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Josephson junctions with three or more superconducting leads have been predicted to exhibit
topological effects in the presence of few conducting modes within the interstitial normal material.
Such behavior, of relevance for topologically-protected quantum bits, would lead to specific transport
features measured between terminals, with topological phase transitions occurring as a function of
phase and voltage bias. Although conventional, two-terminal Josephson junctions have been studied
extensively, multi-terminal devices have received relatively little attention to date. Motivated in part
by the possibility to ultimately observe topological phenomena in multi-terminal Josephson devices,
as well as their potential for coupling gatemon qubits, here we describe the superconducting features
of a top-gated mesoscopic three-terminal Josephson device. The device is based on an InAs two-
dimensional electron gas (2DEG) proximitized by epitaxial aluminum. We map out the transport
properties of the device as a function of bias currents, top gate voltage and magnetic field. We
find a very good agreement between the zero-field experimental phase diagram and a resistively and
capacitively shunted junction (RCSJ) computational model.
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I. INTRODUCTION

Superconductor-semiconductor-superconductor (S-
Sm-S) junctions based on 1D and 2D semiconductors
have recently attracted increasing attention, motivated
by the possibility to realize novel phenomena enabled
by the gate-control of induced superconductivity and
by the interplay between superconductivity, spin-orbit
coupling and topological boundary states [1-13]. In
particular, two-dimensional electron gases (2DEGs)
in semiconductor heterostructures have emerged as a
promising platform for realizing gate-tunable S-Sm-S
devices that can host topological states. The majority
of work to date has focused on two-terminal Josephson
junctions, where high interface transparency [5, 14] and
coherent ballistic transport [15] have been demonstrated.
Experiments have also shown signatures of topological
superconductivity in such junctions [7, 11, 16]. Topo-
logical superconductivity is associated with Majorana
zero modes (MZMs), which underpin proposals for fault
tolerant topological quantum computation [17-20].

A conventional two-terminal Josephson junction is de-
scribed by a simple Josephson relation between the phase
or voltage difference between the superconducting termi-
nals [21]. By increasing the number of terminals, one
can access a higher dimensional phase space spanned by
the relative phases or voltages between the several ter-
minals. This can lead to new effects, such as interactions
between supercurrents [22, 23], coexistence of dissipa-
tive currents and supercurrents [24], multi-loop supercon-
ducting interferometry [25, 26], multi-terminal Shapiro
plateaus [27], or generalizations of multiple Andreev re-
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FIG. 1. (a) False-color SEM image of gated three-terminal
junction with measurement schematic. Blue areas are alu-
minum and grey areas are etched to the insulating buffer lay-
ers to create the device mesas. The Ti/Au top gate (yellow)
overlays the 200 nm-wide Y-shaped junction formed by se-
lectively etching the Al layer only (dotted lines). (b) Cross-
sectional view along the purple horizontal line in (a) (not to
scale). (c) Gate dependence of the switching current when bi-
asing between terminals 1 and 2 showing pinch-off occurring
at Vg ~ —4.5 V. (d) Two-terminal I1 vs Vi curve with I =0
showing hysteresis.

flection [28, 29]. Gated multi-terminal Josephson junc-
tions have also been proposed[30] as a means of coupling
gatemon-type qubits[31].

Several recent theoretical studies have proposed the ex-
istence of topological states in the Andreev spectrum of
multi-terminal Josephson junctions, which under certain
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conditions could host zero-energy Weyl singularities [32—
35]. The topological nature of these states may protect
them from conventional forms of quantum decoherence, a
major hindrance to the advancement of robust and scal-
able quantum computation. These proposals consider
multiple superconducting leads coupled to each other
through a point-like central normal region which can be
described by a single scattering matrix, S, within which
all pair-wise currents flow through a small number of
modes. The topological phase transitions in the Andreev
levels manifest quantized conductances and transconduc-
tances which change as a function of the terminal phases
and/or voltages.

In practice, the fabrication of S-2DEG-S junctions has
focused primarily on devices with geometric extent that
puts them far from the constraints present in the afore-
mentioned theory work [5, 8, 9]. That is, there are typi-
cally on the order of hundreds of current-carrying modes,
and the regions in which scattering can occur are far from
point-like. Nevertheless, as device designs and fabrica-
tion techniques improve, future devices may approach
these proposed transport requirements. It is then im-
portant to characterize the background non-topological
transport characteristics of a multi-terminal Josephson
device using one of the most promising material plat-
forms, an InAs quantum well proximitized by aluminum

[5, 14).

II. GATED THREE-TERMINAL JOSEPHSON
JUNCTION

Here we study a gated three-terminal Josephson
device fabricated from an InAs quantum well het-
erostructure with a 10-nm epitaxial aluminum super-
conducting layer (Fig. 1(a)). The heterostructure
was grown on an InP(001) substrate using molecular
beam epitaxy. From the bottom up, it consists of an
In,Al;_,As graded buffer (from =z = 0.52 to 0.81), 25-
nm In0,81Gao_lgAs/Ino_glAl(),19As superlattice, 100-nm
Ing.g1Alg.19As with Si d-doping (2 x 102 em™?2), 6-nm
Ing 75 Gag.o5As bottom barrier, 7-nm InAs quantum well,
and a 10-nm Ing 75Gag o5 As top barrier (Fig. 1(b))[36].
The sample has a measured carrier concentration of
n = 1.05 x 10'2 ecm™2 and a mobility x = 3.0 x 10*
em?/Vs. Standard electron-beam lithography (EBL) and
wet etching were used to define an electrically isolated
mesa, and to selectively etch the epitaxial Al into a 200-
nm-wide Y-shaped junction in the central mesa area. Ap-
proximately 40 nm of Al,O3 dielectric was deposited uni-
formly over the device die by atomic layer deposition. A
Ti/Au topgate was defined using EBL and deposited via
electron-beam evaporation to cover the etched Y-shaped
junction. We estimate the mean free path in the 2DEG
to be £ ~ 500 nm. This puts our device in an interme-
diate mesoscopic regime, where transport directly across
the junction is expected to occur ballistically, however
due to the randomly-distributed transmission coefficients

of the many modes present (each junction arm is 4 um
long) the average transport properties of the device are
expected to have features of the diffusive limit. More-
over, in the semi-classical picture, electrons entering the
junction with non-zero momentum parallel to the con-
tacts can travel distances longer than the mean free path,
given the 4 pum length of the contacts, which again puts
the devices in an intermediate regime.

We performed DC current-biased measurements in a
dilution refrigerator with a base temperature of T' ~ 14
mK. We label the current applied between terminals 1
and 0 as Iy, the current applied between 2 and 0 as I,
and the current between 1 and 2 as I15. By making the
topgate voltage more negative, the electron density in
the interstitial 2DEG is gradually depleted, which tunes
the switching current from ~560 nA to 0 (Fig. 1(c)).
As shown in Fig. 1(d) the junctions exhibit hysteresis
with respect to the current sweep direction. Hysteretic
Josephson I-V curves can occur either due to the pres-
ence of a shunt capacitance (as described by the resis-
tively and capacitively shunted junction model, RCSJ
[37]) or due to Joule self-heating which sets on as the
junction becomes dissipative [38][39]. Although 2DEG-
based lateral Josephson junctions can in principle have
large shunt capacitances due to conducting underlayers in
the heterostructures or capacitive coupling of each super-
conducting terminal to the topgate, we estimate that the
capacitance in our device is small (Stewart-McCumber
parameter 3. = (h/2e)I.R2C ~ 0.08), making it likely
that the hysteresis originates predominantly from Joule
heating rather than capacitive effects.

III. MEASUREMENTS

To map out the behavior of the device, we performed
three-terminal measurements by applying independent
DC current-bias to terminals 1 (I7) and 2 (I2), with ter-
minal 0 acting as the ground. We simultaneously mea-
sure the voltage of terminals 1 (V}) and 2 (V3) relative to
terminal 0 (Fig. 1(a)). For the measurements included
in this paper, we step Iy from negative to positive and
sweep I; from negative to positive at each value of Is.
A three-terminal data point then consists of a tuple (I3,
Iy, Vi, V). As the three-junctions are interconnected,
the voltages are each functions of both input currents,
Vi(I1,1I5) and Va(Iy,I2). To visualize this data, we can
discretely differentiate the voltages with respect to their
corresponding current to get the differential resistances
dVy /dI; and dVa/dIy. To stabilize against any gate noise
instabilities, we use a negative gate voltage of V, = -2V,
which does not measurably affect the switching currents.

The phase diagram of the device vs. I; and Iy ex-
hibits a central superconducting region where both V;
and V, vanish, indicating that all three junctions carry
supercurrent. At V, = —2 V and with no magnetic field
applied, this central region takes the shape of a rounded
paralellogram (Figs. 2(a) and (b)).
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FIG. 2.

line indicates I = —21;, and the dotted blue line I} = —215.
(c) Schematic depictions of the junction states corresponding
to each of the lettered regimes from (a). Dashed (solid) lines
indicate superconducting (resistive) legs of the tri-junction.

Superconducting features extend beyond the central
region A, and correspond to different combinations of
dissipationless or resistive transport across the three legs
of the device. We label the distinct regions of the phase
diagram with the letters A-E in Fig. 2(a) and identify
the junction configurations by corresponding schematic

representations in Fig. 2(c). For example, regions C
and D correspond to the relationships Iy = —2I; and
I; = —2I5 respectively. Along region C we find V3 = 0
and dVy/dI; = 0, however Vo and dV,/dI> are nonzero.
This indicates that there is a finite voltage difference be-
tween terminals 1 and 2 and thus no supercurrent flowing
between them. Thus this arm corresponds to a region in
current space where the junction formed by terminals 1
and 0 is carrying supercurrent, while the other two junc-
tions are resistive and carry dissipative currents. To un-
derstand the factor of two relationship between I; and
I> we consider the geometric current path that I takes
as it encounters two resistive junctions while the third
junction (between terminals 1 and 0) carries supercurrent
(Fig. 2(c), scenario C). A positive Iy applied while the
device is in this state will be divided into two equal com-
ponents, assuming the resistances of the two legs of the
tri-junction are identical. The component of I5 travelling
first to terminal 1 before reaching terminal 0 will add to
I. Thus when I = —2I;, there will be approximately
zero net current between terminals 1 and 0. Small devia-
tions about this line are also dissipationless as long as the
critical current density in the region between terminals 1
and 0 is not exceeded, giving region C a finite width. A
similar argument applies to region D. Note that region D
becomes dissipationless on the map of dV5/dIs vs. I; and
I (Fig. 2(b)), while region C acquires a finite differential
resistance on this map. This reflection symmetry in the
line I; = —I, further confirms that the labelled regions
correspond to the configurations depicted in Fig. 2(c).

A distinct region is centered on the line I1 = I (region
E). This feature corresponds to the case when there is no
voltage difference between the current-biased terminals 1
and 2, i.e. V7 = V5. In this regime the junction between
terminals 1 and 2 carries supercurrent while the other
two junctions are resistive. Applying a Y-A transforma-
tion, we expect the effective resistance between terminals
1 and 0 in region E of Fig. 2(a) to be Rg/R4 = 0.75 of
that in region B. Here, Rp and R4 are the average mea-
sured differential resistances in regions E and A of Fig.
1(a). This is close to the measured values of 0.80-0.85.
The small deviation can be accounted for by the fact
that the resistances between terminals are not precisely
equal. We find that the widths of the superconducting
arms (regions C, D and E) shrink as the applied currents
increase. We attribute this to decreased critical currents
owing to Joule heating, which becomes more important
at higher combined currents I + I [24].

Applying more negative gate voltages reduces the ex-
tent of regions A and C-E and increases the resistances
of regions C-E, as expected since the electron density in
the InAs is decreased and the critical currents are conse-
quently being reduced (Figs. 3(a) and (b)). We observe
that the width of region D is reduced faster than that
of region C, such that it becomes nearly unresolvable at
V, = —4 V. This indicates that the top gating, though
nominally symmetric, has a slightly higher efficiency for
the InAs region between terminals 2 and 0 than for that



Ve dvi/dh (Q)

1000

—35V av/a (Q)(b)looo  Ve=-4V

750

500

0

710901000 —500 O 500 100 710901000 —500 0 500 1000

h (nA) I (nA)

(c) 500
—a— hn

—a—
400 Lw

300 A

/.

Il (nA)

200 A Iy 14

b g

1.2+

—40 -35 =30 -25 -20
AU

100 A

T

40 35 30 —25 20
Ve (V)

@, B=200uT avjar@ B =700 4T av/a; )

710901000 —500 O 500 1000 710901000 —-500 O 500 1000

h (nA) I (nA

FIG. 3. (a), (b) dVi/dI; at two different gate voltages. (c)
Dependence of retrapping current ([1,¢) and switching cur-
rent (I1sw) on gate voltage, with I = 0. Inset shows the
ratio I1 sw/I1 e vs. V4. (d), (e) dVi/dIy vs. I and I> at two
different values of the perpendicular magnetic field.

between terminals 1 and 0. In addition, the arms of re-
gions C and D tilt away from the slopes described previ-
ously, which we also attribute to the differential effect of
gating on the resistances of each junction. Interestingly,
we also observe a gradual vanishing of the hysteresis for
more negative V;, as seen in Fig. 3(c). This is in agree-
ment with a thermal origin of the observed hysteresis,
since as the critical currents are reduced by gating, the
Joule heating power is also reduced nearby these smaller
switching currents. These interpretations are supported
by detailed simulation results, presented in the next sec-
tion.

We have also explored the effect of a small perpendic-
ular magnetic field, corresponding to less than one flux
quantum through the total area of the junctions (Figs.
3(d) and (e)). As expected, the magnetic field does not
affect the resistances of regions B-E. The effect of the
field, like that of the topgate voltage, is to shrink all of
the regions associated with superconductivity (A, C-E).

However, in contrast with the asymmetric effect of V
noted above, applying a magnetic field causes all regions
to shrink in roughly equal proportions, consistent with a
spatially homogeneous weakening of superconductivity.
This could arise from modulation of the critical currents
due to superconducting quantum interference (analogous
to the Fraunhofer-like modulation of I, in a lateral two-
terminal Josephson junction [9]) or due to dissipation by
superconducting vortices in the thin-film aluminum leads
[40, 41]. Another marked difference between the effects of
magnetic field and V; pertains to the shape of the central
superconducting region (A). While gating makes region
A more parallelogram-like, a finite field makes it more
elliptical in shape. We discuss the differences between
gating and magnetic field in more detail below.

IV. SIMULATIONS

To gain more insight into the phase diagram of
our device, we employ a numerical simulation. We
use the SPICE-based superconducting circuit simulator
PSCAN2 [42]. Using this simulator framework, we model
our device as a network of three junctions in the RCSJ
description (Fig. 4(a)). This simple model contains nine
parameters: the critical currents I, ;, normal-state resis-
tances R, ;, and capacitances C; for each of the three
Josephson junctions in the network. The precise values
of these parameters as well as the PSCAN2 code used to
generate the items in Fig. 4 can be found in the supple-
mentary material of this work [43].

State-of-the-art RCSJ simulation software currently
does not have the capability of including temperature ef-
fects due to Joule heating [44] and adding this capability
is beyond the scope of this work. As a result, in order to
capture the hysteretic effects observed in our device, we
include instead a sufficiently large synthetic capacitance
in each junction. We find that the key features of our
experimental data from Fig. 2 are all reproduced semi-
quantitatively by our simulations (Fig. 4(b) and (c)).
This includes the shape of the central superconducting
region, the slope and position of the arms, and the resis-
tance values in the dissipative regimes. In contrast, re-
moving the hysteresis by setting all C; = 0 (RSJ model)
generally fails to reproduce the experimental central re-
gion, instead yielding an elliptical shape (Fig. 4(f)). On
the basis of this very good overall agreement of our RCSJ
simulations with the data, we conclude that modeling the
hysteresis is necessary, but that its specific origin (capac-
itive or Joule heating) does not have a major impact
on the phase diagram. As expected, the RCSJ simula-
tions do not show the gradual tapering off of regions C-E,
which occurs experimentally for larger applied currents,
consistent with this effect being due to the dynamical
reduction of the I.; due to Joule heating.

The enhanced parallelogram shape of region A mea-
sured at more negative gate voltages (Figs. 3(a) and (b))
is also readily recovered in the simulations by assuming



~ 7721000 —500 0 500 1000
A

dvi/dhy (Q dvi/dhy (Q
(d) /40 (D) (&) 1900 i/ (D) (F) 1000
200 w00 500
= 50 =
z < 225 :
< 00 o 150 <
—500 n 50 ~500 75 —500
~1000 : 0 ~1000 0 ~1000 ‘
21000 —500 0 21000 —500 0 500 1000 21000 —500 0 500 1000
Il (nA) Il (nA) Il (nA)

FIG. 4. (a) Three-junction RCSJ network used in simulations. (b),(c) Simulated plots of dVi/dIi and dVa/dI> with large
synthetic capacitance, which reproduce the main features in Fig. 2(a) and (b), respectively. There are additional very narrow
superconducting arms along the lines Iy = 0, I = 0 and I; = —I3, which we do not see in the data. These features could be
completely suppressed in the measurements by heating, in the same way that the experimentally-visible superconducting arms
are narrowed. (d) Simulation with same parameters as (b) and (c), but with C; = 0, showing that the central region becomes
elliptical when hysteresis is absent and the three critical currents are relatively close in magnitude. (e) dVi/dI; with reduced
I.,; to simulate gating effects (c.f. Fig. 3(a)). (f) Further reduction of critical currents compared to (e), c.f. Fig. 3(b). In (e)
and (f) I. 2 is reduced more than the other two critical currents to account for the observed gating asymmetry, and C; are set
to zero to account for the small hysteresis observed in this regime (c.f. Figs. 3(a),(b) and (c)).

that gating decreases I, slightly more efficiently than ing a slope of minus one. This obviously does not hold
I.q and I.12 (Figs. 4(e) and (f)). This is consistent  for when the boundaries are more rounded, as are seen
with our data showing the width of the superconducting  in experimental data under magnetic field, and also the
arm along I1 = —2I5 (region D) decreasing more rapidly simulation with C; = 0.

relative to the other arms close to pinch-off due to the dif-

ferential effect of gating on the three legs of the junction.

Note also that in this regime the experimental hysteresis

becomes very small (see Fig. 3(c)), again consistent with

a heating origin of the hysteresis. In the simulations, we

model this low Ic,; regime with vanishingly small C. The discussion in the preceding paragraphs shows that

We find that the extent of the central superconducting at B = 0 our three-terminal device can be very well
region and the widths of the arms are dependent upon understood using a model of three classically-coupled
all of the I.; values used in the simulations in a nonlin- Josephson junctions with gate-tunable hysteresis. At fi-

ear fashion. For example, a line-cut through the central nite B, the shape of the central region becomes more
region along Iz = 0 does not correspond to a switch-  elliptical (Figs. 3(d) and (e)). This is qualitatively sim-
ing current equal to I.;. This is due to supercurrent ilar to the results of our simulations with C; = 0 and
splitting along two paths to reach ground. For example, relatively symmetric I.; values (Fig. 4(d)). Thus, the
with I = 0, we see a switch to the resistive state oc- magnetic field may enhance the symmetry of the device,
curring at the value Iy = I.1 + I 12, since the current making the three I.; values more similar, perhaps due
flows not only directly between terminals 1 and 0, but to flux focusing [8]. However, at finite magnetic field,
also to 0 through terminal 2. Therefore the condition the RCSJ model is fundamentally no longer applicable
to have purely dissipative transport in the device is that [45]. Instead, a fully self-consistent theoretical treatment
1.1 and I, ;2 must both be exceeded simultaneously. In of the device, taking into account how the superconduct-
the case of a parallelogram-shaped central region, this ing phases across the device vary with field, is required.
relationship can be extended to explain the location of = The result for the case of two-terminal junctions is well
the sides of the region. The upper and lower horizontal known, especially for the SIS case, but the authors are
boundaries occur when Iy = £(I.1 + I 12). The angled not aware of any equivalent theory for multi-terminal
sides then correspond to Iy + I = +(I.1 + I.2), hav-  junctions.



V. CONCLUSIONS

In conclusion, we report the behavior of a three-
terminal Josephson junction based on an InAs quantum
well with epitaxial aluminum superconducting leads as a
function of electrostatic gating and applied perpendicu-
lar magnetic field. The ability to interpret and distin-
guish features that are due to mesoscopic superconduct-
ing transport in a multi-terminal Josephson junction is
expected to prove useful in future studies which aim to
approach the small-area, few-modes regime that is pre-
dicted to show topological effects. Such multi-terminal
topological effects could provide a new path for the de-
velopment of qubits with enhanced resilience to decoher-
ence. Understanding the effects of gating and applied
magnetic fields on a mesoscopic three-terminal Josephson
junction could also help the development of coupled gate-

mon qubits. The combination of controlled gating, high
mobility, and geometrically flexible fabrication present in
this material platform makes it an excellent candidate for
pursuing these goals.
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