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Superconducting diodes are recently-discovered quantum analogues of classical diodes. The supercon-
ducting diode effect relies on the breaking of both time-reversal and inversion symmetry. As a result, the
critical current of a superconductor can become dependent on the direction of the applied current. The
combination of these ingredients naturally occurs in proximitized semiconductors under a magnetic field,
which is also predicted to give rise to exotic physics such as topological superconductivity. In this work, we
use InSb nanowires proximitized by Al to investigate the superconducting diode effect. Through shadow-
wall lithography, we create short Josephson junctions with gate control of both the proximitized weak link
as well as the proximitized leads. When the magnetic field is applied perpendicular to the nanowire axis,
the superconducting diode effect depends on the out-of-plane angle. In particular, it is strongest along a
specific angle, which we interpret as the direction of the spin-orbit field in the proximitized leads. More-
over, the electrostatic gates can be used to drastically alter this effect and even completely suppress it.
Finally, we also observe a significant gate-tunable diode effect when the magnetic field is applied parallel
to the nanowire axis. Due to the considerable degree of control via electrostatic gating, the semiconductor-
superconductor hybrid Josephson diode emerges as a promising element for innovative superconducting

circuits and computation devices.

DOI: 10.1103/PhysRevApplied.22.054034

I. INTRODUCTION

Semiconducting diodes are rectifiers that allow cur-
rent to flow in only one direction. As such, they are
ubiquitously used in conventional electronics. Recently,
superconducting analogues of diodes have been realized in
V/Nb/Ta superlattices, where the critical current depends
on the polarity of the applied current [1]. Consequently,
it has been named the “superconducting diode effect”
(SDE). The simultaneous breaking of both inversion sym-
metry and time-reversal symmetry has been identified as
the critical ingredient for achieving the SDE [2,3]. Time-
reversal symmetry is conventionally broken either through
the application of a magnetic field or by use of magnetic
materials [4]. Similarly, inversion symmetry is broken in
systems with spin-orbit interaction (SOI), either through
intrinsic structural asymmetry or via the application of
electric fields. Interestingly, a correction to the critical cur-
rent of superconducting films in the presence of an electric
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field was proposed in the context of superconductors with
an intrinsic polar axis [2]. It has the form of a(¢ x b) - J,
where « is the Rashba spin-orbit constant, the unit vector
¢ points along the electric field, b is an external magnetic
field, and J is the supercurrent density. Such a correction
can be obtained purely from the Ginzburg-Landau theory
when both inversion symmetry and time-reversal symme-
try are broken. In recent years, however, there have been
experimental reports suggesting that breaking of time-
reversal symmetry is not necessarily needed for the diode
effect. For example, nonreciprocal transport in noncen-
trosymmetric materials under time-reversal symmetry was
recently predicted and experimentally observed [5—S].

To give more insight into the microscopic mechanism
behind nonreciprocal critical currents, models that go
beyond the Ginzburg-Landau theory have been proposed
[9,10]. These models suggest that a finite Cooper-pair
momentum is the underlying physical mechanism. In this
picture, the energy of left-moving and right-moving carri-
ers develops a finite Doppler shift plus or minus qvg due
to the finite momentum q acquired by the Cooper pairs
[10]. On the other hand, theoretical studies on Josephson

© 2024 American Physical Society
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junctions (JJs) based on semiconducting nanowires pre-
dicted direction-dependent critical currents in the presence
of SOI and breaking of time-reversal symmetry [11,12].
In this case, nonreciprocity of switching currents is caused
by the interaction between multiple Andreev levels in the
junction. In addition, the Meissner effect has been pro-
posed [13] to give rise to a nonreciprocal critical current.
Finally, a small out-of-plane magnetic field also leads to an
SDE in type-II elemental superconductors [14].

Most of the work to date has observed the SDE in
metallic systems or van der Waals materials with a high
electron density [8], which implies that such devices can-
not be tuned electrostatically. In this context, proximitized
semiconductors are a convenient platform on which var-
ious parameters can be tuned with electrostatic gates.
This includes the transparency [15] and the number of
active modes in the junction, as well as the density in the
proximitized region [16]. Note that in proximitized semi-
conductors, superconducting correlations are carried by
electron-hole pairs, as opposed to a Cooper-pair conden-
sate in regular metals. These pairs form Andreev bound
states (ABSs) that can obtain a finite momentum due to
the interplay between spin-orbit interaction and a Zeeman
field [17—-19]. The finite-momentum ABSs can be con-
sidered as the proximitized analogue of finite-momentum
Cooper pairs. As a consequence, it is possible for an SDE
to exist in a semiconductor in proximity to a regular super-
conductor, such as Al Indeed, recent studies explored
the SDE in weakly proximitized InAs [20], either in the
form of Josephson junctions [21,22] or as a metallic wire
defined on the InAs stack [23]. Planar Josephson junc-
tions based on InSb nanoflags [24] and nanowires [25]
are also reported to yield an SDE. Most studies have
not reported a strong effect of electrostatic gating on the
SDE [21-24]. Therefore, superconducting diodes would
have limited use as circuit elements of superconducting
computation devices or quantum computers. Instead, a
greater degree of control is desired [26,27], similarly to the
electrical tunability of state-of-the-art quantum electronics
based on semiconductors [28].

In this article, we demonstrate the presence and con-
trol of the SDE in semiconductor-superconductor hybrid
Josephson junctions by means of electrostatic gating. Sep-
arate gate control of the electron density underneath the
proximitized leads as well as in the proximitized weak
link enables us to isolate their contribution to the observed
SDE. Furthermore, we show that the efficiency of the SDE
scales with the switching current in the JJ. In addition, we
demonstrate that the SDE can also occur when a magnetic
field is applied parallel to the nanowire axis and hence par-
allel to the current flow. Dual gating of the proximitized
weak link and the proximitized leads allows the InSb/Al
JJ to act as a Josephson field-effect transistor as well as a
superconducting diode. As such, it emerges as a promising
platform for the development of superconducting circuits.

II. EXPERIMENTAL SETUP

We study a Josephson junction made from an InSb
nanowire coupled to an Al shell, which has critical tem-
perature 7c ~ 1.8 K [15]. Figure 1(a) shows a schematic
of such a device together with the measurement circuit.
The InSb nanowire has a diameter of 110 nm and is placed
on a HfO, dielectric, which separates the device from a
set of local bottom gates. The device features two dis-
tinct gates: A voltage on the tunnel gate Vg is used to
control the proximitized weak link, where it affects both
the number of active modes and their transparency. On
the other hand, a voltage on the super gates Vsg con-
trols the electron density in the proximitized leads (i.e.,
the InSb segments underneath the Al). In recent work [16]
we showed that this gate can also be used to adjust the
semiconductor-superconductor coupling, resulting in gate-
tunable properties such as the induced gap and g-factor.
A current bias [ is applied through the junction, and the
resulting voltage drop ¥ is measured. The sample is fabri-
cated by means of our shadow-wall-lithography technique
[15,29]. This fabrication method allows us to create prox-
imitized weak links as short as 50 nm [30] such that the
device is expected to be in the short-junction limit. Since
the length of the proximitized weak link is shorter than
the coherence length, transport is dominated by tunnel
processes via Andreev bound states. In short junctions,
transport is also sensitive to properties of the proximi-
tized leads [31,32]. Figure 1(b) illustrates the cross section
of the hybrid together with the coordinate system used
throughout this work.

To investigate the SDE, we apply a current bias to the
sample and look for a difference in the detected critical
current between the forward-bias and reverse-bias mea-
surements. In Fig. 1(c), we show an example /-V curve
under conditions where an SDE should be observed (i.e.,
a finite magnetic field perpendicular to the nanowire axis).
As [ is swept from negative to positive (blue curve), the
measured voltage first drops to zero at the retrapping cur-
rent IF. At the positive switching event I, the measured
voltage jumps again to a finite value. Similarly, the neg-
ative retrapping and switching events /; and /= can be
obtained by reversal of the current bias polarity (red curve).
In this case, a small difference between I+ = 18.4 nA
and |[/~| = 17.7 nA is observed, evidencing the SDE. As
the switching current in Josephson junctions is stochastic
[33,34], we use a fast-switching detection method [23,35]
to accurately resolve its value (see Appendix A 3). An
example of a switching-current distribution obtained with
this method is shown in Fig. 1(d), where histograms for
200 switching events (I, /™) are plotted. From these dis-
tributions, the average switching currents for the forward
bias 7}, and the reverse bias |/, | are estimated. These val-
ues of the switching current are then used to calculate the
SDE efficiency 1 = (I3, — 15,/ (5, + 15, ))-
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Device and measurement technique. (a) Measurement circuit, depicting a Josephson junction in the current-bias configura-

tion. The InSb nanowire (green) is covered by an Al shell (blue), which forms a connection to the film on the substrate. The electronic
density underneath the shell is controlled via the super gates (red), and the junction transparency is tuned with the tunnel gate (orange).
(b) Hybrid cross section. The magnetic field angle 6 is defined as the angle in the plane perpendicular to the nanowire axis, starting at
0 = 0° when the applied magnetic field is along B,. (c) Example of /-V curves showing nonreciprocal behavior. Blue and red curves
display forward and reverse current bias, respectively. Positive and negative switching current (/*, /~) and retrapping current (1., 1)
are marked with dashed lines. (d) Example of switching-current histograms, each consisting of switching events (I, ™) from 200 I-V
curves. The average value of the distributions is labeled |/, |” and “I},” for the negative and positive switching currents, respectively.

III. RESULTS

We start the investigation of the SDE in our system by
rotating the magnetic field (B = 12 mT) in the plane per-
pendicular to the nanowire axis, so that the direction of
the current remains perpendicular to the applied field. We
set the tunnel gate voltage to a high V1g = 3.61 V. At
this voltage, the normal-state conductance of the junction
is on the order of three to five conductance quanta (see
Fig. 19). In the limit of a short Josephson junction, where
each transverse subband gives rise to a single mode, we
estimate there are around six to ten active modes. Con-
sequentially, this maximizes the switching current in the
proximitized weak link. The dependence of the diode effi-
ciency on the magnetic field angle and super-gate voltage
is shown in Fig. 2(a). In the top panel, we identify two dis-
tinct behaviors of the SDE. For Vsg > 1.15 V, we observe
a finite diode efficiency that exhibits a sinusoidal depen-
dence on the angle of the magnetic field. A line cut in
this regime taken at Vgg = 1.61 V is shown in the bot-
tom panel of Fig. 2(b). A sinusoidal fit of n(6) allows
us to extract the angle with maximum efficiency O, as
well as the efficiency nm.x at that angle (see additional
data in Appendix B). From the fit for this particular line
cut, we estimate G,x = 105° and 1.x = 0.08. In contrast,
the SDE is diminished and the field-angle dependence is
almost absent at Vsg < 1.15 V. This is emphasized in the

top panel of Fig. 2(b), which shows a line cut taken at
Vsg = 0.72 V. We execute the fitting procedure for all val-
ues of Vsg to determine O, and nmax as we vary the
gate voltage. The results are presented in the middle and
bottom panels of Fig. 2(a), respectively. We see that the
estimated 6,,x remains roughly constant at Vsg > 1.15 V
at Onax ~ 105°. We interpret this angle to be the direction
of the spin-orbit field in the proximitized leads 6,,x = 650,
which we elaborate on in Sec. IV. In contrast, 1y,ax is mod-
ulated between approximately 1% and approximately 8%
and does not simply increase with Vsg. In both panels,
the gray data points correspond to a poor sinusoidal fit
of () with an R? value of 0.85 or less. See Fig. 10 in
Appendix B for the underlying switching-current maps and
the estimation of the fitting error. As Vs also modulates
the magnitude of the switching current, we plot the maxi-
mum diode efficiency versus the average switching current
in Fig. 2(c). Interestingly, an increase in nm,x appears to
correlate with higher switching currents. This observation
naturally raises the question of whether the observed SDE
can be attributed to the contribution from the proximi-
tized leads of the device or to the increasing transparency
of the junction due to capacitive coupling between the
gates.

To answer this question, we note that the transparency
of the junction, as well as the number of modes in the
junction, can be adjusted directly through the use of the
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FIG. 2. Dependence of superconducting diode effect on super-gate voltage. (a) Top: n as a function of super-gate voltage Vsg and
0, taken with V1g = 3.61 V and B = 12 mT. Middle: Estimation of 6,,,. Bottom: 1.« as a function of Vsg. The dashed black line
indicates that the diode effect is suppressed at Vsg < 1.15 V. (b) Top: Lack of an SDE at Vsg < 1.15 V. Bottom: Presence of an SDE
at Vsg > 1.15 V. Line cuts taken from the top panel in (a) at locations indicated by the colored bars. In the bottom panel, the dashed
pink line specifies O,x, Whereas npax is depicted by the dashed purple lines. (¢) 7max as a function of average switching current, taken
along 6 = 105°. In all panels, gray data points correspond to a poor sinusoidal fit (R?> < 0.85) of 1 as a function of 6.

tunnel gate. We proceed by fixing the super-gate voltage
Vsg to 2 'V, above the previously identified threshold of
.15 V.

Next, the tunnel gate voltage Vrg is varied such that
switching current |/gy| is modulated from 5 to 25 nA. We
again vary the angle 6 of the perpendicular magnetic field
with an amplitude of 12 mT, while measuring the diode
efficiency. The results of this experiment are presented in
Figs. 3(a)-3(c), where in Fig. 3(a) we show the evolu-
tion of the SDE. The effect is present for almost all gate
values, while n is modulated with V7. Interestingly, the
extracted 6y, remains constant as a function of the junc-
tion transparency at fp,.x = 105°. In particular, n remains
sinusoidal in 6 [see, for example, Fig. 3(b)], and adjust-
ments of Vrg affect only the amplitude. The scaling of
Nmax With I, is no longer monotonic, while the highest
efficiency is still observed for high switching currents | /gy |
in the range 15-20 nA [Fig. 3(c)]. Moreover, we are able
to measure an appreciable SDE even at very low switch-
ing currents |/sy,| on the order of 5 nA. This confirms that
the observed crossover in Fig. 2 cannot be attributed to
a reduced switching current as a result of, for example,
capacitive coupling between the tunnel gate and the super
gate. On the other hand we note that for switching currents
as small as approximately 1 nA, the SDE (Vg = 2.15V)

is not detectable within our experimental resolution. The
situation is drastically different for Vsg = 0.8 V, which
we present in Figs. 3(d)-3(e). Here, we adjust the tunnel-
gate-voltage range such that it covers a similar range of
switching currents |/yy|, 5 and 25 nA. In Fig. 3(d), we see
that the efficiency of the SDE is generally lower. It is often
nonsinusoidal in 6, and 6, varies strongly with Vrg. An
example is shown in Fig. 3(e), where the angle with the
maximum SDE is close to 0°. The observed 7y,x is mainly
below 1%, even for the highest switching currents shown
in Fig. 3(%).

Next we turn our attention to the dependence of the
SDE on the magnitude of the magnetic field. The results
are shown in Fig. 4(a), where the polar axis is the field
angle 0 and the radial axis represents the field magnitude
B. Line cuts at various angles are shown in Figs. 4(b)—4(d).
In most the experiments to date, the efficiency of the diode
does not simply increase linearly with the magnetic field.
Instead, the linear dependence holds only for low values
of B, after which it peaks at a particular field value before
it decays to zero, as can be seen in Fig. 4(d), where the
field is applied along previously identified G0x = 105°.
In our device, we also find an unexpected deviation from
that behavior when the magnetic field is applied along
6 = 67° [see Fig. 4(c)]. Here, n increases linearly before
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Dependence of superconducting diode effect on tunnel-gate voltage. (a)+c) Dependence on Vrg at a high super-gate voltage

Vsg = 2.0 V. (a) Top: n as a function of Vg and 6. Middle: Estimation of 6y,,x. Bottom: 7yax as a function of Vrg. (b) Example of
n taken at the location indicated by the colored bar in (a). (¢) nmax as a function of average switching current, taken along 6 = 105°.
(d)yHf) Dependence on Vg at a low super-gate voltage Vsg = 0.8 V. (d) Top: n as a function of Vrg and 6. Middle: Estimation of 6.
Bottom: nmax as a function of Vrg. (e) Example of 1 taken at the location indicated by the colored bar in (d). (f) 7max as a function of
average switching current, taken along 6 = 105°. In all panels, gray data points correspond to a poor sinusoidal fit (R> < 0.85) of 1 as

a function of 6. Data taken at B = 12 mT.

saturating at B = 10 mT (see Fig. 17 for an extended mag-
netic field range). In addition, we note that the SDE is
negligible whenever the magnetic field is applied perpen-
dicular to 6. at & = 15°, as shown in Fig. 4(b).

Lastly, we examine the impact of a parallel magnetic
field on the SDE in our system. The results of this exper-
iment are presented in Fig. 5. At zero magnetic field [top
panel in Fig. 5(b)], the SDE is predominantly absent, with
occasional spikes at conductance resonances. When B,
is increased, the SDE becomes more pronounced and 7
exhibits multiple changes of sign as a function of Vg,
as shown in the bottom panel of Fig. 5(b). Strikingly, our
experimental data can once again be split into two differ-
ent characteristic regimes. For the low super-gate region
below 1.15 V, the SDE exhibits frequent polarity flips as
well as high efficiency. At voltages above that threshold,
the SDE is still present, but, in general, with lower inten-
sity and with fewer polarity switches. This is best seen by
comparison of the top and bottom panels of Fig. 5(c). The
top panel shows a line cut at Vsg = 1.1 V, which exhibits
a large n as well as a polarity switch. The bottom panel,
on the other hand, presents a line cut along Vsg = 1.3V,
where the SDE is strongly quenched.

IV. DISCUSSION

One of the primary findings of our experimental work
is a sinusoidal angle dependence of the SDE over a large
range of positive values of Vsg. Such a dependence can
be interpreted by taking into account the role of spin-orbit
interaction proposed in Edelstein’s model for polar super-
conductors [2], which predicts a correction to the critical
current in the form of @ (¢ x b) - J. From this prediction,
we expect a diode efficiency n o cos(6), which is maxi-
mum whenever the magnetic field aligns with the direction
of the spin-orbit field. The spin-orbit interaction in our
devices originates from the electric field applied on the
super gates. As the Al film covers three facets of the hexag-
onal nanowire and extends onto the substrate [Fig. 1(b)],
the electric field lines bend towards the metallic half-
shell [36]. This agrees well with the observed maximum-
efficiency angle 6,,x = 105°. On a second device (device
B, Fig. 23), the extracted 6.y is similar at G, = 110°.
This is also in agreement with the results obtained in a
work that studied the dependence of spin-orbit interaction
on the induced superconducting gap [36] for devices in the
same geometry.
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FIG. 4. Evolution of the superconducting diode effect as a function of magnetic field perpendicular to the nanowire axis. (a) Polar
plot of i as a function of 6 (polar axis) and field magnitude B (radial axis), taken at Vsg = 2.21 V and Vrg = 3.60 V. (b)«(d) I}, |11,
and 7 as a function of B taken at various angles. Perpendicular to the maximum-efficiency angle [0 = 15°, (b)], no SDE is observed. At
0 = 67° [(c)], the SDE persists in a high magnetic field. At the maximum-efficiency angle [0 = 105°, (d)], the SDE increases linearly
at B = 0 T and reaches a maximum at B = 10 mT.

A related observation is the dependence of the SDE  similarity between this sharp onset of the SDE and the tun-
on the super-gate voltage Vsg. As depicted in Fig. 2(a),  able semiconductor-superconductor coupling observed for
we notice a sharp onset in the SDE efficiency n and  InSb/Al hybrids [16]. The tunable coupling is reflected in
the sinusoidal angular dependence. There is a striking  a strong gate tunability of the size of the induced gap as
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FIG. 5. Evolution of the superconducting diode effect as a function of magnetic field parallel to the nanowire axis. (a) n as a function
of Vs and B.. (b) Examples of 1 as a function of Vsg taken at locations indicated by the colored bars in (a). At finite field (bottom),
the SDE frequently changes sign and the efficiency is strongly modulated by the tunnel-gate voltage. (c) Examples of 1 as a function of
B, taken at locations indicated by the colored bars in (a). Depending on Vsg, the magnetic field can both increase the diode efficiency
and cause a sign inversion. Data taken at Vg = 3.615 V.
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well as the g-factor. As the SOI is modulated by the cou-
pling as well [37,38], this provides an explanation for the
difference between the low and high super-gate regimes.
We interpret our observations as follows. For high Vg,
the system can be seen as S-S'-N-S'-S, where S is the Al
shell, S’ is the proximitized semiconductor, and N is the
proximitized weak link. In this regime, the hybrid inher-
its semiconducting properties such as a high g-factor and
appreciable SOI. The presence of a finite SOI in addition to
a Zeeman field results in a finite momentum of the ABSs
that form in the proximitized leads [17—19]. In contrast,
for low Vsg, the hybrid should be seen as S-N-S, where S
represents the metallic (Al-like) leads with weak SOI. In
the absence of SOI, the ABSs in the leads do not obtain a
finite momentum, resulting in the suppression of the SDE
(For completeness, we present dependence of 1 on Vgg at
60 mT in the Fig. 18). Still, the proximitized weak link
itself also possesses a strong SOI, which can lead to a
finite SDE. In particular, changing the tunnel-gate voltage
modifies the confinement in the junction. The conductance
resonances originating from this confinement [39] yield
a fluctuating spin-orbit direction [40]. This explains the
existence of an erratic SDE in the low Vg regime as
originating from SOI in the proximitized weak link.

It is worth mentioning that recently it was shown that
the SDE can also arise in systems without SOI [13]. In
this framework, screening currents present in the supercon-
ducting shell due to the Meissner effect lead to a spatially
varying order parameter. This can equally well result in
the formation of finite-momentum ABSs in proximitized
material. In the case of our study, however, the magnetic
field has a maximum contribution to orbital effects in the
Al shell when the field is oriented perpendicular to the
middle facet of the nanowire, at 8 = 30° [see Fig. 1(b)].
However, we observe a maximum value of n for mag-
netic field angle 6y,,x = 105°, almost perpendicular to this
direction (see Fig. 12 for corresponding switching cur-
rent maps). Moreover, n measured along 6 = 15° is close
to zero in a magnetic field range from 100 to —100 mT.
Related to those observations, the Meissner effect in the Al
shell does not seem to be the dominant mechanism explain-
ing our results. Orbital effects might also have a direct
effect on ABSs formed in the semiconductor; however, it
is presently unclear how this might influence the SDE.

The SDE dependence on the magnetic field magnitude
(as shown in Fig. 4) also points towards the presence
of finite-momentum ABSs. In particular, the dependence
of n on 6 evolves from being proportional to sin(f) to
being proportional to sin(rr sin(f)) as the magnetic field
amplitude is increased (see also Fig. 13 in Appendix
B). The angular dependence of the diode efficiency mea-
sured as a function of the magnitude of the magnetic
field looks nearly identical to the results reported for
NiTe, [19]. There, this behavior was directly attributed
to the presence of finite-momentum Cooper pairing. This

observation suggests that the phenomenological theory
of finite-momentum Cooper pairing can be universally
applied to different material systems and may help to dis-
criminate between various physical origins of the observed
SDE. Proximitized InSb is particularly appealing in this
context, as it has a fairly simple Fermi surface [41] and the
proximity effect has been widely studied in this material
[16,42], which should lead to a simplification of theoretical
studies.

Most of the models to date require the applied magnetic
field to be parallel to the spin-orbit axis and perpendicular
to the current flow [2,10], with finite-momentum Cooper
pairing as the microscopic origin. However, there are also
several predictions regarding an SDE with the magnetic
field applied parallel to the current flow. We discuss the
applicability of those models to the experimental results
presented in Fig. 5 (see Fig. 14 for switching current
maps). Short nanowire Josephson junctions with SOI in
the presence of a Zeeman field were theoretically studied
by Yokoyama et al. [11,12]. When multiple conduction
channels are formed within the proximitized weak link,
the Andreev levels interact and hybridize with each other
due to interplay between disorder and SOI. On the appli-
cation of an external magnetic field, they also become
subject to a Zeeman splitting. As a result, time-reversal
symmetry is broken and the energy of these levels is no
longer equal with respect to sign inversion of the phase
En(—@) # Ey(¢), where Ey is the energy of the Andreev
levels and ¢ is a phase difference across the junction. This
inequality also leads to an SDE. Similarly, a recent model
[9] predicted that in the presence of a finite out-of-plane
component, an in-plane Zeeman field is expected to drive
subband transitions that should manifest themselves as an
increase of the SDE efficiency as well as inversion of the
polarity. It is of particular interest for the study of topolog-
ical superconductivity, as this information could be used
to identify regions in parameter space where topological
superconductivity is predicted to emerge.

We suspect that the SDE in a parallel magnetic field
(as shown in Fig. 5) originates primarily from interac-
tion between ABSs in the proximitized weak link. To
understand this, we notice that under that particular gate
configuration, the normal-state conductance is similar to
that in Fig. 2 and the number of modes can be estimated as
6—10. We also note that the data can once again be divided
into two sections. In contrast to the case of a perpendic-
ular magnetic field, the SDE efficiency is greatest at low
Vsg, while it remains strongly modulated with Vyg (see
Fig. 22). In this regime, the electron density in the hybrid
segments of the nanowire is expected to be low [16,43,44].
Conversely, we keep V1g = 3.615 V, which ensures a high
density in the InSb weak link. The corresponding poten-
tial profile (e.g., a low Vgg in combination with a high
V1) results in additional confinement for the Andreev lev-
els formed in the proximitized weak link. A change in the
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confinement has been shown to change the magnitude and
direction of the SOI [40], and also affects the scattering
between different levels. Together, the interplay between
these effects can modify the Andreev level spectrum in the
weak link and, as a consequence, also affect the SDE. In
particular, a phase shift ¢ &~ 7 in the current-phase rela-
tion of the Andreev levels can generate a switch in the
polarity of the SDE, as predicted by Yokoyama et al. [12].
Such a phase shift can originate from either the changing
confinement or Zeeman splitting of the Andreev levels in
a magnetic field. On the other hand, Legg et al. [9] also
predicted sign changes in the SDE polarity as the result of
subband crossings in the hybrid. However, in this proposal,
a magnetic field component perpendicular to the nanowire
axis is also required, which we do not apply in the current
experiment. Furthermore, the addition of a small out-of-
plane component does not significantly alter the picture
(see additional data in Fig. 24). Thus, we cannot attribute
our observations to subband physics.

V. CONCLUSIONS

In conclusion, we have demonstrated the existence and
gate tunability of the Josephson diode effect in proxim-
itized InSb nanowires. We have identified that it has a
strong dependence on the electronic density both in the
leads and in the proximitized weak link. For a high den-
sity in the leads, the angle for which diode efficiency is
maximized is fixed. We interpret this angle as the direction
of the spin-orbit field in the proximitized leads, which is
in agreement with previous work on devices with a similar
geometry [36]. Likewise, the proximitized weak link can
give rise to the SDE, albeit with much lower efficiency.
There, the maximum angle is strongly modulated by the
tunnel-gate voltage, which we assign to a modification
of the confinement potential. Our measurements at high
magnetic fields point to finite-momentum Andreev bound
states as a microscopic mechanism for the observed diode
effect, in accordance with recent theoretical proposals and
experiments [13,19]. Finally, we show that the supercon-
ducting diode effect is also present when the field is applied
parallel to the nanowire axis.

This work demonstrates the impact of the electronic
density in the leads and the proximitized weak link on
the SDE. As a consequence, gate-tunable superconducting
diodes can be used as a building block of superconduct-
ing quantum devices. For example, proposals already exist
that envision the use of these devices as on-chip gyrators
and circulators [26]. Moreover, the gate-tunable switch-
ing current allows the InSb/Al JJ to act as a Josephson
field-effect transistor—establishing it as a highly versa-
tile and promising circuit element for superconducting
electronics. In addition, this system can be readily used
to create superconducting quantum interference devices,
in order to investigate the current-phase relation of a

Josephson diode. In this case, one arm of the loop is tuned
to the regime with a strong SDE and well-defined max-
imum SDE angle, while the reference arm can be tuned
to a trivial regime without any SDE. As theoretically
proposed, gate-tunable junctions can also be embedded
in many-loop interferometers to achieve unprecedentedly
high efficiencies [45]. Further improvements to the circuits
can be made through embedding quantum dots in the
junction, which may allow the achievement of the SDE at
zero magnetic field [46].

Raw data presented in this work and the data-processing
and data-plotting codes are available at [47].
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APPENDIX A: METHODS

1. Device fabrication

The InSb/Al hybrids presented in this work are fabri-
cated on prepatterned substrates, following the shadow-
wall-lithography technique described in Refs. [15,29].
Specific details of the substrate fabrication, nanowire oxide
removal, and superconductor deposition can be found in
the supplementary information in Refs. [16,48].

2. Setup for measurements

Samples are measured in a dilution refrigerator with a
base temperature of approximately 20 mK, equipped with
a three-axis vector magnet. We note that the switching cur-
rent measured in a Josephson junction has a stochastic
nature. As we are looking for quite-small switching cur-
rents, a single /- curve is not enough to systematically
investigate the superconducting diode effect. We present
the I-V curved obtained through standard. Instead, we use
a setup that allows us to record a large number of switch-
ing events and look for the average of the distributions
obtained. The circuit used for this is shown in Fig. 6(a),
and a false-color scanning electron micrograph is shown in
Fig. 6(b). We apply a current bias / with a triangular wave-
form and a frequency of 20 Hz. In Fig. 6(c), we show a

054034-8



GATE-TUNABLE JOSEPHSON DIODE

PHYS. REV. APPLIED 22, 054034 (2024)

cartoon of a single period of this wave in the bottom panel,
and the resulting voltage drop on the sample in the top
panel. During the first half-period of the wave, the current
is swept from negative to positive bias. The junction goes
from a resistive state into the superconducting state, where
the voltage drop =0 wV. As the bias is increased, the
junction switches again to the normal state, which causes
the voltage to jump to a finite value. Throughout the mea-
surement, we use a threshold voltage V. (light-blue line).
The circuit detects the voltage drop on the sample surpass-
ing the threshold voltage, and sends an optical trigger to
the current meter at that time ¢+ (dotted dark-blue line).
The current meter records the current bias value /™ (dashed
dark-blue line). In the second half of the wave’s period, the
situation is reversed. The bias now sweeps from positive
to negative, and at some point the junction switches from
the superconducting state to the normal state. At this time
¢t~ the voltage drop on the sample drops below the negative
threshold V; , and the current meter records the current bias
1~. For each data point (Vsg, Vg, B, 6, B.) presented in
this work, 200 periods of the waveform are swept, result-
ing in 200 recorded values of /™ and 7~ each. In Fig. 7,
four examples of resulting switching-current distributions
are shown for various values of the magnetic field. The
reported switching currents I and |7 | in this work are
calculated as the mean of each 200-data-point distribution.
At low values of B, the switching-current distributions are

typically broader as evidenced by their standard deviation
o [Fig. 7(a), bottom panel]. We suspect this is the result of
heating of the mixing chamber due to the presence of mag-
netic components in the sample puck. For completeness
we are presenting the data obtained via standard 4-probe
I-¥V measurement in the Fig. 8.

We used Delft University of Technology homemade
electronics tailor-made for the cryogenic measurements.
A description of the module performing optical detec-
tion is described in Ref. [49]. We used a Keithley 2000
multimeter to read the output of the module and a Keysight
33509B arbitrary-waveform generator to generate a trian-
gular wave.

3. Data analysis

Whenever the magnetic field is applied in the plane per-
pendicular to the nanowire axis, the diode efficiency is
modulated. The angle with maximum SDE efficiency can
be determined by one fitting the diode efficiency n(8):

n®) =asin(0 +c) +d,

Al
gmax =—c+ 900: ( )
where the amplitude a, phase ¢, and offset d are free fit-
ting parameters, while the period of the sine is fixed to
360°. The fitting procedure is applied to various 2D maps

(a) ()

40

FIG. 6. Measurement circuit and technique. (a) Electrical circuit used to measure switching-current distributions. (b) False-color
scanning electron micrograph of a Josephson junction that is lithographically identical to the measured devices. The junction is on the
order of approximately 80 nm long, and the hybrid segments are on the order of approximately 1 pm long. (c) Acquirement of a single
switching-current event. Top: Resulting voltage drop V on the junction. Bottom: Applied triangular wave with a frequency of 20 Hz.
On the up sweep, the circuits detects the surpassing of the threshold voltage V;; by the sample voltage. This sends an optical trigger to
the current meter, which records the switching-current event /. Similarly, I~ is recorded on the down sweep of the wave.
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FIG. 7. Examples of switching-current distributions at various magnetic field values. (a) Top: Switching current I}, |/, | as a
function of magnetic field B, taken at Vsg = 2.21 V, Vg = 3.60 V, and 6 = 67° (see also Fig. 4). Middle: SDE efficiency 1 as a
function of B. Bottom: Standard deviation ¢ of the switching-current distributions as a function of magnetic field. At |B| < 30 mT, the
distributions have a larger spread. We presume this results from heating of the mixing chamber near B = 0 T due to the presence of
magnetic components in the sample puck. (b) Switching-current distributions at B = 0 T. Despite the large spread of the distributions,
the average switching current for both current-bias polarities is the same. (c) At B = 10 mT, [, and |I_,| differ significantly, which
results in a diode efficiency 7 of almost 0.1. (d) At B > 30 mT, heating effects are diminished, which results in sharper distributions.
Also displayed in Fig. 1. (e) At higher fields, the distributions remain sharp but move closer together as the SDE is diminished.

of n versus 6 and either Vgg or Vg, notably in Figs. 2, good fit. In addition, we get the standard deviations of the
3, 15, and 23. In each figure, the typically small offset  three fitting parameters o,, 0., and o,;. Analysis and raw
is subtracted from the raw data. From the fits we also  switching-current maps of the four aforementioned figures
obtain the R? value, and set a threshold of R? > 0.85 for a is shown in Figs. 9, 10, 11, 16, and 24.

(b) V (uV) (c)
0.04
up sweep E < 000 i
-0.04
T
50 100 150 200 50 100 150 200 50 100 150 200
0 (deg) 0 (deg) 6 (deg)

FIG. 8. SDE measured in a dc setup. (a),(b) /-V curves recorded as a function of 8 at Vsg = 3.0 V, Vg =2.0 V, and B = 30 mT.
The data are taken in a two-terminal geometry and are corrected for a series resistance of 5815 Q. Dashed green lines indicate the
extracted switching currents. The curves shown in Fig. 1(c) are taken from these maps at the locations indicated by the colored bars
(6 = 174°). (c) Diode efficiency n taken from the dc maps in (a). The dc setup takes only a single value of the switching current,
such that the stochastic nature of the switching current results in a large spread in n as a function of 8. Moreover, n(6) appears to be
nonsinusoidal, in agreement with the high-field data shown in Figs. 4 and 13.
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APPENDIX B: ADDITIONAL DATA

In Appendix B, we present complementary character-
ization data of the SDE in InSb/Al hybrid devices. The
Figs. 19-24 systematically analyze the SDE’s response to
various external parameters. Analysis of cross-capacitance
between tunnel gate (V'1g) and super gates (Vsg) in Fig. 19
reveals that while the SDE efficiency drops sharply below
Vsg = 1.15 V, conductance maps indicate minimal cross-
coupling between the gates. Figure 20 demonstrates robust
SDE behavior under parallel magnetic fields, mapping

Idw (nA)
30

360

(c)

1.00 3 !
0.75 4
« 0.50 3

0.25

0.00 *rrrrrrrrrrtrrrrrrrrrrrreeeeey
075 1.00 125 150 175 200 225
Vsg (V)

asin(6+c)+d

0 L e T
0.75 1.00 1.25 1.50 1.75 2.00 2.25
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diode efficiency n versus Vsg and B,. The corresponding
switching current maps in Fig. 21 correlate gate tuning and
field alignment with SDE characteristics. Figure 22 exam-
ines rapid SDE sign inversion under high parallel Zeeman
fields, showing switching current modulation across tun-
nel gate resonances. Device reproducibility is confirmed
in Fig. 23 through angular () and Vsg dependence mea-
surements on a second device, consistently showing SDE
suppression below Vsg = 1.15 V. In Fig. 24, we present
switching current maps and our analysis of the sinusoidal
fits of n(6) underlying the data shown in Fig. 23.

[swl (nA)
(b) 20 30 40

Vsc (V)
(d) 5003 -
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o ]
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FIG. 9. Switching current and analysis underlying Fig. 2. (a),(b) I}, and |1, | versus Vsg and 6. (c) R? of the sinusoidal fit to the data.
At Vsg < 1.15V, R? quickly drops far below the threshold value of 0.85, indicating a poor sinusoidal fit. (d) Standard deviation o, of
the amplitude of the sine fits. (¢) Standard deviation o, of the phase of the sine fits. At Vsg < 1.15V, the phase becomes poorly defined.
(f) Standard deviation o, of the offset of the sine fits. In (d),(f), the dashed gray line corresponds to a change in the measurement setup
where we switched from sequential detection of I}, and |Ig, | to simultaneous detection. As a result, the measurement time is halved
and the thermal stability of the device increased, creating a more-accurate fit of the amplitude and offset of the sine functions.
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FIG. 10. Switching current and analysis underlying Figs. 3(a)-3(c) at Vsg = 2.0 V. (a),(b) I}, and |/, | versus Vrg and 6. (c) R? of
the sinusoidal fit to the data. R? remains above 0.85 over a large range of tunnel-gate voltages and corresponding junction transmission,
indicating a good sinusoidal fit. (d) Standard deviation o, of the amplitude of the sine fits. (¢) Standard deviation o, of the phase of the
sine fits. (f) Standard deviation o, of the offset of the sine fits.
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FIG. 11. Switching current and analysis underlying Figs. 3(d)-3(f) at Vsg = 0.8 V. (a),(b) I, and |, | versus V1g and 6. (c) R* of
the sinusoidal fit to the data. R? often drops below 0.85, indicating a nonsinusoidal SDE resulting from junction physics. (d) Standard
deviation o, of the amplitude of the sine fits. (¢) Standard deviation o, of the phase of the sine fits. (f) Standard deviation o, of the
offset of the sine fits.
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10 20 30 40 10 20 30 40 analysis underlying Fig. 4. (a)

| | | | Polar plot of It with 8 on the
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polar axis and B on the radial axis.
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the polar axis and B on the radial
axis.
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FIG. 13. Regular plot of the diode efficiency versus field magnitude; same data as in Fig. 4. (a) Regular plot of 1 as a function of
rotating field with increasing magnitude. (b) Line cuts of n as a function of 0 at various magnetic field values taken at the locations
indicated by the colored bars in (a). At B = 0 mT (light blue), the SDE is absent. At B = 12 mT (light green), the SDE is sinusoidal,
n o sin(f). At B = 41 mT (purple), the diode efficiency n becomes proportional to sin(r sin(6)), as predicted by Pal et al. [19].
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FIG. 14. Switching current and analysis underlying Fig. 5. (a),(b) I, and |I_,| versus Vsg and B.. (¢) n versus Vsg and B,. Same
plot as Fig. 5(a), with the difference being that Fig. 5(a) uses the absolute value of B, presented here and is cropped at B, = 0 7.
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20+ 5D (0A)

SDE dependence on tunnel-gate voltage. (a) Top: Diode efficiency 5 versus Vrg and 6. Taken at a low super-gate voltage

Vsg = 0.7 V and B = 12 mT. Middle: Estimation of the maximum-efficiency angle 6,.x. Bottom: Maximum diode efficiency nmax. (b)
Example of the SDE taken at the location indicated by the colored bar in (a). The diode efficiency 7 is proportional to sin(rr sin(f)). (c)
Nmax as a function of average switching current, taken along 8 = 105°. In all panels, gray data points correspond to a poor sinusoidal

fit (R? < 0.85) of 1 as a function of 6.
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FIG. 16. Switching current and analysis underlying Fig. 15. (a),(b) I and |/;

W

| versus Vg and 6. (c) R* of the sinusoidal fit to the

data. R* mostly stays below 0.85, indicating a nonsinusoidal SDE resulting from junction physics. (d) Standard deviation o, of the
amplitude of the sine fits. (e) Standard deviation o, of the phase of the sine fits. (f) Standard deviation o, of the offset of the sine fits.
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FIG. 17. Persistent SDE at a high field perpendicular to the nanowire axis. (a) I}, and |/, | versus B, taken at Vsg = 2.21 V, Vqg =
3.61 V, and 6 = 65°. (b) n versus B. The SDE persists up to a high perpendicular magnetic field B = 140 mT. Above this magnetic
field value at this particular field angle, the Al shell on the nanowire starts to turn normal. In this case, the junction resistance below
the switching current becomes finite and the /-7 curve becomes smooth, so it is difficult to set the appropriate threshold for switching-

current detection.

054034-16



GATE-TUNABLE JOSEPHSON DIODE

PHYS. REV. APPLIED 22, 054034 (2024)

(a) 13w (nA) (b) lswl (nA)

0 10 20 30 40 0 10 20 30 40

240

6 (deg)

120

0
Vsc (V) Vsc (V)
(c) n (d)
-0.1 0.0 0.1
360 :—I ]
J | I ‘ QZO—_
J £ i
] | |. o 3
2404 : = 107
5 A ' ]
@ i | 3
Nl
@ : ]
120 | g
il -
. l , -0.06
0 F—r—r——————r— ——
0.5 1.0 1.5 0.5 1.0 15

054034-17

FIG. 18. SDE at a high field
perpendicular to the nanowire
axis. (a),(b) I and |I_,| versus
Vsg and 6, taken at Vig = 3.61
V and B =60 mT. (c) n versus
Vsg and 6. (d) I, |I |, and n
taken at the maximum-efficiency
angle 60 = 105°. The SDE fre-
quently inverts sign as the super-
gate voltage is changed.
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FIG. 19. Cross-capacitance between the tunnel gate and super gates. (a),(b) I}, and |/, | versus V1 and Vrg, taken at B = 12 mT
and 6 = 105°. (¢) n versus Vrg and Vsg. At Vsg < 1.15 V (dashed line), the SDE is strongly reduced. (d) Device conductance as a
function of Vg and Vsg, showing a minimal cross-capacitance between the gates. Data taken by application of a small bias voltage
Vic = 1 mV across the device and measurement of the resulting current 7, such that G = I/ V.
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FIG. 20. Evolution of the superconducting diode effect as a function of magnetic field parallel to the nanowire axis. (a)+c) Diode
efficiency 7 as a function of super-gate voltage Vs and parallel magnetic field B, without any magnetic field component perpendicular
to the nanowire axis. (b) Examples of  as a function of Vg taken at locations indicated by the colored bars in (a). (c) Examples of 1 as
a function of B, taken at locations indicated by the colored bars in (a). (d),(e) Diode efficiency n as a function of super-gate voltage Vsg
and parallel magnetic field B, with a small field applied along the maximum-efficiency angle, B = 12 mT, and 6§ = 105°. (¢) Examples
of n as a function of Vsg taken at locations indicated by the colored bars in (d). (f) Examples of n as a function of B, taken at locations
indicated by the colored bars in (d). A perpendicular component of the magnetic field does not alter the observed SDE significantly.
Thus, we do not attribute the observations to subband physics as predicted by Legg et al. [9].

FIG. 21.

W

| versus Vs and B, corresponding to Figs. 20(d)—20(f).
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Switching-current maps underlying Fig. 20. (a),(b) I}, and |I | versus Vss and B, corresponding to Figs. 20(a)-20(c).
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FIG. 22. Rapid sign inversion under a high parallel Zeeman field. (a),(b) I}, and |/, | versus Vg and B;. The tunnel-gate voltage
sweeps across many resonances in the junction, causing a modulation of the switching current. Taken at Vsg = 0.7 V. (c) n versus
V1G and B,. As the tunnel gate sweeps across junction resonances, the diode efficiency frequently inverts its sign and its magnitude is
strongly modulated. (d) I}, |7;,,|, and 1 as a function of Vg at B, = —0.5 T.
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FIG. 23. Reproduction of the dependence of the superconducting diode effect on super-gate voltage on a second device. (a) Top:

Diode efficiency 7 as a function of super-gate voltage Vsg and 0, taken with Vg = 4.5 V and B = 12 mT. Middle: Estimation of
the maximum-efficiency angle 6;,,x underneath the hybrid. Bottom: Maximum diode efficiency nmax as a function of Vgg. The dashed
black line indicates that the diode effect is suppressed at Vsg < 1.15 V. (b) Top: Lack of an SDE. Bottom: Presence of an SDE. Line
cuts taken from the top panel in (a) at locations indicated by the colored bars. In the bottom panel, the dashed pink line depicts the
maximum-efficiency angle, whereas the maximum diode efficiency is depicted by the dashed purple lines. (¢) nmax as a function of
average switching current, taken along & = 105°. In all panels, gray data points correspond to a poor sinusoidal fit (R> < 0.85) of 1 as
a function of 6.
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