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Abstract
Recent advances in fabrication techniques allow the realization of novel Josephson
junctions (JJ) with exotic properties that have the potential to enhance the strength
and efficiency of high-performance computing resources vital to NASA’s mission and
advance quantum communication efforts by NASA. Among the many applications of
JJ’s, Josephson mangetic random-access memory (JMRAM) is an energy-efficient, fast,
and memory-dense option for cryogenic memory in classical and quantum computers.
JMRAM proposals currently rely on carefully built multilayer JJ’s that would be difficult to scale. Here we propose an alternative design to generate spin-polarized supercurrent by implementing a spin-triplet superconductor into the JMRAM design. We
also consider JJ’s that are predicted to host topological superconductivity which can be
used in topological quantum computing schemes. A signature of non-trivial topology
is missing odd Shapiro steps. We provide theoretical support for the first strong report
of missing Shapiro steps in a topologically trivial JJ. We ascribe our observations to
the high transparency of our junctions allowing Landau-Zener transitions. We analyze
our results using a bi-modal transparency distribution which demonstrates that only
few modes carrying 4 periodic current are sufficient to describe the disappearance of
odd steps.

Introduction
Quantum computers are of current interest to NASA because of their ability to
solve a certain class of problems much more
efficiently than classical computers. Currently, the quantum computers that have
been made are limited by a number of factors, but a particularly challenging obstacle is decoherence–the corruption of quanCuozzo

tum information contained in a quantum
bit (qubit) due to interactions with the environment. A proposed way to overcome
this obstacle is by incorporating so called
topologically-protected (TP) quantum states
(states protected from weak perturbations
due to the environment). A number of theoretical works1, 2 have discussed setups in
which TP states can be realized and used
to create a qubit that avoids decoherence,
1

Missing Shapiro Steps

We have reported in the journal Nature
Communications 7 the first strong experimental observation of missing Shapiro steps
in a topologically trivial JJ. We developed
an resistively-shunted junction model where
the supercurrent channel is described by a
bimodal distribution of Andreev bound state
transparencies where the contribution from
high transparency modes is allowed to particpate in Landau-Zener transitions (LZT)–
diabatic quantum transitions between energy levels.
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Researchers at NYU, in collaboration
with our group, studied a novel JJ that
they developed based on epitaxially grown
Al/InAs multilayers.5 Their junction features many conduction channels (some with
very high transparency–a description of how
strongly a quantum mode contributes to the
total electrical current in a nanoscale circuit
element); and by tuning the free-electron
density (i.e. an external gate bias), the system can be more easily tuned into a topological phase where a TP qubit can be realized.2 Among a number of ways to probe the
topological phase of a junction, one way is
to measure Shapiro steps– constant-voltage
steps at integer multiples of h̄ωac /2e in the IV curve of an JJ irradiated with radiation of
angular frequency ωac . Arguments for verification of topological phases include the observation of suppressed odd-integer Shapiro
steps.6
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and the experimental community is now concerned with verifying the topological phases
predicted in these theoretical works. Recently, multiple groups have produced evidence for TP quantum states in planar
Josephson junctions.3, 4
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Figure 1: a, b: Phase and instantaneous
voltage across the JJ, which corresponds to
the second Shapiro step. The black stars
indicate the instantaneous voltage at φ =
π used in the calculation of the LandauZener transition. c, e V -Idc curves showing
Shapiro steps at 7 and 11 GHz for the parameters of device A in the experiment. d, f
V -Idc curves showing Shapiro steps at 6 and
12 GHz for the parameters of device B in the
experiment.
Methods
The dynamics of a current-driven JJ can
be treated within a semiclassical description
where the current is carried in three parallel channels: a resistive channel describing
dissipative current, a capacitive channel describing charge accumulation on the superconducting leads across the weak link, and a
supercurrent channel describing current mediated by Cooper pairs. Our JJ has a small
geometric capacitance (C ∼ 1 fF) corresponding to the overdamped regime; thus,
2

we neglect the capacitive channel. Driving
our JJ with an ac current, we can use Kirchoff’s junction law to write

and
Ihigh τ =

e∆ X ∂Eτ
2h̄ τ ∈T
∂φ
high

Idrive (t) = IR (φ̇) + Is (φ)

(1)

where φ is the phase difference between the
two superconducting electrodes, Idrive (t) =
Idc + Iac sin(2πfac t) is the external driving
h̄
φ̇ is the current in the
current, IR (φ̇) = 2eR
resistive channel, and Is (φ) is the supercurrent contribution. Then the equation governing the JJ’s dynamics is
h̄
φ̇ = Iˆdc + Iˆac sin(2πfac t) − Iˆs (φ), (2)
2eIc R
where the hats denote currents normalized
by the critical supercurrent Ic .
In JJ’s, the supercurrent is mediated by
Andreev bound states (ABS) with energy
given by
q
EABS = ±∆ 1 − τ sin2 (φ/2)
(3)
where ∆ is the SC gap and τ is the transparency. The spectrum according
to Equa√
tion (3) exhibits a gap 2∆ 1 − τ at φ = π.
The supercurrent carried by a single ABS at
zero temperature is given by a skewed sinusoidal CPR,
IABS =

e∆
τ sin(φ)
p
.
2h̄ 1 − τ sin2 (φ/2)

(4)

In what follows, we assume the distribution of mode transparencies to be bimodal,
where the two lobes of the bimodal distribution curve are centered around a low
transparency τlow and a high transparency
τhigh > τlow . We further assume the majority of the modes reside near τlow . Now, we
simplify the contribution made to the supercurrent channel by letting
Ilow τ =

e∆ X ∂Eτ
≈ nI2π sin(φ)
2h̄ τ ∈T
∂φ
low
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(5)

(1 − n)Iτhigh sin(φ)
≈p
1 − τhigh sin2 (φ/2)

(6)

where Tlow and Thigh are the set of transparencies of modes belonging to the lower τ
and higher τ modes, respectively and n is the
fraction of critical current contributed by the
effective low-transparency mode and Ic is the
critical current. Thus, we consider two effective modes: a low-transparency mode with
a sinusoidal CPR and a high-transparency
mode with a skewed CPR determined by an
effective transparency τ = τhigh . Then we
write our supercurrent as:
n
Is = Ic sin(φ)
α0
1−n
sin(φ)
p
+ Ic
,
(7)
ατ
1 − τ sin2 (φ/2)
We have included normalizations α0 and ατ
that are determined by,
α0 =

ατ =

1
sin(φ̃max )
q
1 − τ sin2 (φ̃max )
sin(φ̃max )

(8)

(9)

where φ̃max is such that
sin(φ)

!

max n sin(φ) + (1 − n) p
1 − τ sin2 (φ/2)
= n sin(φ̃max )
sin(φ̃max )
+(1 − n) q
1 − τ sin2 (φ̃max /2)

(10)

These normalizations remove the inherent
difference between the sinusoidal and skewed
CPR’s contribution to the critical current,
allowing n to accurately determine the fraction of critical current coming from the low
3

In a two-level quantum system, LandauZener processes describe diabatic energy
level transitions. Generally, the LandauZener transition (LZT) probability will depend on the difference in energy between the
two states and the rate at which the dynamical variable changes: a small energy gap and
rapid evolution of the dynamical variable are
favorable conditions for an LZT to occur.
We can treat the ground state and excited
state of a single ABS with transparency τ
as a two-level quantum system and solve for
the LZT probability at the avoided crossing:


∆(1 − τ )
.
(11)
PLZT (t) = exp −π
e |V (t)|
Here we neglect interference effects due to
phase fluctuations and coherence between
LZTs.
A successful LZT will change the sign
of the supercurrent contribution due to the
ABS mode undergoing the transition. For
high transparency modes, LZT probability
can be significant because of the small gap
at the avoided crossing. We model the
collective behavior of the high-transparency
modes by considering a single effective LZT
in our calculations occurring at avoided
crossings. Thus, we take our supercurrent
to be given by,
n
sin(φ)
α0
(1 − n)
sin(φ)
p
,
+ sIc
ατ
1 − τ sin2 (φ/2)

Is = Ic

(12)

where s = ± controls the sign flip due to an
LZT. We solve Equation (2) dynamically to
account for LZTs at the avoided crossing of
the effective high-transparency mode.
Results
Cuozzo

In Fig. 1(c-f) the results of the model which
reproduce the experimental observations of a
suppressed first step at low driving frequency
are shown. We also show in Fig. 1(a-b) the
very weak dependence of the instantaneous
voltage at avoided crossings in the spectrum on driving frequency. Since the LZT
probability occurs at avoided crossings and
depends on the instantaneous voltage, this
implies the LZT probability is very weakly
dependent on driving frequency. This is significant because, under the assumption of a
strong frequency dependence, the lower frequency at which missing steps are observed
has been used to estimate the required transparency for LZTs to explain missing steps.8
We show that observing missing steps is
possible in our model with a transparency
below that estimated threshold. With a better understanding of how to estimate this
transparency threshold, future experiments
can better determine if missing Shapiro steps
are due to topological superconductivity or
some other trivial mechanism.
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Figure 2: Andreev bound state spectrum
for a wide, ballistic JJ. The calculation using tight binding parameters for InAs and
Al.
We also calculated the Andreev spectrum for a Al-InAs-Al JJ using the python
package Kwant9 to better understand the
Andreev spectrum on the experimental device. The result is shown in Fig. 2. For
energies E below the superconducting gap
4

∆, there are clearly Andreev bound states
that approach the quasi-continuum (E > ∆
states) near φ = 0, but there are a few that
lie well below the quasi-continuum which
are not likely to tunnel into higher energy
states. Furthermore, these states that are
separated from the quasi-continuum have energies very close to zero near the avoided
crossing at φ = π which implies that they
are high transparency modes. These high
transparency modes can undergo LZT’s and
are protected from tunneling into the quasicontinuum. We suggest that these states are
responsible for the missing steps in the experiment and are unique to wide, ballistic
JJ’s.

hybrid structure with three F-layers (S-F1F2-F3-S), where the first two F-layers are
used to create an equal-spin Cooper pair–a
pair or electrons with the same spin orientation that are weakly bound. An illustration
is shown at the top of Fig. 3. Flipping the
magnetization of either the first or last layer
changes the electric current signal in the
junction, which is the source of the readout
process.

Cryogenic Memory
In conventional superconductivity, electrons
at low temperatures form Cooper pairs,
where two electrons with opposite spin and
momentum are weakly bound to each other.
This type of superconductivity is called spinsinglet since the spinor part of the wave
function corresponds to a spin-singlet state;
but the Pauli exclusion principle also allows
for spin-triplet pairing states. This exotic
type of pairing has been realized in hybrid
structures where multiple ferromagnetic layers (F-layers) in proximity to a conventional
superconductor create a pseudospin-valve by
biasing the spin-states of the Cooper pairs
that coherently tunnel into the F-layers.
Researchers at Northrop Grumman Corporation have developed a memory concept
called JMRAM10 where the distinguishing
feature from traditional MRAM is that JMRAM uses a JJ current measurement for
the readout process. JMRAM is an energyefficient, fast, and memory-dense alternative for cryogenic memory in classical and
quantum computers.10 A leading design for
JMRAM uses spin-triplet JJ’s that uses a
Cuozzo

Figure 3: Illustration of the typical spintriplet JMRAM setup (top) and my proposal
to use the newly-discovered equal-spin superconductor UTe2 (bottom).
This mesoscopic device faces challenges
in scaling up production: the design requires
manufacturing three F-layers with independently tunable magnetizations, and it has a
smaller signal (critical current) than competing designs. Taking the concept behind the
spin-triplet design, I propose to replace the
junction S-F1-F2-F3-S with St -F-S, where
St represents an equal-spin superconductor
(a particular type of spin-triplet pairing).
An illustration of the setup is shown at the
bottom of Fig. 3. A group of researchers
at NIST reported that UTe2 hosts the rare
and exotic equal-spin pairing,11 which opens
the door to explore the capabilities of spintriplet superconductivity in this setup and
verify the type of pairing in UTe2 . This
system is also suggested to be a topological superconductor hosting chiral Majorana
edge and surface states,12 opening the door
to possible applications in topological quantum computing.
5

Outlook
In our work7 we show experimentally that in
JJs that are undoubtedly in a topologically
trivial phase, for the microwave powers and
frequencies reported, there are missing odd
Shapiro steps consistent with the 4π periodic
current-phase relation of a topological JJ.
We attribute our measurement to the very
high transparency of a fraction of the modes
in our JJ combined with large value of Ic Rn .
Our results clearly show that caution should
be used to attribute missing Shapiro steps
to the presence of Majorana modes. They
provide essential guidance to future experiments to use JJs to unambiguously establish
the presence of topological superconductivity, and, in addition, significantly enhance
our understanding of high quality JJs. We
plan to continue working with our collaborators at NYU and investigate Shapiro steps
under magnetic fields which push the device
into a topological phase. We also plan to improve the models describing the AC response
of JJ’s with high transparency modes and investigate LZT’s in these systems.
JMRAM is an energy-efficient, fast,
and memory-dense alternative for cryogenic
memory in classical and quantum computers.10 We plan to conduct numerical simulations on the St -F-S system with realistic
parameters to estimate how well this system
would perform in an experiment and compare with competing designs.
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