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Relating Andreev Bound States and Supercurrents in Hybrid Josephson Junctions
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We demonstrate concomitant measurement of phase-dependent critical current and Andreev bound state
spectrum in a highly transmissive InAs Josephson junction embedded in a dc superconducting quantum
interference device (SQUID). Tunneling spectroscopy reveals Andreev bound states with near unity
transmission probability. A nonsinusoidal current-phase relation is derived from the Andreev spectrum,
showing excellent agreement with the one extracted from the SQUID critical current. Both measurements
are reconciled within a short junction model where multiple Andreev bound states, with various
transmission probabilities, contribute to the entire supercurrent flowing in the junction.
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Josephson junctions (JJs) in superconductor-semicon-
ductor hybrids are objects of intense study. Electrostatic
tuning of the critical current enables voltage controlled
superconducting qubits [1-5]. Ballistic electron motion and
spin-orbit interaction allow unique functionalities, such as
spin-dependent supercurrents [6] and anomalous current-
phase relation (CPR) [7-10]. Most remarkably, Andreev
bound state (ABS) manipulation via phase biasing and
Zeeman fields might stabilize electronic phases with
topological protection [11-15]. Several studies character-
ized hybrid JJs in terms of CPR [16—19], however, critical
current alone does not offer direct information of the ABS
spectrum. On the other hand, ABS spectroscopy requires
either weakly coupled tunneling probes or microwave
spectroscopy techniques, both challenging to combine with
standard transport measurements. As a result, direct visu-
alization of ABSs could only be achieved for a limited
selection of material systems, such as atomic break junc-
tions [20], carbon nanotubes [21], graphene [22], and
semiconductor nanowires [23,24], and not in combination
with supercurrent measurements.

In this Letter, we investigate superconducting quantum
interference devices consisting of two highly transmissive
Josephson junctions coupled by a superconducting loop, all
defined in an epitaxial InAs/Al heterostructure. A novel
device design allows for independent measurements of the
current-phase relation of one of the two junctions and the
Andreev bound state spectrum within its normal region.
Both measurements are reconciled within the short junction
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model, where Andreev bound states with various trans-
mission probabilities contribute to the entire supercurrent
flowing in the junction. Quantitative understanding of
field-dependent spectrum and supercurrent require taking
into account the second junction in the loop and the kinetic
inductance of the epitaxial Al film. This Letter highlights
hybrid planar JJs as ideal test grounds for emerging
paradigms in condensed matter physics, such as ABS
manipulation in highly transmitting devices [25,26] and
phase-tuned topology in multiterminal geometries [27-29].
Planar JJs were defined in an InAs quantum well
contacted by a thin epitaxial Al film grown in situ
[30,31]. Further details on the wafer structure are reported
in the Supplemental Material [32]. Two lateral InAs regions
covered by epitaxial Al constitute the superconducting
leads, while the normal region is defined by selectively
removing a stripe of epitaxial Al, exposing the semi-
conductor underneath. An energy diagram of the JJ under
study is depicted in Fig. 1(a). The strong superconductor-
semiconductor coupling in the leads results in an induced
superconducting DOS with gap A*, only slightly lower
than the Al gap A [36]. For a JJ much shorter than the
superconducting coherence length, a well-known relation
exists between the energy E; of an ABS and the phase
difference between superconducting leads ¢ [37]

E () = =A%\ /1~ 7,[sin (p/2)2. (1)
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(a) Schematic representation of the energy spectrum of a planar JJ. Two superconducting leads with a BCS-like DOS and

induced gap A* laterally confine a normal region in the 2DEG, in which discrete ABSs form within the induced superconducting gap.
(b) Schematic representation of the device under study and its measurement setup. (c) False-color scanning electron micrograph of the
device under study. The insulating substrate is gray, the semiconductor is red, and the thin Al film is blue. Top gates, colored yellow,
were deposited over an insulating HfO, layer (not visible). A metallic strip line, not used in this Letter, was deposited on the left-hand
side of the loop. Scale bar is 2 ym. (d) Enlargement close to JJ1. A central top gate tuned the density in the normal region of JJ1, two
additional top gates confined electrons below the superconducting leads and electrostatically defined a tunneling constriction between
the normal region of JJ1 and a superconducting plane. Scale bar (white) is 500 nm. (e) Schematic cross section of JJ1. A negative gate
voltage applied to the lateral gates depleted lateral InAs regions, leaving a conducting electron layer solely below the Al contacts and

within the normal region of JJ1.

where 7; is the transmission probability. The spectrum is
periodic in ¢ and approaches zero energy for z; — 1 and
@ = n. Bach populated ABSs carries a supercurrent

2e OE;
h 0p "

Ii(p) = (2)

Summing the current contribution of all ABSs results in the
CPR of the junction, so that a junction with highly
transmissive modes is characterized by a forward-skewed
sinelike CPR.

Phase tuning was achieved by embedding the junction of
interest, referred to as JJ1, in a superconducting loop (also
made of epitaxial Al on InAs) together with a second InAs/
Al JJ, named JJ2. Dimensions were chosen so that the
critical current of JJ2 (I,) was much larger than that of
JJ1 (I¢y). A superconducting tunneling probe with tunable
transmission was integrated laterally to JJ1, allowing
spectroscopy. Figure 1(b) shows a schematics of the device,
while a false-colored scanning electron micrograph is
shown in Fig. 1(c). Figure 1(d) shows an enlargement of
JJ1 and the tunneling probe.

The device, shown in Fig. 1(c), was defined by wet
etching of the superconductor-semiconductor stack down
to the insulating substrate. The epitaxial Al film was locally
removed in order to form the normal regions of JJ1, JJ2,

and the tunneling probe. The sample was subsequently
covered by a 18 nm thin film of insulating HfO, and
patterned with top gates. Junctions had dimensions
W,=80nm, L, =1.6um, W, =40 nm, and L, = 5 um,
where W is the separation between leads and L is their
length [see Figs. 1(d) and 1(e)]. The loop was defined by a
160 nm wide epitaxial Al stripe and encloses an area of
7 um?. Electrodes separation W, and W, are both signifi-
cantly shorter than the superconducting coherence length in

InAs, calculated as &g = \/hvgpl/(2A%) ~ 0.8 um, where
vr is the Fermi velocity and [ is the elastic mean free path,
setting both JJ1 and JJ2 in the short junction limit.

If not explicitly stated, the device was operated with gate
voltages V51 = V5 = 0. Additional gates, set to negative
voltages, laterally confine electrons underneath the Al
leads. For JJ2, this is achieved with gate G;, while for
JI1 it is achieved with two gates that also define a
constriction in the 2DEG and are operated at the same
gate voltage V3. This concept is presented in Fig. 1(e),
showing a cross section of JJ1 with the resulting conducting
InAs region indicated by the shaded red area.

Devices were measured in a dilution refrigerator at a base
temperature of 30 mK by low-frequency lock-in tech-
niques. The measurement setup is schematically shown in
Fig. 1(b). The tunneling differential conductance dI,/dV,
was measured by applying a voltage bias Vy = V4. + V.
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FIG. 2. (a) Loop resistance dV,/dI, as a function of out-of-
plane magnetic field B, and dc current ;. Gate voltage V5, was
set to —3 V, so that a current can only flow in JJ1. (b) As in (a),
but with the supercurrent flowing in both junctions. Notice the
different magnetic field scale, highlighting supercurrent oscil-
lations with a characteristic period consistent with one flux
quantum impinging the loop area. The vertical dashed line marks
the point with zero external magnetic field B, . (c¢) Tunneling
conductance dI,/dV as a function of bias voltage V 4., measured
for the same magnetic field range as in (b). (d) Density of states
within the normal region of JJ1, computed from the data in
(c) using a deconvolution algorithm.

to the tunneling probe via a low-impedance IV converter
and recording the resulting current /; and differential
voltage V; (where V4, was a dc signal and V., V;, and
I; had frequency f;). The loop differential resistance
dV,/dIl, was obtained by injecting a current Ijy=1y+1,
in the loop and recording the differential voltage V, (where
Iy was a dc signal and I, and V, had frequency f5).
Measurements shown here were obtained with 7, = 2 nA,
Vi =3uV, f1 =131 Hz, and f, = 113 Hz.

Figure 2(a) shows the loop resistance dV,/dIl, as a
function of out-of-plane magnetic field B, and [, for
Ve = —3 V, a situation in which JJ2 was closed and the
current entirely flowed through JJ1. The critical current
showed a Fraunhofer-like pattern, with maximum /- =
240 nA and zeros for B, = +14 mT, consistent with one

flux quantum ®, = h/(2e) impinging through the normal
region of JJ1. Setting V5, = 0 allowed the current to flow
in both junctions. In this gate configuration, the critical
current had mean value I, = 2.9 uA and was periodically
modulated as a function of B, [see Fig. 2(b)]. The
modulation had amplitude /-; and periodicity 265 uT,
consistent with magnetic flux quanta impinging through the
superconducting quantum interference device (SQUID)
loop. The dashed vertical line in Fig. 2(b) marks the
position of B, =0, carefully measured as described in
the Supplemental Material [32]. In this unbalanced SQUID
regime (I/Ic; = 12), the critical current modulations
are reminiscent of the CPR of JJ1 [19], as discussed below.

The tunneling differential conductance dI,/dV,
measured in the same regime as in Fig. 2(b), is shown
in Fig. 2(c). Consistent with a superconductor-insulator-
superconductor junction, data showed a transport gap
within Vg, = £2A*/e ~ 400 uV and regions of negative
differential conductance [38]. The energy spectrum of JJ1,
shown in Fig. 2(d), was obtained by applying the decon-
volution algorithm described in Refs. [21,32] to the data of
Fig. 2(c). For this procedure, we assumed the tunneling
probe was characterized by a superconducting DOS with
gap A* =200 peV and Dynes parameter y = 0.02, as in
measurements performed on similar heterostructures
[31,38]. The deconvolved DOS displays a gap A* =
200 eV in which discrete and periodically modulated
ABSs coexist. Some approach zero energy, indicating very
high transmission, while others, with lower transmission,
evolve closer to the gap edge.

The derived DOS was then used to compute the field-
dependent supercurrent as the sum of the contributions of
each occupied ABS (E; < 0), as per Eq. (2). Here we used
the approximation

26 8El 26 8D .
Li(p) = _Wzagol S )

i

that is, we substituted the summation with an integral of the
phase derivative of the DOS D times energy, which is readily
computed on the data of Fig. 2(d). Figure 3(a) compares the
field-dependent supercurrent of JJ1 extracted from the
critical current modulation of Fig. 2(b) [39] (blue dots)
and that numerically derived from the ABSs of Fig. 2(c)
and Eq. (3) (green line). The matching of the two curves is
striking, confirming that, indeed, the CPR of JJ1 is com-
pletely determined by its ABS spectrum. Furthermore, the
pronounced forward skewness indicates a high effective
transmission. Points extracted from the critical current
(blue dots) were shifted by 170 T with respect to the
magnetic field they were measured at [the vertical blue
marker indicates the position where B, = 0 was identified
in Fig. 2(b)]. As discussed in the following, the shift is
due to current-induced magnetic fluxes induced within the
device and is accounted for by our model.
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(a) SQUID critical current as a function of out-of-plane magnetic field B, [blue dots, extracted from Fig. 2(b)] together with

the critical current calculated based on the data in Fig. 2(d) (green) and a fit to the full numerica model (red). The fit used the effective
transmissions 7; and 7, as free parameters. Blue data points have been horizontally shifted by 170 4T in order to match the other curves.
The vertical blue marker shows the position where B, = 0 occurred in the raw data. (b) Phase differences ¢ and ¢, across JJ1 and JJ2,
respectively. Dashed lines refer to the simplified model, which considers /-2 > I~1 and no loop inductance. Solid lines are calculated
using our full model and the fit result of (a). (c) Energy of the most transmissive ABS visible in Fig. 2(d) (blue dots) together with a fit to
Eq. (1) that includes the nonlinear mapping between @, and ¢; shown in (b) (red line). The dashed black line is a fit to Eq. (1) using the
simplified assumption ¢ = 27D.,,. In this case, the fit was forced to match the data in the points of highest energy.

In a first simplified approximation, an external flux ®,,,
through the loop results in a phase difference ¢ ~ 27®,,,
across JJ1, while the phase difference ¢, across JJ2 remains
zero, as shown by dashed lines in Fig. 3(b). However, in
the present case, two complications arise. First, JJ1 is in
parallel with a second highly transmissive JJ, which
introduces a nonlinear Josephson inductance. Second,
the epitaxial Al used for the superconducting loop is
particularly thin, resulting in a finite kinetic inductance
Lg ~290 pH [32]. In this framework, the effective flux ©
impinging through the loop is the difference between the
externally applied flux @, and the current induced flux
Ly(I, —1;)/2. The JJs are both in the ballistic regime,
resulting in nonsinusoidal CPRs. We describe the CPR of
each junction using Eq. (2), where 7 of Eq. (1) is substituted
with an effective transmission 7;,

D = D — Lg[l(92.72) — 11 (1. 71)]/2. (4)

Taking into account flux quantization, we substitute
@ = @ — 27D, resulting in an equation of two unknowns,
¢, and ®. Equation (4) is solved to obtain @, (¢, ®) and
Isquin (@1, @) = 11 (@1, 71) + (@) — 22®,7,). After cal-
culating ®.y, and Isqup for every value of @ and ¢,
solutions are constrained using physical arguments: for
each value of @, the SQUID critical current is the
maximum of Igqup. Similarly, the situation with only
circulating currents (equivalent to the case where tunneling
spectroscopy is measured) is obtained for /squp = 0.

Fitting of our full model to the critical current of Fig. 2(b)
resulted in effective transmissions 7; = 0.69 and 7, = 0.92,
consistent with JJ1 having a larger electrodes separation
than JJ2. The fit is shown in Fig. 3(a) (red line), with the
computed ¢; and ¢, as a function of @, plotted in
Fig. 3(b) (solid lines). Deviations from the simplified model
are particularly relevant close to @, = ®,/2, where
nonlinearities occur. The horizontal shift observed between
the measured critical current of Fig. 2(b) and that numeri-
cally computed of Fig. 3(a) (indicated by the blue mark) is
understood as due to the induced flux in the loop, driven by
the large circulating current present in the measurement of
Fig. 2(b) and absent when performing tunneling spectros-
copy as in Fig. 2(c). The sensitivity of the calculated
SQUID critical current on the choice of input parameters is
presented in the Supplemental Material [32].

We now provide a quantitative understanding of the
measured ABSs. Figure 3(c) shows the energy of the more
transmissive ABSs extracted from Fig. 2(d) (blue dots)
together with a fit of Eq. (1) that takes into account the
nonlinear relation between @, and ¢; represented in
Fig. 3(b) (purple line). The fit of our full model finds
excellent agreement with the measured ABS and results in
7; = 0.92, among the highest values ever reported. The
states with lower transmission visible in Fig. 2(b) were fit
with transmission parameters 0.54 and 0.15. We contrast
this with a fit using the simplified mapping between ¢
and ®,,, (black dashed line), which does not take into
account the presence of JJ2 and the loop kinetic inductance.
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The low quality of this fit highlights how device complex-
ities might result in severe distortions of the measured
ABSs and should be properly accounted for.

In conclusion, we measured highly transmissive planar
JJs embedded in an InAs/Al hybrid heterostructure. Thanks
to a novel device design, we related the junction ABS
spectrum to its CPR, finding remarkable agreement.
Supercurrent gave an effective transmission 7; = 0.69,
resulting in a forward-skewed CPR. On the other hand,
tunneling spectroscopy provided a much richer description
of the device, revealing sets of discrete ABSs populating
the superconducting gap. We measured ABSs with almost
unity transmission, well separated from other states and the
continuum, and energy approaching zero for ¢; = z. These
levels are a promising starting point for engineering
topological states either via phase biasing in multiterminal
geometries [27,28] or in combination with small Zeeman
fields [11,12]. Our Letter also highlights the complexities
inherent in SQUID devices with ballistic junctions and
large kinetic inductance and provides a framework for
future studies.
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