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We study the current-phase relation (CPR) of an InSb-Al nanowire Josephson junction in parallel
magnetic fields up to 700 mT. At high magnetic fields and in narrow voltage intervals of a gate under the
junction, the CPR exhibits 7 shifts. The supercurrent declines within these gate intervals and shows

asymmetric gate voltage dependence above and below them. We detect these features sometimes also at
zero magnetic field. The observed CPR properties are reproduced by a theoretical model of supercurrent
transport via interference between direct transmission and a resonant localized state.
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A Josephson junction (JJ) consists of two superconduc-
tors (S) and a weak link that supports transport of Cooper
pairs in the form of a nondissipative supercurrent [1]. If the
weak link is a normal conductor (N), Andreev levels are
formed inside the junction and mediate the supercurrent
[2]. Semiconductor SNS-JJs are widely used to study the
influence of their tunable properties on the Andreev
spectrum and supercurrent. This is evident in multiple
superconducting phenomena, including topological super-
conductivity [3—10], the anomalous Josephson effect [11—
15], and the Josephson diode effect [16-23]. SNS-JJs also
have attractive applications in gate-tunable superconduct-
ing qubits [24-26] and Andreev spin qubits [27-32].

A 7z-shift in the current-phase relation (CPR) of a JJ can
occur due to spin splitting of the Andreev levels in an
external magnetic field [11,12]. In the presence of Coulomb
interaction, the supercurrent direction can depend on the
junction parity, and O — z transitions may occur even at
zero field [33-36]. These phenomena have been studied for
quantum-dot-based SNS-JJs in semiconducting nanowires
[37—41], carbon nanotubes [42—44], and two-dimensional
electron gases [45]. In hybrid nanowire JJs, the CPR has
been measured only at low magnetic fields (tens of mT).
Studying CPR in high magnetic fields is motivated by
various proposals for detecting a topological phase tran-
sition by supercurrent measurements in hybrid nanowire JJs
[5,7,46,47].

In this Letter, we study the CPR of a hybrid InSb-Al
nanowire JJ embedded into a superconducting quantum
interference device (SQUID) at unprecedentedly high
parallel magnetic fields, exceeding 700 mT. At zero field,
localized states in the junction are observed as resonances
in the normal-state conductance. When these states become
involved in the superconducting transport as they are tuned
close to the Fermi energy by a gate under the junction, the
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supercurrent exhibits asymmetric amplitude modulation by
the gate. In these gate intervals at zero field, either pairs of
0 — # transitions give rise to z regions in the CPR, or the
supercurrent is enhanced with constant phase. We further
investigate the CPR by increasing parallel magnetic field
and find that high fields can enlarge the z regions or drive
new 0 — z transitions. In order to understand these phe-
nomena, we develop a model involving a transmission
channel and a localized resonant state inside a single
nanowire JJ. This model can reproduce the main interesting
features observed in the experiment by considering the
interference between the transmission channel and the
localized state. This interference effect of supercurrent
represents a novel, superconducting version of the well-
known Fano effect [48].

The nanowire SQUID is introduced in Fig. 1(a) (left).
Two InSb-Al nanowire Josephson junctions, JJ1 and JJ2,
are enclosed in a superconducting Al loop. The Al layout is
obtained through the shadow-wall lithography [49-51]. An
enlargement of JJ1 is displayed in Fig. 1(a) (right). The
junction is ~40 nm long and its electrochemical potential is
controlled by an underlying gate with a voltage V5. The
other two underlying gates with voltages V;; and Vg,
predominantly tune the nanowire sections covered by the
left and right lead. JJ2 has nominally the same design as
JJ1. An in-plane magnetic field B, is applied parallel to JJ1
and the flux through the loop is introduced by an out-of-
plane magnetic field B,. For more details of the device
fabrication, see our recent work [51].

We characterize the SQUID by applying a bias current 7,
and measuring a voltage drop V across the SQUID while
sweeping the flux through the loop. The measurements are
performed at B, =0 mT and B, = 600 mT [Fig. 1(b)].
Aside from the measurements in the 2D maps, a setup for
switching current measurements in a fast way is employed

© 2024 American Physical Society
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FIG. 1. (a) False-colored SEM image of the nanowire SQUID
(left, scale bar 1 pm) and an enlargement of one arm (right, scale
bar 100 nm). Dielectric shadow walls (yellow) define the two
Josephson junctions (JJ1 and JJ2, critical currents /. and /) in
two InSb nanowires, and the superconducting Al (blue) loop on
the substrate. White arrows indicate the current directions along
the two SQUID arms between the source and drain connected in
the four-terminal setup. JJi is coupled to three underlying gates at
voltages V;, Vg, and Vg; (i = 1,2). Magnetic fields B, and B,
are applied along JJ1 and out of plane, respectively. (b) V as a
function of I, and B, at B, =0 mT and B, = 600 mT, over-
lapped by I, traces (red). The gate settings are V51 = 2.36 V,
Vii=Va =15V, Vg =288 V.and V;, = Vg, =175 V.

[22,52]. For each B, a switching current value is recorded
as the I, value for which the SQUID switches from the
superconducting to the resistive regime [53]. Such obtained
I,,,(B,) dependences (red traces) overlap well with the 2D
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FIG. 2. (a) dI/dV, as a function of V, and Vg at B, =0mT and V,,
Ver=Vip =

12 15 18
(c)

maps in Fig. 1(b), demonstrating the accuracy of the fast
measurement setup; hence, we employ them in the rest of
this work. The SQUID oscillations at high B, confirm the
resilience of supercurrent interference against large mag-
netic fields [51]. At zero magnetic field, we use the gates to
tune the critical currents of JJ1 and JJ2 so that /., > I ;.
JJ2 then serves as the reference junction and the CPR of JJ1
is directly obtained from an I,,(B,) trace. In our SQUID,
B, simultaneously suppresses .;,, and a highly asym-
metric SQUID configuration is not always reachable at
high B,. In spite of this, a 0 — & transition in JJ1 still causes
a half-period shift in the /,,,(B,) trace.

We first pinch off the reference arm and measure the
differential conductance dI/dV, of JJ1 in a two-terminal
setup with the standard lock-in configuration [53]. In
Fig. 2(a), dI/dV, at B, =0 mT is shown as a function
of a bias voltage V;, and V. By finding the positions of
the coherence peaks in the horizontal line cut, the super-
conducting gap of the leads A ~ 0.23 meV is extracted. In
the normal-state transport (|V,| > 2A/e), resonances in
dl/dV, (red dashed line) indicate the presence of a state
localized in the junction. We estimate its charging energy
as U <4 meV ~ 16A and its coupling to the leads as
I'~1 meV ~4A [53]. The features of superconducting
transport (|V,| < 2A/e) exhibit strong modulation as
the localized state approaches the in-gap energies and
contributes to the superconducting transport. In order to
investigate the influence of the localized state on the
supercurrent, we turn on the reference arm and use the
SQUID configuration to investigate the CPR.

Figure 2(b) displays I, of the SQUID as a function of
B, and V. Three distinct regions can be identified, with
the middle region being z-shifted (z region) relative to the
regions below and above (0 regions). Noticeably, the =
region occurs in the same Vg, interval in which the
localized state is tuned below the superconducting gap
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Vr =0 V. A line cut (gray) with sharp coherence peaks and broad resonance (red dashed line) peaks is shown

below. (b) I, as a function of B, and Vg at B, =0 mT and V;; = Vg, = 1.5 V. JJ2 is turned on by setting Vg, = 2.88 V and

Vip =
right. (c) Same as (b) but for B, = 600 mT.

Vo, = 1.75 V. Horizontal line cuts (red, blue, and black) are shown below and a vertical line cut (purple) is displayed on the
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in Fig. 2(a). Three horizontal line cuts demonstrate that the
supercurrent declines inside the 7 region as its line cut has
the smallest amplitude. Furthermore, there is an asymmet-
ric gate voltage dependence of the supercurrent amplitude
below and above the 7 region, as confirmed by the vertical
line cut. Upon applying B, = 600 mT, /,, dependence on
B, and V, is measured and shown in Fig. 2(c). Four line
cuts taken analogously as in Fig. 2(b) demonstrate that the
supercurrent suppression inside the z region and the
asymmetry between the 0 regions remain at high B_, but
is less prominent than at zero field. The high magnetic
field causes a broadening of the z region along the V5
axis [41]. We estimate that this expansion corresponds to
~0.9 meV ~4A range in the junction electrochemical
potential [53], noting that a same Zeeman energy gugB ~
0.9 meV would yield a g factor g ~ 26.

We proceed by studying the [, dependence on B, and
V1 athigher gate voltages and B, = 0 mT [Fig. 3(a)]. Two
horizontal line cuts and one vertical line cut show that the
supercurrent is enhanced around Vg =2.49 V, with a
constant superconducting phase and an asymmetric ampli-
tude modulation below and above the enhancement. Next,
we apply B, and remeasure the /,, dependences at B, =
490 mT [Fig. 3(b), left] and B, =720 mT [Fig. 3(b),
right]. At B, =720 mT, a = region is observed in the
studied V; interval and two horizontal line cuts with
comparable amplitudes indicate a weak suppression of the
supercurrent in the z region. In addition, one vertical line
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FIG. 3. I, as a function of B, and Vg, at (a) B, =0 mT
and (b) B, = 490 mT (left) and B; = 720 mT (right). The other
gate voltages are V= Vg =175V, V; =288V, and
V1>, = Vg, =1.75 V. Horizontal line cuts (red and blue) are
shown below and a vertical line cut (purple) is shown on the right.

cut shows that the asymmetry between the O regions is also
weak. At B, = 490 mT, two horizontal line cuts show that
the frequency of [, oscillations doubles in a narrow V5
interval. Such a double frequency oscillation has been
studied theoretically [12,34,36] and observed experimen-
tally [41], and is due to an intermediate regime existing in
between a stable 0 and 7 region, here at B, = 0 mT and
B, = 720 mT, respectively.

Common features in Figs. 2 and 3 include the peculiarly
sharp and asymmetric gate voltage dependence of the
supercurrent amplitude in the narrow gate intervals asso-
ciated with the 0 — 7z transitions. Sharp dependences gen-
erally suggest that a localized state is involved, and in our
experiment this is confirmed by the resonances in the
normal-state conductance of the junction. The supercurrent
and normal-state conductance generally remain finite when
the localized state is off-resonant, which implies the
existence of a background transport channel. This moti-
vates us to explain the asymmetric resonant features by
considering the interference between the localized state and
direct transmission, as such mechanism gives rise to the
peculiar asymmetry of Fano resonances [48]. In the rest of
this Letter, we develop a model to theoretically investigate
this effect.

Figure 4(a) (top) shows a schematic of a nanowire JJ
with filled states in the leads and the transmission channel
in black. Random potential minima in the junction are
either filled (small solid regions) or empty (regions with
dashed boundaries). An active localized state is shown in
red. For convenience, we treat the direct-transmission
channel as a resonance as well, but its energy broadening
by far exceeds all other energy scales in the system.
Therefore, we develop a two-dot model of a JJ, which is
introduced in Fig. 4(a) (bottom). The first dot (red, energy
E/) represents the localized state. In order for the second
dot (black, energy E,) to model the transmission channel,
the dot energies and tunnel couplings to the leads should
satisfy the relation Fé‘R L Ey, > F']“’R ,E;. Then, we can
neglect the influence of the gate voltage and magnetic
field on the second dot, and we also neglect its charging
energy. Importantly, there is a direct tunnel coupling with
the rate x between the two dots that allows for the
interference. Additional nontrivial elements are tunneling
rates y; g that cannot be ascribed to a certain dot, but to a
superposition state of the two dots. These parameters are at
an intermediate scale, «, y; g =~ +/I']I;. A magnetic field is
introduced by the Zeeman energy in a simple form B - o,
where B is in the units of A. The spin-orbit length of
the InSb nanowires is a few hundred nanometers [54],
much longer than the length of the Josephson junction.
Considering its weak influence, spin-orbit interaction is
neglected in the main article. The charging energy U of the
first dot is set to U = O for the simulation of Fig. 3. A more
general case with U > 0 is presented and the influence of
finite spin-orbit coupling is discussed in the extended
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FIG. 4. (a) Schematic of the electron distribution in a nanowire

JJ (top). Schematic of the two-dot model: the red dot (energy E|,
charging energy U) and the black dot (energy E,, no charging
energy) (bottom). Tunneling couplings to the leads (left, right)
and between the dots are taken in ratios [}:TR:x=
0.001:0.001:1 and T%:T#:E, =0.33:0.67:12. (b) G as a
function of E; for B = 0 (black) and B = 2A (red). (c) /.. (units
2eA/h) as a function of ¢ and E, for B = 0. Horizontal line cuts
(blue, red, and black) are shown below, and a vertical line cut
(purple) is shown on the right. (d) Analogous to (c), but for
B = 2A. (e) E, as a function of E; for different B. In (b)—(e), the
charging energy is neglected by taking U = 0.

datasets in the Supplemental Material [53], where the full
derivation of the model is given as well. The model
parameters for the total resonant broadening, charging,
and Zeeman energies can be extracted from the experiment
[53] and have been taken consistently, while other param-
eters have been chosen to maximize the width of z regions
though no extensive optimization has been made.

Figure 4(b) shows the normal-state conductance G
through the two-dot system as a function of E; for B =
0 (black) and B = 2A (red). The ratio of the coupling rates
is chosen such that the total coupling to the leads is ' = 4A
(as in the experiment) [53] and the two-dot interference
results in the Fano shape of the resonant peculiarity due to
competing processes of resonant transmission and resonant
reflection [48]. The coupling parameters remain fixed in the
rest of the Letter [53]. Next, we perform calculations on the
supercurrent transport via the two coupled dots. The
supercurrent is computed as a phase derivative of the total
energy, including the contribution of the continuous spec-
trum. In Figs. 4(c) and 4(d), the junction CPR I.(¢) is
obtained as a function of E; for B=0 and B = 2A,

respectively. For B = 0, three horizontal line cuts (blue,
red, and black) and one vertical line cut (purple) show that
the /. amplitude is enhanced and asymmetrically modu-
lated around the resonance. The CPR exhibits no phase
shifts and is skewed at the resonance due to the enhanced
transmission. For B = 2A, a 7 region and two O regions are
obtained along the E; axis, with supercurrent suppression
in the 7z region and asymmetry between the 0 regions. In
order to more easily identify z regions, we define a quantity
E, = E(¢p =0) — E(¢ = n) that is the difference between
the junction ground state energies at ¢ =0 and ¢ = x.
Therefore, a z-shifted CPR is obtained whenever E, > 0.
Figure 4(e) displays E, as a function of E; for different B.
For small B, E, < 0 for all £, confirming the absence of 7
shifts at B = 0. However, if B is sufficiently large, one
obtains intervals in E; with E, > 0. These intervals
correspond to a z region that appears due to the Zeeman
energy, as in Fig. 4(d). As B increases, the intervals of E;
with E, > 0 extend, which indicates that the 7 region
broadens with the Zeeman energy.

The theoretical model reproduces the experimentally
observed magnetic-field-driven 0 — z transitions with
supercurrent suppression inside the z regions and asym-
metrical modulation outside the 7 regions. 0 — 7z transitions
at zero magnetic field are also reproduced by the model
with a sufficiently large on-site interaction (the case of
Fig. 2) and the typical features of suppressed supercurrent
inside the n regions and the asymmetrical modulation
outside the 7 regions still remain (see Fig. S8 [53]). In
the calculations, /. jumps show up due to the Andreev
levels crossing the Fermi energy and changing the ground
state parity of the junction. In the experiment, however, the
sharp jumps are smeared out since the switching current /,,
close to parity transitions represents an average of the two
parities.

In conclusion, we report on the CPR properties of an
InSb-Al nanowire JJ in high magnetic fields. The super-
current of the device is sharply and asymmetrically
modulated in narrow intervals of the junction electrochemi-
cal potential, where a localized state is involved in the
transport. In these intervals, high parallel magnetic fields
can drive 0 — 7 transitions with z shifted CPR in between
two 0 regions. The 0 — # transitions are favored by the on-
site interaction in the localized state and can also occur at
zero magnetic field. These phenomena can be explained by
a theoretical model that involves a direct transmission
channel and a localized state inside a JJ. The interference
between the direct transmission channel and the localized
state leads to Fano-resonance features as in the experiment.
Our study thus introduces a superconducting counterpart of
the Fano effect and shows how such effect can lead to 0 — z
transitions in high magnetic fields.
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