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Fig. 2 | Supercurrent anisotropy and rectification. a, Current dependence of the kinetic inductance of the array for an applied in-plane magnetic field of
100mT. The top graphs refer to an in-plane field directed parallel to the current direction T. The middle graph refers to an in-plane magnetic field forming an
angle of 45° with the current direction, while in the bottom graph the in-plane field is perpendicular to the current. Small vertical shifts have been applied

to the curves to account for the residual field of the superconducting coil, as discussed in the Supplementary Information. b,¢, Constant (b) and linear
coefficients (¢) of the polynomial expansion of L(I) as a function of the angle 6 between 05 and the supercurrent density oriented along 0. d, Coloured lines
and symbols show the measured supercurrent magnetochiral anisotropy —005{(0g0;p) versus magnetic-field angle 6. A coefficient y, =0.77 x 108 T At is
extracted from a sine fit of the data. Grey scale lines are fitted magnetochiral anisotropy computed within our model for different values of the confinement
potential V... The corresponding values of the maximum magnetochiral anisotropy y, are reported. The three curves are perfect sine functions. All

measurements have been performed at T=100 mK.

analogue of the supercurrent rectification recently reported in ref.
for 2D metallic superlattices.

Magnetochiral anisotropy for supercurrents

A convenient probe of the CPR symmetry is the Josephson induc-
tance, which can be derived by combining the CPR I=If(¢) and
the second Josephson equation ¢ = 2eV/h to

\%4 h

_ _ _ hde(D)
Todyde 261:0(1{1(7;') '

L =
2e dI

(3)

The Josephson inductance is proportional to the derivative of
the inverse CPR. Therefore, the minimum of L(I) occurs at the
inflection-point current i" in the CPR (red dot on blue curve in Fig.
1e). As shown in the corresponding reference measurement in Fig.
1g, L(I) is symmetric around zero current, where the minimum
inductance occurs in the absence of magnetic fields. The situation
can change when an in-plane field is added, as shown in Fig. 2a. If
the in-plane field By, = B.x + B,y is parallel to the current (B,=0),
no asymmetry is observed (top panel in Fig. 2a). The overall induc-
tance increases, reflecting the gap (and thus the critical current)
reduction, but no magnetochiral effect is observed, as the vector
product B x I is still zero. On the contrary, when the in-plane field
has a component B, perpendicular to the current, a clear asymmetry
is observed: the minimum of L(I) (corresponding to the inflection
point in the CPR) occurs now at a finite current i*. The value of i*
increases with increasing B, and its sign switches together with the
sign of B,

To quantify the effect, we take the leading terms in the polynomial
expansion of L(I) = Lo + L%+ L™?/2 around zero current, with
L= 01L|1=o and L™= 9?L|;=. In Fig. 2b,c, we plot the constant
term L, and the linear term L' as functions of the angle between the
applied in-plane field By, and the current direction X. The constant
term increases in magnitude when decreasing gate voltage towards
more negative values and shows relatively small anisotropy. The
increase of L, reflects the decrease of I, with decreasing number
of channels. The slight anisotropy of L, probably reflects a warp-
ing of the Fermi surface in the parallel field that affects the Fermi
velocities of the two spin components. In contrast, the linear term
is strongly anisotropic, as it vanishes for magnetic fields parallel to
the current direction and reaches its maximum for transverse field
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(B,=0). Very similar results have been found for a second sample
with current flow in the [110] direction. Figure 2d shows that the
ratio L5/Lo is nearly independent of the gate voltage and varies in
good approximation proportionally to (B = I) - z = Bl sin 6, where
8 is the angle between By, and I. From the amplitude of the sine, we
extract the magnetochiral anisotropy coefficient for the inductance,
v, =0.77x 106 T-* A=, This is a new observable that refers directly to
the superfluid and cannot be detected by resistance measurements.
It is of the same order of the corresponding coefficient y, for the
resistance discussed below, namely, in the range of 106 T-1 A2,

To numerically simulate the L(I) characteristics of the Josephson
junction array and to extract the supercurrent magnetochiral anisot-
ropy coefficient, we developed a realistic theoretical model (see
Supplementary Information for further details) whose KWANT?#
implementation provides a semiquantitative description of our
experimental data. The fundamental parameters in our model are
the Bychkov—Rashba spin—orbit coupling strength a=15meVnm
(see Supplementary Information for further details)?, the in-plane
g-factor ¢ —10 of the InAs quantum well*, the effective mass of
electrons m"  0.02m, (m, is the free-electron mass)?**®, as well as
the Fermi energy that we estimated asy 239 meV. We approximate
the effects of charge transfer and band alignment within the InAs
layer by a parabolic potential well of depth V.. This parameter
controls the magnitude of the anisotropy with respect to the orien-
tation of the in-plane magnetic field. The ratio of the Zeeman shift
of the two spin subbands to the Fermi energy u controls the orbital
phase shift between the subbands forming the ABS**-*¢, Hence, the
Zeeman shifts become more important at low p (and thus high
V.ont)- The lower the Fermi level, the lower the x-component of the
Fermi velocity, and thus the higher the CPR asymmetry®. As dis-
cussed in the Supplementary Information, the effect is amplified in
the presence of many transverse channels in wide junctions: modes
with large transverse wavevector kg, must have a low longitudinal
Ke.. These modes contribute overproportionally to the anomalous
CPR shift @, (ref. ).

The results of our numerical simulations are also shown in Fig. 2d
and fully support our qualitative reasoning. In particular, the sinu-
soidal dependence of L§'@ on the in-plane angle 8 is nicely repro-
duced. Assuming V,,,=0, we obtain supercurrent magnetochiral
anisotropy coefficients y; that are about one order of magnitude
lower than the experimentally detected ones. Since the anisotropy
increases linearly with the Rashba parameter (analogously to @,
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Fig. 3 | Supercurrent interference. a, Fraunhofer patterns of the Josephson junction array in combined out-of-plane B, and in-plane magnetic field B,
parallel to the current flow, with B,=0. Each curve represents the critical current |(B,) at a given value of B,. b, Modified Fraunhofer patterns for in-plane
fields B,> O transverse to the current flow, with B,= 0. ¢, Direct comparison of I and |15 | versus B, for B,=75mT, where the asymmetry is the largest.

d, Measured |Al¢| = |I7 — |17 |]. The diode effect is suppressed whenever the applied flux equals a multiple of ®,/2 0.37mT as discussed in the
Supplementary Information. e, I and |I7" | as a function of B, for B,= 0. f, Difference between I and |17 | for the latter case. All measurements have been

performed at T=100 mK.

ref. %) (see Supplementary Information for further details), repro-
ducing the experimental values would require its enhancement by
approximately one order of magnitude, which is unrealistic. Instead,
we assume a finite confinement potential V., which we estimate
to be about 200 meV from the comparison with the measured data.
This value is not far from the 150 meV value reported in an earlier
work for the confinement in symmetric AlGa/GaAs/AlGa multilay-
ers®., Our model reproduces within a factor of four the normal-state
Sharvin resistance of the channel. This consistency indicates that
the measured value of y;, the new quantity introduced in this work,
can be justified at a microscopic level using reasonable material
parameters.

The kinetic inductance reveals a magnetochiral anisotropy deep
in the superconducting state, which is consistent with equation (2).
The asymmetry with respect to the current is ultimately produced
by the combination of orthogonal electric (leading to Rashba SOI)
and magnetic fields that are both perpendicular to the current
direction. Therefore, this is the superfluid analogue of the magneto-
chiral effect for the resistance observed in the fluctuation regime of
noncentrosymmetric superconductors®°.

Josephson junction rectifiers
To check for the second magnetoelectric effect—the anomalous crit-
ical currents I and I_—we have measured supercurrent interfer-
ence patterns by applying a small out-of-plane magnetic field B, || z
coexisting with the in-plane field By, = B.x + B,y, whose magni-
tude and orientation with respect to the current direction can be
controlled. The results are shown in Fig. 3a,b. The different curves
show the positive I and negative I- critical currents displayed as a
function of the out-of-plane magnetic field in the upper and lower
half-planes, respectively. For both current orientations, the d.c. bias
was swept from zero to finite (positive or negative) values. In this way,
a heating-induced hysteresis of the switching current is excluded.
The critical current was determined as the current bias producing a
threshold voltage of roughly 1pV per junction (2mV in total).

In the absence of in-plane fields, the pattern is symmetric and
Fraunhofer-like?*#2%, as shown in Fig. 3a. In this case, as discussed

in ref.%*, the Fraunhofer pattern of the Josephson junction array
behaves exactly as expected for a series of independent single junc-
tions. The introduction of an in-plane field parallel to the current
reduces the gap and thus the critical current, but does not introduce
any asymmetry between the positive and negative current direc-
tions. Besides some variations of the apparent period of the patterns
with B,, (see Supplementary Information for further details), the
lobe structure is close to the standard Fraunhofer shape.

On the other hand, in the presence of a transverse in-plane field
component B, (perpendicular to the current), a clear asymmetry
between positive and negative current bias is observed, as shown in
Fig. 3b. By inverting the sign of B, a nearly identical graph is pro-
duced, but with the sign of the ordinates inverted (Extended Data
Fig. 1). A striking consequence of such asymmetry is the super-
conducting diode effect, which manifests itself in the difference
Al = I — |IT | between the critical currents (I and I7) corre-
sponding to the two current polarities. In the current range between
|IZ| and |IT|, supercurrent can only flow in one direction, control-
lable through the in-plane magnetic field®. To highlight the diode
effect, we select the diffraction patterns for B,=+75mT and both
current polarities I and |I; | from Fig. 3b (red and orange curves
in Fig. 3c). The absolute value of AL is plotted in Fig. 3d. We notice
here that the diode effect first vanishes at about half of the main lobe
and it is modulated with a period corresponding to half flux quan-
tum, that is to ®/2 0.37mT. The reason for this phenomenology
can be traced back to the main requirement for the observation of
diode effect in Josephson junctions, namely, the presence of higher
harmonics in the Fourier expansion of the CPR, which must then
be non-sinusoidal already in absence of field. In the Supplementary
Information and in the Extended Data Fig. 2 we show that for a
typical rectangular, short-ballistic Josephson junction®*** the higher
harmonics are periodically suppressed as function of B, with a
period corresponding to ®,/n, with n being the order of the har-
monic term. Since the most relevant higher order term is that for
n=2 (with Fourier coefficient b,, see Supplementary Information
for further details), we expect the diode effect to be suppressed with
a period ®,/2. More precisely, the modulation of AI follows the
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Methods

Wafer growth and initial characterization. e hybrid heterostructure was
epitaxially grown on an insulating InP substrate. e layer sequence featured a
100 nm In,s,Aly 5As matched bu er, 900 nm In,5,Aly 45AS to In,5,Al, A graded
bu er (18 x50 nm steps), a reversed 33nm graded bu er from Inyg,Al,;6As to
INg5,Aly 16AS, @ 25N I, 5, Al 10AS layer, a 4-nm-thick In,g,Ga, ;,As bottom barrier,
a7nm InAs quantum well, a 10nm In,sGa,,As top barrier, two monolayers of
GaAs and, nally, 7nm aluminium Im as the superconductor.

The quantum well of this wafer was patterned into a top-gated Hall-bar
geometry. The aluminium was selectively removed and a Ti—Au gate electrode was
deposited on top of a 40 nm aluminium oxide layer. For this structure, electron
mobility was measured to be 22,000 cm?Vs™ at a density n=0.5 x 102cm~2 with
a mean-free-path length €,=270nm at a gate voltage V,=—1.8 V. Tunnelling
spectroscopy, performed on the same wafer via gate-defined quantum point
contacts, revealed an induced gap A" 130peV underneath the epitaxial Al film*,

Device fabrication. All samples were fabricated using standard electron-beam
lithography techniques defining first the mesa and, in a second step, the

Josephson junctions. A standard wet-etching solution (orthophosphoric acid:citric
acid:hydrogen peroxide:distilled water at 1.2:22:2:88) was used to fabricate

a well-defined mesa. The junctions were patterned by selective wet-etching

of aluminium by using the etchant type D from the Transene Company. The
remaining aluminium islands had a length of 1 ym, a width of 3.15pm and were
separated by 100 nm. A global top gate was added by covering the whole array with
40nm aluminium oxide and 5nm Ti/120 nm Au by atomic-layer deposition and
electron-beam evaporation.

Measurements. Our measurements were performed in a dilution refrigerator.

We determined the Josephson inductance by using a cold RLC resonator

mounted close to the sample (for a detailed description, see ref.*®). The device

was embedded in the resonator next to a copper coil (L,=382nH), parallel to a
capacitor (C,=4nF) and connected to cold ground. The whole circuit was installed
on a piezo rotator with the rotation axis perpendicular to the main magnetic field.
The rotation axis was such that the field of a superconducting coil always remained
in the 2DEG plane. Home-made compensation coils allowed application of the
desired field B,. Alternatively, they could have been used to carefully null the
magnetic-field component perpendicular to the sample plane for measurements

at B,=0.1kQ resistors effectively decouple the resonant circuit from the external
electrical environment. The centre frequency f= 2 L;Cy ! of the resonance
peak was used to extract the sample inductance and is given by the capacitance

C, and the total inductance Ly, which is the sum of the external inductance L, and
the sample inductance L. The capacitor C, also eliminates d.c. electric current
between the cold ground and the source and voltage contacts, which allows for
complementary d.c. transport measurements in the same cooldown. The resonance
frequency was chosen at about 4 MHz within the range of our digital lock-in with
amaximum frequency of 5MHz. The Q factor is given by Q Ry 'VIL1/Cy and

is about 30. The damping resistance of the RLC circuit is typically of the order of
0.3Q. Already at sample resistances of a few ohms, the Q factor drops towards one
and the resonance breaks down. Since individual junctions have a normal-state
resistance of 60 Q, a single defect within a weaker junction in our one-dimensional
Josephson junction array limits the maximum bias current that we can apply before
the resonance breaks down.

Band structure calculations. To deduce realistic values for the strength of

the Bychkov—Rashba***° and Dresselhaus® spin—orbit couplings arising inside
the investigated InAs quantum well, and estimate their relative importance,

we performed self-consistent k p calculations. More specifically, we solved

the Schrédinger—Poisson equation for conduction-band electrons within the
quantum well“~*, and accounted thereby for linear and linearized cubic spin—
orbit coupling terms. Our calculations gave direct access to the spatial variations
of the electrostatic potential inside the well and the related spin—orbit coupling
parameters that can be used as an input for our actual transport simulation.

Transport simulations. Our transport simulations are based on the Python
transport package KWANT?. Each InAs Josephson junction of the experimental
array is described by the well-established Bogoljubov—de Gennes Hamiltonian®,
which was discretized on a generic three-dimensional tight-binding grid as
inherent to KWANTs specifics. Afterwards, the system was completed by adding
a fictitious vertical lead, which effectively acts as self-energy from the spectral
point of view. KWANT’s functionalities allowed us to invert the Bogoljubov—de
Gennes matrix Hamiltonian to obtain the related Green’s function and compute
the Josephson current within the aforementioned self-energy lead. Following
this procedure, we could derive the CPR (@) of a single junction and the
corresponding Josephson inductance L(¢) = (P,/2m)[01(9)/d¢] ™, where ®,=h/
(2¢) denotes the magnetic flux quantum. The inductance of the whole array is
given by the single-junction inductance multiplied by the number of junctions in
series. Eliminating the phase difference @ from I(¢) and L(¢p), we can compute the

NATURE NANOTECHNOLOGY | www.nature.com/naturenanotechnology

nonlinear inductance L(I) and extract the supercurrent magnetochiral anisotropy
parameter y,, as described in the main text. To obtain semiquantitative simulations
we used realistic material parameters in combination with k p calculations tailored
to the experimental setup.

Data availability

The data that support the findings of this study are available at the online
depository EPUB of the University of Regensburg, with the identifier doi:10.5283/
epub.44877. Source data are provided with this paper.

Code availability

The computer codes that support the theoretical results, the plots within this paper
and other findings of this study are available from the corresponding author upon
reasonable request.
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