnetic flux quantum.
Each trace is also labeled with the maximum value of transparency (τmax) evaluated
for all found trajectories.
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typical for conventional AB-type oscillations, universal conductance fluc-
tuations and weak localization25,55,56. We also consider the expected peri-
odicity if the oscillationperiodwasfixedvia thefluxpenetrating the elliptical
cross section of the nanowire (shown as a solid blue line in Fig. 6c), which
similarly does not reflect the observed dependence. The anomalous angular
dependence of the oscillations is a clear indication that the given system can
not be described as a simple superconducting AB-type system. However, a
similar atypical modification of the oscillation period is observed in the
Little-Parks effect in InAs nanowires with full shells of epitaxial aluminum
(see Supplementary Note 7) and can most likely be explained by the addi-
tional depairing effect of the out-of-plane magnetic field component (see57

and58). Here, the superconducting gap, which acts as the envelope for all
Josephson junction-related transport features, is rapidly suppressed. This
creates an upper cut-off condition for the supercurrent oscillations and thus
an apparent shift of the oscillation maxima towards lower fields.

Conclusions
The study of topological quasiparticles in nanowire-superconductor hybrid
structures remains a challenging task due to the strict requirements on the
device properties. However, more advanced device layouts such as full-shell
nanowire Josephson junctions are a promising approach to loosen the tight
margins andmake the topological phase space more easily accessible. Here,
an essential prerequisite is a fine control of the position of the electron wave
functionwithin the conductive area of thenanowire and a strict limitationof
the number of radial modes present that are present in the system. This can
be achieved by employing GaAs/InAs core/shell nanowires, where the
electrons are confined in the narrow InAs quantumwell. Indeed, ourGaAs/
InAs core/shell nanowires equipped with normal contacts revealed pro-
nounced h/e flux-periodic conductance oscillations, which confirm the
presence of a tubular channel in the InAs shell. Most importantly, and in
contrast to our pastworkwhere oscillationswere observed either in normal-
state conductance24,34 or finite-voltage Josephson transport27, we also
observe flux-periodic oscillations directly in the Josephson supercurrent,
evidencing coherent interference of Andreev bound states in GaAs/InAs
core/shell nanowires. By subjecting the system to elevated temperatures and
high currents, thereby surpassing the induced proximity gap, we can
dynamically switch the oscillation period from h/2e to h/e, transitioning
froma two-particle to a single-particle effect. This, pairedwith thepossibility
to suppress the oscillatory behavior of the supercurrent by means of an
asymmetrically applied gate voltage, as well as the fact that no such

oscillations are observed in devices without an etched junction channel, is a
clear indication that the effect originates from the superposition and
interference of different Andreev reflection processes within the nanowire
Josephson junction. We interpret this as clear evidence that the complex,
non-trivial geometric topology can indeed be imprinted onto the Andreev
transport spectrum in the device and thus be leveraged to adjust and limit
the number of radial transport modes. The latter is further confirmed by a
semi-classical simulation that investigates the relation between interface
transparency, contact geometry, and the resulting oscillations. We also
emphasize the absence of signatures associated with the Little-Parks effect,
despite the complete proximization of the nanowire channel. This confirms
that even a fully proximitized system fundamentally differs from config-
urations with a fully closed, radially symmetric Al shell, underscoring the
significance of partial versus full-shell geometries.We consider the latter an
important focus for future research and as a base for devices in which the
complex interplay between the number of states, flux quantization, winding
of the superconducting order parameter and spin-orbit interaction is pre-
cisely tailored, e.g., by further patterning the Al shell, to enhance the
topological phase space. This is further supported by compelling evidence
for an anomalous relation between magnetic field orientation and oscilla-
tion period that can be explained by an enhanced depairing effect and the
rapid suppression of the superconducting gap. Our measurements show
that GaAs/InAs core/shell nanowires with their non-trivial geometric
topology and their ability to limit and adjust the number of radial transport
modes are a promising building block for more advanced device concepts,
including “hollow nanowire” or “tubular nanowire”/fullshell structures31–33,
and to study topological quasiparticles in nanowire-superconductor hybrid
structures. In addition, they provide a template for further investigations
regarding the relation between device geometry and the supercurrent
oscillations, e.g., the effect of very long junction channels or very short or
asymmetric Al contact regions.

Methods
Epitaxial growth
The GaAs/InAs core/shell nanowires are grown by MBE on pre-patterned
(111)-Si substrates using the self-catalyzed vapor-liquid-solidmethod. Prior
to the growth, the (111) Si substrates are covered with a 20 nm thick ther-
mally grown SiO2 layer. This is subsequently patterned via electron beam
lithography and reactive ion etching (RIE) to generate a set of hole arrays
with different diameters ranging from d = 40 to 80 nm and varying hole

Fig. 6 | Anomalous angular dependence of the oscillation period. Data of field
angle dependence for device B at Vg = 4.0 V. a These plots show the raw data for the
plot in (c). The color bar is dV/dI with units of kΩ. b Switching current Isw as a
function of field angle θ from which the magnetic field period ΔB is extracted and

plotted in (c). c The decreasing ΔB is compared with expectations based on flux
threading the nanowire axis (red solid line) and threading the elliptical cross section
(solid blue line). The error bars correspond to the stepping of the applied
magnetic field.
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pitches of p = 0.5, 1, 2 and 4 μm. The preparation procedure can be divided
into seven process steps (see ref. 59 for a more detailed description). In step
(1), the (111) Si substrates are covered by a 20 nm thick thermally-grown
SiO2 layer as a mask for selective area growth. Subsequently, an ~220 nm
thick PMMA-950K resist layer is spin-coated (2) and afterwards in step (3),
the layout is transferred to the PMMA by electron beam lithography.
Then, the PMMA layer is developed with AR-600-55 for 70 s and subse-
quently, the process is stopped by sample immersion in isopropanol for
3min. The first etching process is conducted by RIE to thin the SiO2 in the
holes down to 1–2 nm thickness using a CHF3 gas flow of 50 sccm and a RF
bias power of 200W (4). After that, the PMMA layer is removed using
acetone, and the patterned substrates are chemically cleaned using Piranha
solution and oxygen plasma for 10 min each (5). Directly before loading the
sample into theMBE system, it is chemically wet-etched using diluted (1%)
HF for another 60 s (6) in order to open the remaining 1–2 nmof SiO2 in the
holes of the pre-patterned substrate. Immediately after the HF dip the
samples are loaded in the III/V MBE chamber (7).

The growth procedure of the GaAs/InAs core/shell NWs is initiated
by exposure of the pre-patterned substrate to a Ga-flux (about 0.11 μm/h)
for 10 min at a growth temperature of 620 °C. During this step, Ga dro-
plets are formed in the holes and act as catalyst particles. Subsequently, the
As shutter (BEP(As) = 5 × 10−6 mbar) is opened to start the growth of the
GaAsNWcore for a duration of about 105 min, which leads to an average
NW length of about 4 μm. Since the Ga flux is kept constant all the time,
the GaAs core growth is polymorph, i.e., containing segments of wurtzite
and cubic crystal stucture along the NW axis. More details on the growth
dynamics of such polymorph GaAs NWs on prepatterened substrates are
presented in ref. 59. At the end of the GaAs core growth, the sample is
exposed for an additional 20 min to the As flux in order to consume the
catalyst droplet on top of each nanowire. The GaAs nanowires have a in a
typical length of 4 μm and a radius of 100–200 nm. Here, the radius is
defined as the distance from the center of the GaAs core to one of the
corners of the hexagonal InAs shell.

Subsequently, the InAs shell growth is performed by vapor-solid
overgrowth of the GaAs core. Here, an influx of about 0.1 μrmm/h and the
same As flux as for the GaAs core growth is applied. The growth tem-
perature is set to 450 °C. In contrast to older studies (see ref. 60), we deposit
the InAs using a sequence of four alternating cycles, each composed of
5 min InAs growth (e.g., both shutters, In and As open) and 5 min As-
stabilized growth break (e.g., only As open) in order to avoid the formation
of a parasitic InAs crystallite on top of the nanowires. The resulting total
thickness of the InAs shell is about 20–35 nm.

At the end of the InAs shell growth, the sample is cooled down and
in situ transferred to the metal deposition chamber to deposit the Al half
shell. No sample rotation is applied for this step and the growth temperature
is about −115 °C in order to achieve a smooth Al coverage of the InAs
surface. The overall half-shell thickness is about 20–30 nm. Scanning elec-
tron micrographs of the grown core/shell nanowires covered with an Al
half-shell are shown in Fig. 1a, b. The thickness of InAs shell can be
determined directly from these images due to incomplete coverage of the
GaAs core at the bottom or top part of the nanowire.

Device fabrication
After the growth, nanowires were transferred from the growth substrate
onto a Si(100) substrate. Here, a SEM-based micromanipulator, equipped
with a tungsten tip, is used in order to achieve a high level of accuracy.
Depending on whether bare core/shell GaAs/InAs or GaAs/InAs/Al half-
shell nanowires were characterized, different types of substrates were uti-
lized. In the case of bare core/shell GaAs/InAs nanowire, highly n-doped
Si(100) substrates covered with 150 nm of SiO2 were used. This layer is
employed as the gate dielectric, through which the electron density is varied
in the nanowire by applying a global back-gate voltage Vg. By means of
electron beam lithography and subsequent metalization, Ti/Au contact
fingers were defined. Before deposition of the contact fingers, Ar+ cleaning
was applied.

To study the dynamics of Josephson junctions in GaAs/InAs/Al half-
shell nanowires, we use themeasurement platform introduced in refs. 37,54.
The latter is based on highly resistive Si substrates with pre-defined surface
gates. The Josephson junction itself is connected through a coplanar-
waveguide-type transmission line to an on-chip bias tee, made of an inter-
digital capacitor and a planar coil. All parts, including the surrounding
groundplane, aremade of 80 nmthickTiN.To ensure an ohmic connection
between NbTi contacts and the Al shell, a fast atom gun (Matsusada Pre-
cision FAB-110) was used prior to metal deposition in order to remove the
aluminum oxide. The contact separation is chosen to be at least 1.5 μm in
order to reduce the impact of the wide-gap superconductor NbTi on the
transport through the system.

Transmission electron microscopy
For the side view analysis, the nanowires were transferred from growth
arrays to carbon grids by gently rubbing the two surfaces. The cross sections
were prepared using focused ion beam (FIB) on nanowires transferred to Si
substrates by the very same method. The subsequent TEM analysis was
carried out using doubly corrected JEOL ARM 200F and JEOL 2100
microscopes, both operating at 200 kV. The EDX measurements were
carried out using an Oxford Instruments 100mm2 windowless detector
installed within the JEOL ARM 200F.

Electrical measurements
Low-temperature magnetotransport measurements of the core/shell
nanowires with normal contacts were carried out in a variable temperature
insert cryostat at temperatures between T = 1.7 and 20 K, under an axially
applied magnetic field up to B = 4 T. Biasing with a current I = 20 nA
between the two outer contacts, measurements were performed in four-
terminal configuration by recording the voltage drop with standard lock-in
technique between two inner contacts with measurement segment
length of 1 μm.

Measurements on Josephson junction devices were performed using a
four-terminal setup to the NbTi leads contacting the nanowire. Measure-
ments were performed in a dilution refridgeratorwith a base temperature of
14mK, equipped with a two-axis superconducting vector magnet allowing
accurate alignment of field parallel to the wire growth axis. Electrical
transport measurements were performed using current bias with custom
battery-powered electronics (TU Delft QT-IVVI rack) (https://qtwork.
tudelft.nl/schouten/ivvi/index-ivvi.htm). Measurements of dV/dI at ele-
vated temperature and higher currents in Fig. 5b, c were performed using
standard lock-in techniques with a signal recovery 7270 DSP lock-in
amplifier and again the battery-powered IVVI electronics. In contrast to
prior results on both normal and superconducting samples34,42,47, the thin
layer of epitaxial Al was rather sensitive to out-of-plane components of the
applied field. To address this issue, we performed calibration procedures for
both junction devices in which we rotated the magnetic field around the
nanowire and thus located the orientation for which the critical field is at its
maximum.

Semiclassical model for Josephson junctionmagnetic response
Here, we employ a semi-classicalmodel adapted from thework ofHimmler
et al.50, itself adapting a model from Ostroukh et al.51. The model considers
classical self-retracing trajectories (Γ) due to pure retro-reflections at
interfaces of the superconducting shell in vicinity of the junction. No tra-
jectories arising from normal reflections are considered and as such the
model is a significant over-simplification, but nonetheless an useful tool to
illustrate the underlying physics of the observed magnetic response. For a
full discussionof themodelwedirect readers to the source in ref. 50,which is
only briefly summarized here.

We consider the system pictured in Fig. 5d. Transport is considered to
occur on the surface of the hexagonal cross-section nanowire with three of
its six facets coveredwith superconducting aluminum.Thehexagonal cross-
section of the wire has an apothem of La = 100 nm.We consider a junction
of length L = 100 nm and sections of superconducting shell leads of length
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WS = 1000 nm. We find all trajectories that pass between the two super-
conducting regions and assume that each trajectory contributes a current
j(Γ). The total current is found by integration over all contributions j(Γ) for
all paths. The junction is assumed to be in the short junction limit,
L≪ ξ = hvF/Δ0, with vF the Fermi velocity and Δ0 the superconducting gap
energy. It is useful to define the edge length Ledge ¼ 2La=

ffiffiffi
3

p
, the perimeter

of the nanowire P = 6Ledge and the perimeter distance covered by super-
conductor C = 3Ledge.

In practice, followingHimmler et al.50, we take a cut through the center
of the normal junction region (at x =WS+ (L/2)) and characterize all tra-
jectories with a coordinate s along the cut and the axial wave number ks. The
total current is then given by

I ¼ 1
2π

Z
ds
Z

dksjðs; ksÞ;

I ¼ kF
2π

Z
ds
Z

dθt cosðθtÞjðs; θtÞ;

where θt is the angle of the trajectory with respect to the cut line in the z
direction around the nanowire cross section perimeter. Each path carries a
current given by the expression for the zero-temperature current phase
relationship of a short channel junction61,62,

jðθtÞ ¼
eΔ
4ℏ

τ sinðφ0 � 2γÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� τsin2ðφ0=2� γÞ

p ;

where τ is the transparency for the given trajectory, andφ0− 2γ is the gauge-
invariant phase difference63 which includes the Aharonov–Bohm phase
term,

γ ¼ e
ℏ

Z
Γ
ds � A ¼ nπ

Φ

Φ0
;

with Φ the magnetic flux and Φ0 = h/2e the magnetic flux quantum. In
practice, the term γ is zero except for trajectories which cross between the
source and drain superconductor while traversing the normal region on the
underside of the nanowire. Much like Himmler et al.50, we identify three
distinct types of trajectory that differ in details of the angles of incidence at
the superconductor interfaces (see examples in Fig. 5d), these are:
• Type 1—Trajectories that begin at s =WS and end at s =WS;+ L.

These trajectories have the same angle of incidence θi on both
superconducting leads.

• Type 2—Trajectories with one end at the short edge of the super-
conducting leads (at s=WS or s=WS + L) and one end along the long
edge of the superconducting lead (z = 0 or z =C).

• Type 3 - Trajectories that both begin and end at the long edge of the
superconducting leads (z = 0 or z =C).

These three types differ in terms of the angle of incidence θi of the
trajectory with the superconductor interface and its relationship with the
trajectory angle θt. In contrast to the work of Himmler et al.50, we use
expressions for the angular dependence of Andreev reflection probabilities
at semiconductor-superconductor interfaces taken from Mortensen et al.52

in order to evaluate the transparencies (τ) of each trajectory. Fromref. 52,we
describe the transparency as ∣A(θi,source)A(θi,drain)∣ where A(θi,m) is the
Andreev reflection probability at the start or end interface of the trajectory
given as

Aðθi;mÞ ¼
1

~E2 þ ð1� ~E2Þð1þ 2Z2
eff ðθi;mÞÞ

2 for θi;m < θc;

Aðθi;mÞ ¼ 0 for θi;m ≥ θc;

where ~E ¼ E=Δ0 is the normalized energy and Zeff is an effective tunnel
barrier strength given as

Zeff ðθi;mÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
κðθi;mÞ

Z
cos θi;m

 !2

þ ðκðθi;mÞrv � 1Þ2
4κðθi;mÞrv

vuut ;

where Z ¼ U0=ℏ
ffiffiffiffiffiffiffiffiffiffi
vNF v

S
F

p
is the dimensionless barrier strength introduced

byBlonder andTinkham53,withU0 thebarrierheight, and rv ¼ vNF =v
S
F is the

ratio of Fermi velocities in the normal conductor and in the superconductor.
The term κ(θi,m) is given as

κðθi;mÞ ¼ cos =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� r2ksin

2ðθi;mÞ
q

;

where rk ¼ kNF =k
S
F the ratio of wave numbers in the normal conductor and

superconductor. The critical incident angle θc ¼ arcsinð1=rkÞ has the effect
of cutting off contributions of many trajectories. The critical angle accounts
for the suppression of the Andreev reflection probability when momentum
cannot be conserved due to the parallel momentum in the normal region
exceeding the Fermi momentum of the superconductor. For additional
discussionof themodelingand simulation resultsunderdifferent conditions
see the Supplementary Notes 6 and 7. In all simulations we have assumed
that rv = rk = 1.

Data availability
All the data that support the plots and the other findings of this study are
available from the corresponding author upon reasonable request.
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