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Determination of the current-phase relation of an InAs 2DEG Josephson
junction with a microwave resonator

Zoltan Scheriibl ®,2* Maté Siit6 ®,123* Ddvid Kéti ®,"2 Endre Tévari ®,"* Csaba Horvith ®,2 Tamds Kalmar®,"-2

Bence Vasas ®,'-2-3 Martin Berke ®,!-2 Magdhi Kirti ) Giorgio Biasiol 5 Szabolcs Csonka

1,2,3,1
k

Péter Makk ®,** and Gergé Fiilop ®'2
' Department of Physics, Institute of Physics, Budapest University of Technology and Economics,
Miiegyetem rkp. 3., H-1111 Budapest, Hungary
2MTA-BME Superconducting Nanoelectronics Momentum Research Group, Mifegyetem rkp. 3., H-1111 Budapest, Hungary
3Institute of Technical Physics and Materials Science, HUN-REN Centre for Energy Research,
Konkoly Thege Miklos it 29-33., H-1121 Budapest, Hungary
*MTA-BME Correlated van der Waals Structures Momentum Research Group, Miiegyetem rkp. 3., H-1111 Budapest, Hungary
SCNR - Istituto Officina dei Materiali (IOM), Area Science Park Basovizza, Trieste 34149, Italy

® (Received 1 August 2024; accepted 1 April 2025; published 21 May 2025)

Semiconductor-superconductor hybrid nanocircuits are of high interest because of their potential applications
in quantum computing. Semiconductors with strong spin-orbit coupling and large g factor are particularly attrac-
tive since they are the basic building blocks of novel qubit architectures. However, for the engineering of these
complex circuits, the building blocks must be characterized in detail. We have investigated a Josephson junction
where the weak link is a two-dimensional electron gas (2DEG) hosted in an InAs/InGaAs heterostructure grown
on a GaAs substrate. We employed the in situ epitaxially grown Al layer as a superconducting contact to form
an rf SQUID, and also to create a microwave resonator for sensing the Josephson inductance. We determined the
gate-dependent current-phase relation and observed supercurrent interference in out-of-plane magnetic fields.

With the application of an in-plane magnetic field, we induced asymmetry in the interference pattern, which was

found to be anisotropic in the device plane.

DOI: 10.1103/PhysRevResearch.7.023173

I. INTRODUCTION

Superconducting (SC) electronic circuits and qubit archi-
tectures have gone through immense development over the
last few years [1]. By now architectures with qubit numbers
in the range of 1000 have been engineered; however, the
limited lifetime of the qubits sets a serious bottleneck. To
resolve this, novel devices are being developed, including
superconductor-semiconductor hybrids. Here, the remarkable
properties of the superconducting circuits are combined with
the gate tunability of the semiconductors, leading to the im-
plementation of gatemons [2—7], Andreev qubits [8—11], or
gatemonium [12]. More importantly, further proposals sug-
gest that the combination of spin-orbit coupling (SOC) and
SC properties can lead to systems where the information is
protected by the topological nature of the qubit, enabling
fault-tolerant quantum computing [13—19]. Despite intense
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work on semiconductor nanowires and two-dimensional elec-
tron gases (2DEG) to realize Majorana-based qubits, this has
not been undoubtedly achieved. Along similar lines, recent
studies using a bottom-up approach to realize Kitaev chains
based on quantum dot-SC arrays have reached important mile-
stones [20-24].

The central building blocks of these architectures are
SC-N-SC Josephson junctions (JJ), wherein the normal (N)
region Andreev bound states (ABS) form, which carry the
supercurrent. These states have been investigated in a wide
range of systems using tunnel probes [25-32], microwave
spectroscopy [33-38], and SC current-phase measurements
[39-45]. Since SOC is required for the realization of
Majorana states, the N region is made from semiconductors
with large SOC.

An InAs 2DEG offers a versatile and scalable platform
with a sizable SOC [46-50]. When the 2DEG is designed to
form close to the surface, it can be coupled strongly to SC
electrodes. However, to realize topological systems and use
them in fast quantum information processing schemes, the
understanding of ABS and their coupling to radio-frequency
(rf) circuitry is needed. The role of higher harmonics and
spin-orbit properties in the current-phase relation (CPR) is
important for conventional SC-based or protected qubits as
well. For example, it has recently been demonstrated that
the spectrum of tunnel-junction-based transmons is detectibly
modified by the higher harmonic content of the CPR, which is

Published by the American Physical Society
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FIG. 1. Sample geometry and electrical circuit model. (a) Optical image of the /4 resonator, coupled to the feedline at the open end (top),
and coupled to the rf SQUID loop at the shorted end (bottom). (b) Zoom-in of the rf SQUID area. The Josephson junction is embedded in the
epitaxial Al loop, with a gate allowing tuning the charge carrier density in the junction. Near the bottom of the loop, an on-chip flux line is
present (not used). (c) False-colored SEM image of the Josephson junction (device A): epitaxial Al is dark blue, and the Ti/Au gate electrode is
yellow. (d) Experimental setup, with the circuit model of the coupled resonator—SQUID system depicted with colored components as follows:
feedline in green, the resonator in red, the rf SQUID in blue, and the gate in yellow. The microwave transmission S}, is measured with a
vector network analyzer (VNA). The solid-gray lines indicate different stages of the dilution refrigerator: 4K plate, still plate, cold plate (CP),
and mixing chamber (MXC). Attenuations on the input line are shown in dB. (e) Cross section of the Josephson junction, with a simplified
representation of the semiconducting heterostructure (not to scale). The epitaxial Al layer (dark blue) forms ohmic contacts to the 2DEG (red)

in the semiconducting InAs/InGaAs heterostructure.

usually assumed to be perfectly sinusoidal in tunnel junctions
[51].

We have recently shown that an InAs 2DEG coupled to
SC electrodes can be grown on GaAs substrates with high
mobility and good proximity effects [52]. Here we investigate
ABS in JJs formed on this platform using high-frequency
techniques. We take advantage of the in situ grown aluminium
to form SC resonators and perform CPR measurements on
inductively coupled Josephson junctions for different dop-
ing levels. We find non-sinusoidal CPR at larger doping and
more sinusoidal behavior close to pinch-off. Using the SC
resonator, we are also able to map out the interference pattern
of the junction in an out-of-plane magnetic field showing a
Fraunhofer-like pattern. Finally, we show the decrease of the
critical current /. and the appearance of a marked anisotropy
in an in-plane magnetic field.

II. SAMPLE FABRICATION AND EXPERIMENTAL SETUP

The samples were realized in an InAs/InGaAs semicon-
ducting heterostructure grown with molecular beam epitaxy
on a GaAs substrate [52,53]. The semiconducting wafer hosts
a 2DEG buried 10 nm below the surface in an InAs quan-
tum well, which is contacted by a 50-nm-thick epitaxial Al
layer. We employ this Al layer to define a SQUID loop and a
microwave resonator for the dispersive sensing of the Joseph-
son inductance. We used electron-beam lithography (EBL)
in combination with wet chemical etching for the selective
removal of the Al layer and mesa formation in the semicon-
ductor. In the next lithography step, we defined the Josephson

junction weak link by the local etching of the Al in the SQUID
loop. For gating, we deposited a 50-nm-thick Al, O3 dielectric
layer with atomic layer deposition (ALD), covering the entire
sample, and used EBL to create the Ti/Au gate electrode on
top of the junction. For more details on the sample fabrication,
see the Supplemental Material (SM) [54].

We show the resulting sample geometry in Fig. 1. In this
paper, we discuss measurement data from two nominally iden-
tical devices; the images in Figs. 1(a)-1(c) were taken of
device A. Panel (a) is an optical image, showing at the top a
coplanar waveguide (CPW) feedline on which the microwave
transmission Sj, is measured. A meandering quarter-wave
CPW resonator is coupled capacitively to the feedline at the
open end, and inductively to an rf SQUID at the shorted end.
The SQUID loop acts as the load of the resonator, and enables
sensing the JJ impedance through the microwave readout of
the resonator.

The coplanar transmission line used in the feedline and the
resonator structure both have a characteristic impedance of
~50 €, defined by the width of the central conductor line
s =15 wm and the gap size w = 10.4 um. We found that
the kinetic inductance of the Al layer is negligible at the base
temperature, in B = 0. We modeled the circuit area around the
rf SQUID loop in Ansys HFSS to get the resonator-SQUID
coupling and obtained M = 20.8 pH for the mutual induc-
tance, and Li,,p = 154.5 pH for the self-inductance of the
SQUID loop.

Figure 1(b) shows a zoom-in of the SQUID area. The JJ
is embedded in the right segment of the loop and is cov-
ered by the gate. The inner dimensions /., of the loop are
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30.5um x 101 um. The phase of the JJ can be tuned by
threading magnetic flux through the loop with an out-of-plane
magnetic field B,. A scanning electron microscope (SEM)
image of the Josephson junction is shown in Fig. 1(c). In de-
vice A the junction had a length L = 450 nm and width W =
6.2 um, while for device B, L =400nm and W = 8.5 ym.
Arrows indicate the choice of the coordinate system: the x — y
plane lies in the sample plane, with x being parallel to the
supercurrent /g, and the [1T10] crystallographic direction.

In Fig. 1(d), we show the measurement setup for the
low-temperature experiments. The sample was cooled down
in a dilution refrigerator, then we measured the microwave
scattering parameter Sy, on the feedline (green) to which the
hanger-mode resonator (red) is coupled with a vector network
analyzer (VNA). The resonator is coupled inductively to the
SQUID loop (blue), in which the JJ is tuned by applying
the gate voltage V, on the gate electrode (yellow). Finally,
we applied the magnetic field using the 3D vector magnet of
the cryostat, using a magnet power supply for the in-plane, and
a precision current source for the out-of-plane component.

In Fig. 1(f), we illustrate the simplified cross section of the
JJ. The exact heterostructure composition of the semiconduct-
ing wafer is published in Refs. [52,53]. The charge transport
takes place in the InAs layer, which is proximitized by the
epitaxial Al layer on the surface.

III. EXPERIMENTAL RESULTS

A. Determination of the current-phase relation

All measurements were carried out in a dilution refrigera-
tor at 7 =~ 100 mK. Above the sample chip, we mounted an
aluminium plate as a shield against external magnetic noise
to reduce flux fluctuations in the SQUID loop. This provided
only partial shielding and still allowed us to apply a mag-
netic field to the sample with the superconducting magnet of
the refrigerator. We measured the microwave transmission on
the feedline with a vector network analyzer and applied the
gate voltage V, through a filtered dc line with a dc voltage
source. The details of the measurement setup can be found
within the SM [54].

In Fig. 2 we show the normalized microwave transmis-
sion S;; measured on the feedline. The resonance of the
quarter-wave resonator manifests in a local minimum in |S;|
as a function of frequency f, which shifts periodically in
the magnetic field B, as presented in panel (a). The shift of
the resonance frequency originates from the flux-tuning of
the rf SQUID, i.e., tuning of the Josephson inductance of the
junction. From the loop geometry, the expected periodicity
of the shiftis AB, = ®q/I,l, = 0.67 uT. Experimentally, we
observe a period of AB, = 3.26 uT. The almost fivefold dif-
ference originates from the employed Al shield. In reference
measurements without magnetic shielding, we confirmed that
the measured periodicity is consistent with the theoretical
expectation based on the nominal loop area.

For the quantitative evaluation, we fit the resonances of the
notch-coupled A/4 resonator with the complex transmission
function [55-57]
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FIG. 2. Microwave transmission measurements at V, = -7V

(device A). (a) Transmission magnitude |Si,| as a function of out-
of-plane magnetic field B, and frequency f. The (b) magnitude and
(d) phase as a function of frequency near resonance at B, = 4 uT
(blue) and 5.3 uT (green), as marked by colored lines in (a). Data
points are plotted as dots, and fitted curves as solid lines. (c) The
same two resonances are shown in the IQ plane.

where QO = 1/(cos (9)/Q. + 1/Q;). The fit parameters are
the resonance frequency fj, the internal quality factor Q;,
the coupling quality factor Q., and the resonance asymmetry
parameter ). In this partitioning, the loss in both the resonator
and the rf SQUID is incorporated in Q;.

Two fitted resonance curves, selected at B, = 4 uT (blue)
and 5.3 uT (green) are illustrated in Figs. 2(b) and 2(d), by
plotting the magnitude and phase of the complex transmission
as a function of f. Figure 2(c) shows the data points and the fit
in the IQ plane. The resonance frequency and the depth both
change, indicating that the resonator load has a dispersive and
a dissipative response as well.

We plot the fit results §fo = fo — foare and Q; as a func-
tion of the phase ¢ of the junction in Figs. 3(a) and 3(c),
respectively. The calculation of the offset fi,. =~ 6.482 GHz
and ¢(Px) where Dy, is the applied flux is part of the self-
consistent approach discussed below. We use the frequency
shift §fy to determine the CPR of the junction following
the method developed in Ref. [44], which takes into account
the magnetic flux created by the supercurrent circulating
in the SQUID loop. In this framework, the coplanar waveg-
uide resonator is modelled with an equivalent LC circuit with
inductance L, = 2/(! wéC,), where w is the resonant angular
frequency, [ is the length, and C, is capacitance per unit length
of the CPW transmission line. For device A, L, = 1.564nH,
while for device B, L, = 2.083 nH. The resonator is coupled
inductively to the SQUID with mutual inductance M. The
SQUID acts as the load of the resonator, where the supercon-
ducting loop itself has a self-inductance of Lj,op, and embeds
the junction impedance Z;. The change in the inductive part
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(a) (b)
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FIG. 3. Determination of the current-phase relation and har-
monic coefficients (device A). (a) Resonance shift § fy as a function
of junction phase ¢ at V, = —7V. (b) The reconstructed current-
phase relation (solid blue), with a sinusoidal function as a reference
(dashed gray). (c) Internal quality factor Q; as a function of ¢ at
Vy = —7V. (d) Qualitative illustration of the Andreev bound state
spectrum of the JJ. (e) Harmonic coefficients A, (scale on the left)
and effective transmission t (scale on the right) as a function of gate
voltage V.

L, of this impedance results in the relation

YN R —
) ——
7[2 Lp(LJ ((/)) + Lloop)
where fuae 1S the resonant frequency of the unloaded res-
onator. The junction inductance can be expressed as

27 3l(9)

—1
L;(p) =% g (3)

where [;(¢) is the CPR and &, = h/2e is the magnetic flux
quantum. We express the CPR as a Fourier series with only
sinusoidal terms [58],

f bare » (2)

Kmax

I(g) =Y (=D} 'Agsin(kg). )

k=1

Theoretically, in the case of a tunnel junction with low
transmission, only the k =1 term is significant and the
CPR is sinusoidal. For higher transmission, the CPR is non-
sinusoidal, which is reflected in the nonzero higher-order
coefficients, which typically diminish with increasing k. In
our model k,,x = 6, which proves to be sufficient since Ay is
negligible for k > 3 as shown later. We include the alternating

sign in the series expression so that for a forward-skewed CPR
the coefficients A; are positive. The analytical form of the
CPR allows us to write § fy(¢) in a closed form for the fitting
to the experimental data by substituting Eqs. (4) and (3) into
Eq. (2).

The flux created by the supercurrent circulating in the
SQUID loop modifies the phase as

2w
@ = Qext — _Lloopls((p)v (5)
@y

where @ext = 27T Pext/ Po. This screening effect results in a
nonlinear transformation of the junction phase and, for the
precise determination of the CPR shape, must be taken into
account. Thus, we combine the curve fitting with fixed-point
iteration using Eq. (5) to obtain a self-consistent solution.

The resulting fit of § fy(¢) is shown in Fig. 3(a) in ared line.
Using the gained fit parameters, we plot the CPR in Fig. 3(b).
The CPR is slightly forward skewed compared to a sinusoidal
function (dashed), with a critical current of 1. ~ 550 nA.

The internal quality factor Q; varies in the range 650-1100,
depending on the junction phase, as shown in Fig. 3(c). With
Q. ~ 3800, the resonator is undercoupled in the entire range.
The periodic dependence in Q; shows that the loss is maxi-
mal at ¢ = (2n + 1)7, minimal at ¢ = 2nm. We interpret the
variations in Q; qualitatively within the ABS framework as
follows. Each of the open transmission modes of the normal
region results in a pair of bound states with energy dispersions
+E,(¢) symmetric around £ = 0. With many partially open
modes, a dense spectrum is formed with a minigap that is
smallest at ¢ = 7 as illustrated in Fig. 3(d). Consistently with
theoretical expectations [59] and experimental observations
in similar systems [35,44], the dissipation in the JJ is most
prominent around this phase, which reduces the resonator Q
factor.

We note that the Al,O3 layer covers the entire chip, includ-
ing the resonator. In bare resonators fabricated similarly on the
same type of wafer, but without the SQUID and Al,O3 layer,
we measured quality factors up to Q; = 1.5 x 10*. Therefore,
we attribute the relatively high loss to the dissipation in the
two-level fluctuators of the Al,O3 dielectric layer [60].

In the measurements discussed so far and plotted in
Figs. 3(a)-3(c), the 2DEG in the Josephson junction had a rel-
atively high electron density at an applied gate voltage of V, =
—7V,upton ~ 1 x 10'2 cm~2 based on Ref. [52]. To inves-
tigate how the CPR evolves with V,, we repeated the procedure
described above in a wide gate range. The gate dependence
of the CPR Fourier coefficients A are presented in Fig. 3(e).
The 1] is completely depleted at V; = —10V, and the onset
of the transport is around V, = —9 V. We note that the gate
dependence was hysteretic and the threshold varied between
measurements. The supercurrent is maximal near Vg = —7V
and, interestingly, slightly decreases for more positive gate
voltages, then remains approximately constant. Similar be-
havior has been observed in Ref. [52] and is attributed to
the opening of a second subband of the 2DEG. In the same
panel, we plot the effective channel transparency parameter
7, which we determine by fitting the CPR curves with the
short junction formula in the zero-temperature limit, /;(¢)

tsin(g)//1 — 7 sin(¢/2). The magnitude of the supercur-

rent indicates that there are multiple channels, nevertheless,
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FIG. 4. Supercurrent interference measurement (device A).
(a) Upper envelope E, (solid) and lower envelope E; (dotted) of the
resonant frequency fj, as a function of the out-of-plane magnetic
field B,. The measurement was performed at two gate voltages,
V, = —8.1V (junction in depletion) and V, =4V (junction open).
As an example of the envelope determination, the inset shows f; data
points (gray) in a small range from B, = 0 to 25 uT, together with
the envelopes (same color coding as in the main plot). (b) Difference
of the upper and lower envelopes SE. The right axis shows the
critical current /. inferred from 6E. At V, =4V, blue and purple
lines indicate opposite B, sweep directions (shown by arrows).

T is a good metric to characterize the skewness of the CPR.
The extracted T also assumes its maximal value near Vg5 =
—7V, as shown in Fig. 3(e).

In the following, we discuss the characteristic length scales
of the transport in the InAs section of the JJ. In a similar device
investigated by dc measurements [52] at the maximal critical
current a charge carrier density of n = 6.5 x 10! cm™2, mean
free path / = 200 nm and superconducting gap A = 125 yeV
were estimated. The clean (ballistic) coherence length is & =
hvp /A = 1.4 ym with vp = fiv/271n/0.028m,, and the dif-
fusive coherence length is £; = /€l = 530 nm. That is, at the
maximal critical current §&; ~ L, the JJ is in the intermediate
regime. Towards pinch-off, as n decreases, so does &; and the
JJ goes into the long limit.

B. Supercurrent interference in out-of-plane magnetic field

We have investigated the supercurrent interference effect
by applying the out-of-plane magnetic field on a larger scale,
up to |B;| = 600 uT. For a quantitative evaluation, we de-
termined the upper and lower envelopes E,; of the fy(B;)
resonance frequency (see the SM [54] for details) and plotted
them in Fig. 4(a) in solid and dotted lines, respectively.

With the junction in depletion at V, = —8.1V (green
curves), the envelopes follow a near-parabolic function, with
the maximum around B, = 0. This E,, ; « —B? dependence is
the result of the changing kinetic inductance of the resonator
due to the pair-breaking effect of the magnetic field [61,62].
The curve is slightly skewed, not perfectly symmetric. We
have observed that with an opposite sweep direction of the
magnetic field, the skewness appears mirrored, and the curve
shows hysteresis. While bulk Al is a Type-I superconductor,
thin films have been shown to be Type-II [63] and thus they
can host vortices. We attribute the skewness and its hysteretic
behavior to vortices forming in the epitaxial Al layer that
forms the resonator [64].

When the junction is opened and tuned to the saturation
regime by applying V, =4V, the envelopes exhibit a more
complex response [blue curves in Fig. 4(a)]. On the ~ uT
scale, the resonance frequency f shows the periodic variation
originating from the CPR as shown by the inset in Fig. 4(a).
This is the same deterministic response as in Fig. 3(a). In
addition to this function, we observe random jumps, also
exemplified in the inset, which get more frequent at higher
magnetic fields. We attribute these jumps to external flux
noise and vortex dynamics in the Al layer. On the ~100 uT
scale, two features can be observed: an overall parabolic de-
pendence originating from the kinetic inductance change of
the resonator, and an oscillating modulation of the envelopes.
To evaluate the latter behavior quantitatively, we define the
envelope size

SE(B;) = E\(B;) — E|(B). 6)

and plot it in Fig. 4(b) for three cases. With the depleted
junction the difference is constant to a good approximation
(green). With the junction measured at V, =4V (blue and
purple), a distinct pattern can be observed, which originates
from supercurrent interference in the junction. The main
lobe of the pattern exhibits skewness, which changes sign as
the sweep direction is reversed (indicated with arrows). We
estimate the critical current by assuming a sinusoidal current-
phase relation, /; = I, sin ¢, and matching the envelope size
with the maximal frequency shift

8E = fole =0) = folp =) (N

in our circuit model as a function of I.. We note that the
CPR shape changes with the magnetic field, as the interfer-
ence affects the higher harmonics with a different periodicity,
therefore we have used a sinusoidal CPR for the evaluation of
the I.. At B, = 0, taking into account the shape of the CPR,
we overestimate I, by ~30%. The critical current I, calculated
from the envelope size is shown on the right axis in Fig. 4(b).
We interpret the green curve, originating from the evaluation
of the unloaded resonator, as the noise floor of this method,
giving a detection limit of [ :,“i“ ~ 50nA. Theoretically, in the
case of destructive interference, we expect a total suppression
of the supercurrent; however, we cannot resolve the minima
of the interference pattern lower than this value.

In the interference pattern, the destructive interference
manifests in nodes at magnetic fields B, = nAB, for n € Z,
with AB, = ®(y/A, where A = LW is the JJ area. We calcu-
late the effective JJ area and the corresponding node spacing
AB, by taking into account the magnetic penetration in the
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FIG. 5. Effects of the in-plane magnetic field (device B). (a) Su-
percurrent interference pattern in B, = 20 mT. The first side peaks
have different heights, the asymmetry is mirrored upon reversing
the in-plane field. (b) B, magnitude and angle dependence of the
asymmetry (6 is the angle between By and the x axis). (c) Suppression
of the critical current with in-plane magnetic field (B, = 0) along two
directions, By = B, (f = 0°) and B = B, (8 = 90°).

superconducting leads as follows. In clean, bulk Al the Lon-
don penetration depth is Ax = 16nm, and the coherence
length is €5y = 1.6 um [65]. The London penetration depth
in impure Al is A = Aa14/1 + &a1/l, where [ is the mean free
path, which we approximate with the film thickness # = 50 nm
as an upper limit and get & & 92 nm. The penetration depth in
the thin film is the Pearl length A = A coth(z/A) ~ 185nm
[66]. The magnetic field penetrates the Al leads on this scale
and thus the effective length of the JJ is Ley = L 4 2A.
Without taking the shielding into account, the expected peri-
odicity is AB, = ®o/W (L + 2A) = 406 uT. Experimentally,
we obtain AB,; &~ 260 uT by taking half of the node-to-node
distance of the main lobe. Taking into account the magnetic
shielding as well, the approximately eightfold discrepancy
may be explained by an overestimation of the mean free path
[ and flux focusing [67]: The magnetic flux expelled from the
Al layer is focused in the JJ area, making the flux higher than
the uniform external flux and reducing the node spacing.

C. In-plane magnetic field

The application of an in-plane magnetic field and the pres-
ence of SOC can lead to novel effects from ¢ junctions
[39,58,68], superconducting diode effects [69-71] to topolog-
ical phases [13—-18]. Therefore, we repeated the interference
experiment under the application of an in-plane magnetic field
with varying directions and magnitude. We performed this in
device B, nominally identical to device A, without magnetic
shielding around the sample.

In Fig. 5(a) we plot two interference patterns measured
with the in-plane magnetic field perpendicular to the cur-
rent flow, in By = £20mT [corresponding to 6 = 90° and

0 = 270°, see also Fig. 1(c)]. The measurement was eval-
uated as presented in the previous section, by determining
the envelopes of the resonance shift, and converting the
envelope size to current. Surprisingly, the first side lobes ap-
pear with different current magnitudes, and the asymmetry
is mirrored by reversing the direction of the in-plane field.
Compared to the interference pattern in Fig. 4, there is an
approximately fivefold difference in the magnetic field scale
of the pattern, which we attribute to the lack of magnetic
shielding.

We quantify the asymmetry through the amplitude of the
first side lobes in the interference pattern with

M=
10

where 1 are the maxima of the first right/left lobes [72].
We show the asymmetry dependence on the direction and
magnitude of the in-plane field in Fig. 5(b). In By = 10 mT,
there is a modest asymmetry |A| < 0.15, which grows as
high as |A| ~ 0.33 in By =20 mT at 6 = 90°. |.A| appears
maximal (minimal) when the in-plane field is perpendicular
(parallel) to the direction of the current. Interestingly, the
asymmetry does not increase when going from B = 20 mT
to 30 mT. It has been observed that in the presence of SOC
and in-plane magnetic field the side peaks in the interference
pattern exhibit asymmetry [72,73]. If the in-plane magnetic
field is perpendicular to the current (and the out-of-plane
Rashba field direction), the CPR exhibits a ¢y phase shift. This
alone does not create an asymmetry in the interference pattern;
however, if the ¢y phase is spatially dependent (perpendicular
to the current direction), e.g., owing to disorder in the SOC
strength, then it leads to the observed asymmetry in the inter-
ference pattern. The angle dependence, i.e., maximum at 90°
and 270° in |.A] is consistent with the appearance of the largest
@ shift at these angles.

In Fig. 5(c), we plot the critical current as a function of
the in-plane magnetic field for two directions, along the x
(6 = 0°) and y axis (8 = 90°). In both cases, I. is suppressed
by a factor of ~2 in 45 mT. The suppression of critical current
in the y direction has been investigated in several studies.
The suppression is often followed by a revival of the critical
current at higher fields and is also accompanied by closing
and reopening of the gap [17,18,45,74]. This is attributed to
a 0 — & transition in the junction. The topological origin of
this is unclear since orbital effects in the region below the
contacts might also play a role [45]. In our case, we could
not resolve the critical current for higher fields. In future
devices, better shielding and resonators that work up to higher
magnetic fields are needed. Finally, the stronger suppression
in the x direction is attributed to the inhomogeneous magnetic
field profile due to the Meissner effect of the contacts leading
to the formation of flux dipoles [72].

®)

IV. CONCLUSIONS

Using a coplanar waveguide resonator, we have experi-
mentally determined the current-phase relation in a Josephson
junction where the weak link is the 2DEG formed in an
InAs/InGaAs heterostructure. Furthermore, we have observed
supercurrent interference in an out-of-plane magnetic field via
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the microwave signal and studied the asymmetry of the inter-
ference pattern that arises under the application of an in-plane
field. These results were obtained in spite of the relatively
low-quality factor of the resonator, which we attribute to the
Al,Oj5 dielectric layer covering the whole chip. For narrower
junctions with a smaller critical current, greater sensitivity
is required, therefore in future devices, the dielectric will be
deposited only on the gated region. This is expected to yield
a higher quality factor, enabling better sensitivity to study
single-mode junctions and the direct mapping of Andreev
states using two-tone spectroscopy.
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