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In analogy to conventional semiconductor diodes, the Josephson diode exhibits superconducting
properties that are asymmetric in applied bias. The effect has been investigated in a number of systems
recently, and requires a combination of broken time-reversal and inversion symmetries. We demonstrate a
dual of the usual Josephson diode effect, a nonreciprocal response of Andreev bound states to a
superconducting phase difference across the normal region of a superconductor-normal-superconductor
Josephson junction, fabricated using an epitaxial InAs=Al heterostructure. Phase asymmetry of the subgap
Andreev spectrum is absent in the absence of in-plane magnetic field and reaches a maximum at 0.15 T
applied in the plane of the junction transverse to the current direction. We interpret the phase diode effect in
this system as resulting from finite-momentum Cooper pairing due to orbital coupling to the in-plane
magnetic field. At higher magnetic fields, we observe a sign reversal of the diode effect that appears
together with a reopening of the spectral gap. Within our model, the sign reversal of the diode effect at
higher fields is correlated with a topological phase transition that requires Zeeman and spin-orbit
interactions in addition to orbital coupling.
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Nonreciprocal effects in superconducting systems have
attracted significant recent interest.A primarymotivation is to
engineer a superconducting diode, a circuit element that
supports dissipationless flow of current in one direction but is
resistive in the opposite [1]. Nonreciprocity of supercurrent
flow has been observed in thin film superconductors [2–11]
and Josephson junction devices [12–17]. In general, nonre-
ciprocal superconductivity requires the breaking of time-
reversal and inversion symmetries [18–30], also prerequisites
for various topological superconducting states.Nonreciprocal
effects may therefore also serve as a marker for unconven-
tional superconducting order [9,10,19,21,31].
Several proposals have been put forward to explain

nonreciprocal superconducting transport. In uniform non-
centrosymmetric materials, breaking of time-reversal sym-
metry with a magnetic field generates a nonreciprocal
supercurrent [6,23,25–27,29]. In Josephson junctions, vari-
ous mechanisms may lead to a Josephson diode effect,
including spin-orbit coupling with an external magnetic
field [18–21], ferromagnetism of the barrier [24,32], and
finite-momentum Cooper pairing [13,28,31].
The behavior of Andreev bound states (ABSs) carrying

nonreciprocal supercurrents across Josephson junctions has
been predicted in the form of an asymmetric energy-phase
relationship where Eðϕi − ϕÞ ≠ Eðϕi þ ϕÞ for any value of

ϕi [20,28]. This is different from the ϕ0 Josephson effect
where the ABS spectrum is phase-shifted by ϕ0 but still
remains symmetric about ϕ ¼ ϕ0 [33–35]. Signatures of
weakly phase-asymmetric ABSs have been observed in
semiconductor Josephson junctions where this behavior
was attributed to spin-orbit coupling [36,37]. Orbital-
effect-dominated phase asymmetries were not observed
in these experiments, presumably due to the low transverse
critical fields (∼10 mT).
Here, we use tunneling spectroscopy to experimentally

investigate the ABS spectrum of planar InAs/Al Josephson
junctions as a function of superconducting phase differ-
ence, ϕ, across the junction, and magnetic field, Bk,
applied in the plane of the sample, parallel to the super-
conductor-normal interfaces. At Bk ¼ 0, the ABS spectrum
is symmetric under phase inversion. A small magnetic field,
Bk ≃ 60 mT, results in an ABS spectrum with a pro-
nounced phase asymmetry that becomes maximal at
Bk ≃ 0.15 T. At higher magnetic fields (Bk > 0.22 T),
we observe a sign reversal of the phase asymmetry
corresponding to a negative diode effect. The regions of
negative diode effect are correlated with a closure and
reopening of the spectral gap, and the formation of zero-
bias conductance peaks (ZBCPs) in the tunneling spectra
for certain gate voltage settings.
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Based on numerical simulations, we interpret the
observed phase asymmetry of the spectrum at low magnetic
fields as a result of orbital coupling induced superconduct-
ing diode effect, similar to a mechanism proposed in recent
works [13,28]. Within our model, at higher magnetic fields,
an interplay of orbital and Zeeman coupling causes a sign
reversal of the diode effect and is correlated with a
topological phase transition of the junction.
The planar superconductor-normal-superconductor

devices [Fig. 1(a)] are fabricated on InAs=Al two-
dimensional heterostructures shown in Fig. 1(b), where
Al plays the role of the parent superconductor (SC), and
InAs is the semiconducting layer that serves as both the
proximitized superconductor (S) where Al is present, and
the normal (N) region of the junction where Al has been
removed. The active semiconductor region, consisting of an
InAs quantum well confined by In0.75Ga0.25As barriers, has
a thickness of wz ∼ 20 nm.
Figure 1(c) shows an electron micrograph of one of the

devices, along with a schematic electrical circuit. The

device geometry, fabrication method, and measure-
ment setup has been discussed in detail in previous
works [38,39]. Briefly, the Josephson junction device
has a superconducting loop that connects the two super-
conducting leads, allowing phase-biasing by the applica-
tion of a small (0.1 mT scale) out-of-plane magnetic field,
B⊥. Spectroscopy is performed by quantum point contacts
(QPC) at both ends of the junction, formed by split gates
that are controlled by voltages V tqpc and Vbqpc at the top and
bottom ends. The carrier density in the normal barrier is
controlled by gate voltage V1. We discuss results from
Device 1 here; results from Device 2 and Device 3 are
provided in the Supplemental Material [40].
We first focus on Device 1, where we performed

tunneling spectroscopy only using the top QPC. At zero
in-plane magnetic field, we observe a periodic modulation
of the superconducting gap with period B⊥ ≃ 0.16 mT
corresponding to one flux quantum Φ0 ¼ h=2e through
the superconducting loop of area ∼13 μm2. Within each
flux lobe, the gap modulation appears symmetric around
maxima and minima, as shown in Figs. 2(a) and 2(g). This
symmetry is broken by the application of Bk. Already at
Bk ≃ 0.06 T [Fig. S4], the flux lobes are lopsided, with a
smaller gap measured at the left end of the flux lobe
compared to the right. The lopsidedness increases with Bk,
producing an arrowlike structure pointing toward the left
end of the flux lobe, while the overall superconducting gap
is also reduced [Fig. 2(b)]. Reversing the direction of the in-
plane magnetic field reverses the direction of the arrow,
as shown in the datasets at Bk ¼ −0.14 T [Fig. 2(f)] and
Bk ¼ þ0.14 T [Fig. 2(h)]. We speculate that small phase
asymmetries at Bk ¼ 0 are due to an offset from residual
fields in the magnet.
The asymmetric phase behavior persists until the spectral

gap closes at Bk ¼ Bc ¼ 0.22 T [Fig. 2(c)], where an
X-shaped crossing of Andreev states is observed. Upon
increasing the magnetic field further, the spectral gap
reopens but with opposite phase asymmetry compared to
the low-field spectra (Bk < Bc) [Fig. 2(e)]. At the same
time, for this particular setting of gate voltages, we observe
the formation of a ZBCP that is stable with respect to phase
variation [Figs. 2(d) and 2(e)].
An estimate of the supercurrent diode efficiency

can be extracted from the phase-dependent Andreev
spectra. The supercurrent carried by the junction is
IðϕÞ ¼ −2e=h

P
i δEi=δϕ ≃ −2e=h

R
VSD<0

ðdρ=dϕÞϵdϵ,
with Ei < 0 the energy of an occupied Andreev level. We
approximate the sum over energy levels as an integral over
density of states ρðϕÞ, which can be obtained from the
phase-dependent differential conductance [Fig. 2] up to an
approximately constant factor relating differential conduct-
ance to density of states, as discussed in Ref. [51]. The ratio
I�cþ=I�c− of maximum (I�cþ) and minimum (I�c−) estimated
critical currents is then obtained from the current-phase
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FIG. 1. Device schematic and micrograph. (a) Schematic of a
planar Josephson junction device consisting of two superconduct-
ing leads (blue) of widthws ¼ 1.8 μm in epitaxial contact with the
underlying semiconductor (brown). The normal region between
the two leads is of width wn ¼ 100 nm, length l ¼ 1.6 μm. The
2D electron wave function extends over a nominal thickness of
wz ∼ 20 nm that includes the width of the InAs quantum well and
the two insulating In0.75Ga0.25As barriers. (b) Cross section of the
device depicted schematically showing various layers comprising
the heterostructure stack. Al (7 nm) is epitaxially grown on
an In0.75Ga0.25As ð10 nmÞ=InAs ð7 nmÞ=In0.75Ga0.25As ð4 nmÞ
quantum well. Meandering perforations in the Al leads help with
hardening of the superconducting gap. (c) False-colored electron
micrograph of a planar Josephson junction device measured in a
three-terminal configuration. dc biases, VT and VB, are applied to
the top and bottom ohmics through current amplifiers connected to
the respective terminals. The superconducting loop is grounded.
An out-of-plane magnetic field B⊥ threads magnetic flux through
the superconducting loop for phase biasing. In-plane magnetic
field Bk is applied in the plane of the device parallel to the S-N
interfaces.
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relation (see Fig. S5), allowing us to estimate an
approximate diode efficiency η� ¼ ðjI�cþ=I�c−j − 1Þ=ðjI�cþ=
I�c−j þ 1Þ. We plot η� as a function of Bk in Fig. 3(a).
We note that η� agrees qualitatively, but may differ quan-
titatively from the diode efficiency η ¼ ðjIcþ=Ic−j − 1Þ=
ðjIcþ=Ic−j þ 1Þ of critical currents Ic� in a current-
biased measurement [25–29] (see Supplemental Material,
Sec. I [40] for details).
The extracted diode efficiency η� is near zero for

Bk < þ50 mT, and rises sharply to a maximum of 0.6
at Bk ≃þ150 mT, roughly tracking the phase asymmetry
seen in Figs. 2(b) and S4. Further increase of Bk diminishes
η� until it reaches zero at Bk ¼ Bc ≃ 220 mT, where the
spectral gap closes [Fig. 2(c)]. Thereafter, η� changes sign,
tracking the reversed phase asymmetry in Fig. 2(e). In this
range, the gap reopens and a ZBCP is observed.
The correlation of the sign reversal of the phase

asymmetry with the reopening of the spectral gap can be
seen clearly by comparing the evolution of η� with Bk in
Fig. 3(a) with the variation of the spectrum in Fig. 3(b). At
higher fields, Bk > 0.4 T, the closing of the spectral gap is
accompanied by a positive η� before η� is again suppressed
as the gap fully closes. This variation of η� is found for
different gate voltage settings in Device 1 (see Fig. S6 [40])
including settings where the gap reopening is present but no
ZBCP is observed [Figs. 3(c) and 3(d)]. Device 2 shows
similar correlation between asymmetry, as measured by η�,
and the closing and reopening of the gap in the Andreev
spectra (see Fig. S10 [40]). Additionally, three-terminal
conductance spectroscopy in Devices 2 and 3 show that the

phase-asymmetric ABSs extend throughout the bulk of the
junction, as opposed to localized features associated only
with the device ends [52–54] (see Supplemental Material,
Sec. L [40] for details).
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FIG. 2. Andreev bound state spectrum. (a) Differential conductance measured in Device 1 as a function of B⊥ at different value of Bk.
At Bk ¼ 0, the Andreev bound state spectrum is phase-symmetric within each flux lobe. (b) For nonzero Bk, the spectrum acquires an
asymmetry within each flux lobe. (c) At a critical magnetic field Bc ¼ Bk ¼ 0.22 T, the asymmetry disappears. (d),(e) At higher
magnetic field (Bk > Bc), the asymmetry reappears with an opposite sense and eventually disappears for an even higher field.
(f)–(h) The sense of asymmetry within each flux lobe is opposite for Bk ¼ þ0.14 T and (h) Bk ¼ −0.14 T. There is no asymmetry at
(g) Bk ¼ 0. Top gate voltage V1 ¼ 86 mV.
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FIG. 3. In-plane field dependence. (a) Diode efficiency η�
estimated from the phase-dependent tunneling spectra. (b) Differ-
ential conductance measured as a function of Bk at the center of
the flux lobe, corresponding to ϕ ¼ 0 at Bk ¼ 0. Bc ≃ 220 mT is
the critical field at which the spectral gap closes. At the
same field, we observe that η� changes sign. Top gate voltage
V1 ¼ 86 mV same as in Fig. 2. (c) η� and (d) differential
conductance spectrum at a top gate voltage setting
(V1 ¼ 65 mV) where the gap-reopening signature is present
without ZBCPs. The field range where η� < 0 appears to be
correlated with the reopening of the spectral gap in both cases.
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Finally, we note that the diode effect in Devices 1–3
showed weak top gate voltage (V1) dependence (for
example, see Fig. S6 [40]). On the other hand, we
found a strong dependence of the diode effect on device
geometry. In a device with narrow superconducting leads
(ws ¼ 160 nm, Device S) studied in Ref. [55], the experi-
mental diode efficiency η� is maximal at Bk ¼ 0.6 T (see
Fig. S7 [40]), compared to 0.15 T in devices with wide
leads (ws ¼ 1.8 μm, Devices 1–3).
We turn to numerical simulation to better understand the

experimentally observed nonreciprocity and its field
dependence. The InAs quantum well is modeled as a
two-dimensional electron gas (2DEG) with effective mass
m� ¼ 0.026me, chemical potential μ ¼ 1.5 meV [38,56],
spin-orbit coupling α ¼ 15 meVnm, and g factor g ¼ −10
in proximity to an Al superconducting layer with super-
conducting gap jΔj ¼ 0.2 meV. In addition to spin-orbit

and Zeeman interactions previously considered for
diode physics [33,57–59], we now account for orbital
effects, which are sizable for our device geometry. The
thickness of the quantum well, wz ¼ 20 nm, and super-
conductor ds ¼ 7 nm, such that the 2DEG is located
d ¼ ðwz þ dsÞ=2–15 nm below the superconducting layer
[Fig. 4(a)]. Electrons tunneling between the two layers
acquire a geometric phase shift from the orbital coupling to
the in-plane magnetic field Bk. As a consequence, Cooper
pairs in the proximitized 2DEG acquire a finite momentum
perpendicular to the applied field. In the gauge A⃗ ¼ −Bkzêy,
the orbital coupling yields a phase gradient ϕ → ϕþ 2qy
of the proximity-induced pairing Δeiϕ [60], where q ¼
πBkd=Φ0 is the Cooper pair momentum arising from orbital
effect alone [28] (see Supplemental Material, Sec. E for
details [40]).
We first discuss the low-field behavior. Numerical

density of states (DOS) as a function of phase bias at
different Bk are shown in Fig. 4(b). At Bk ¼ 0, the DOS is
symmetric. At Bk ¼ �0.16 T, the spectrum is strongly
nonreciprocal, with opposite asymmetries at opposite Bk,
consistent with Onsager microreversibility. The numerical
DOS agrees well with the experimental phase spectra
measured at low fields [Figs. 2(b), 2(f), and 2(h)]. The
nonreciprocal spectrum can be further characterized by the
calculated critical current diode efficiency η. As shown in
Fig. 4(c), η ≃þ8% at Bk ≃ 160 mT, roughly where the
ABS spectrum is most phase-asymmetric, and also where
η� is maximal in the experiment [Fig. 3(a)].
For the material parameters used in the numerics, finite-

momentum Cooper pairing dominates nonreciprocity (see
Fig. S3 [40]), compared to effects of spin-orbit plus Zeeman
couplings, which is the more commonly explored mecha-
nism for nonreciprocity [33,57–59]. We note that nonrecip-
rocal ABSs can be obtained in the numerics at lowmagnetic
fields without including finite-momentum Cooper pairing,
but this requires unreasonable values of g factor (jgj ∼ 60)
and spin-orbit coupling (α ∼ 90 meVnm), as discussed in
the Supplemental Material, Sec. J [40]. Further, the weak
gate-voltage dependence of η� favors an orbital over a spin-
orbit plus Zeeman mechanism, since the effect of spin-orbit
coupling is expected to vary strongly with gate voltage (see
Fig. S6 [40]). At the same time, the superconducting lead
width (ws) dependence of the magnetic field where η� is
maximized (150 mT for ws ¼ 1.8 μm and 600 mT
for ws ¼ 160 nm) is consistent with an orbital effect
mechanism that scales as the device cross section area
∝ ð2ws þ wnÞwz (see Fig. S7 [40]).
Now we discuss the high-field behavior of the numerics,

where the contributions from spin-orbit plus Zeeman
coupling become significant. The gap in the local density
of states begins to close at Bk ¼ 0.2 T [Fig. 4(b)]. Further
increase of field causes the gap to reopen (Bk ¼ 0.25 T)
while a DOS peak appears at zero energy. This indicates a
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FIG. 4. Model and numerical results. (a) Sketch of the
Josephson junction cross section formed by two superconducting
films of width ws ¼ 400 nm and separation wn ¼ 100 nm depo-
sited on top of a 2DEG with wave function profile jΨj2 (sketch).
The mean separation between the 2DEG and the superconductor
is d ∼ 15 nm. Cooper pairs in the proximitized 2DEG acquire a
finite momentum q ¼ πBkd=Φ0 from the flux Φ ¼ BkdΔy
enclosed by electron hopping between the layers at different
positions Δy. (b) Calculated DOS with in-plane field Bk ¼ −160,
0, 160, 210, 240, and 300 mT (from top left to bottom right) with
loop inductance L ¼ 1 nH and a Gaussian linewidth of 30 μeV.
(c) Critical current diode efficiency η. (d) DOS at equilibrium
phase ϕ0.
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topological phase transition of the junction where the zero-
energy peak arises from a Majorana mode. This occurs
simultaneously with a sign reversal of η [Figs. 4(c) and
4(d)]. The topological phase transition at the equilibrium
phase bias ϕ0 is caused by a fermion-parity transition of the
kx ¼ 0 mode whereby the corresponding Andreev bound
state crosses zero energy at ϕ ¼ ϕ0 as Bk is increased. After
the crossing, the supercurrent carried by the Andreev bound
state has a negative contribution that leads to the sign
reversal of the diode effect (see Supplemental Material,
Sec. H for details [40]). This behavior is consistent with
experiment where we observed sign reversal of η� asso-
ciated with a reopening of the spectral gap and appearance
of ZBCPs.
Qualitative agreement between experiment and numerics

supports our interpretation of finite-momentum Cooper
pairing arising from orbital coupling of the in-plane mag-
netic field as the dominant mechanism for the observed low-
magnetic-field nonreciprocity. This mechanism does not
rely on spin-orbit or Zeeman couplings, and suggests that
other proximity-effect-based superconducting platforms
such as graphene [61], Ge=SiGe [62], or GaAs [63]
heterostructures, where these couplings are small or non-
existent, may host nonreciprocal superconductivity. At high
magnetic field, we observe a sign reversal of the diode effect
that has a possible topological interpretation. We note that
two recent works on Josephson junctions on the same
material platform (InAs=Al) reported a similar sign reversal
of the diode effect [16,64]. The connection between
finite-momentum Cooper pairing, nonreciprocal supercon-
ductivity, and topological superconductivity warrants fur-
ther study [65,66].
Our calculations suggest that the sign-reversed diode

effect can surpass the positive diode effect and even
breach the previous theoretical limit of jηj ≈ 40% [28].
Compatibility of our material platform with superconduct-
ing quantum computation architectures opens the possi-
bility to integrate nonreciprocal Josephson junctions as
three-wave mixing elements with essential applications as
traveling-wave parametric amplifiers [67] and coherent-
state generation for bosonic-encoded qubits [68]. Future
work will focus on these directions.
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