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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. We report induced superconduc-

tivity in quantum Hall edge states with large Andreev conversion.

We model the

device using a modified Landauer-Biittiker formalism, generalized to account for An-
dreev conversion. Using microscopic modeling and numerical simulations with realistic
parameters, we attribute the large Andreev conversion to efficient chiral Andreev edge
state interference due to the high quality of the device.

Introduction

Quantum computers are of current inter-
est to NASA because of their ability to
solve a certain class of problems much more
efficiently than classical computers. Cur-
rently, the quantum computers that have
been made are limited by a number of fac-
tors, but a particularly challenging obsta-
cle is decoherence—the corruption of quan-
tum information contained in a quantum
bit (qubit) due to interactions with the en-
vironment. 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 the-
oretical works? have discussed setups in
which TP states can be realized and used
to create a qubit that avoids decoherence,
and the experimental community is now con-
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cerned with verifying the topological phases
predicted in these theoretical works. Re-
cently, multiple groups have produced ev-
idence for TP quantum states in planar
Josephson junctions.?*

Researchers at NYU, in collaboration
with our group, studied a novel JJ that
they developed based on epitaxially grown
Al/InAs multilayers.> Their junction fea-
tures 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 sys-
tem can be more easily tuned into a topo-
logical phase where a TP qubit can be real-
ized.? 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 hw,./2e in the I-



V curve of an JJ irradiated with radiation of
angular frequency wg.. In our work® we show
experimentally that in JJs that are undoubt-
edly in a topologically trivial phase, for the
microwave powers and frequencies reported,
there are missing odd Shapiro steps consis-
tent with the 47 periodic current-phase re-
lation of a topological JJ. We attribute our
measurement to the very high transparency
of a fraction of the modes in our JJ com-
bined with large value of I.R,. Our results
clearly show that caution should be used to
attribute missing Shapiro steps to the pres-
ence of Majorana modes. They provide es-
sential guidance to future experiments to use
JJs to unambiguously establish the presence
of topological superconductivity, and, in ad-
dition, significantly enhance our understand-
ing of high quality JJs.

Another system hosting TP quantum
states that can used for topological quan-
tum computing is a hybrid quantum Hall-
superconductor system.” The quantum Hall
(QH) effect is a topological effect occurring
in two-dimensional metals placed in a large
external magnetic field directed perpendic-
ular to the surface of the metal. In the
QH regime, the current is carried along the
edge of the sample by chiral edge states.
We report here new results and analysis of
edge state transport in a InAs/NbTiN het-
erostructure. A large negative downstream
resistance is measured. Using a modified
Landauer-Biittiker formalism, the negative
downstream signal is due to a large Andreev
conversion efficiency at the InAs/NbTiN in-
terface. Using theoretical modeling, we de-
scribe the mechanism giving rise to Andreev
conversion and attribute the large Andreev
conversion efficiency observed to the high
transparency of the InAs/NbTiN interface.
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Indium Arsenide (InAs) near surface quantum wells (QWs) are promising for the fabrication of
semiconductor-superconductor heterostructures given that they allow for a strong hybridization be-
tween the two-dimensional states in the quantum well and the ones in the superconductor. In this
work we present results for InAs QWs in the quantum Hall regime placed in proximity of super-
conducting NbTiN. We observe a negative downstream resistance with a corresponding reduction
of Hall (upstream) resistance, consistent with a very high Andreev conversion. We analyze the
experimental data using the Landauer-Biittiker formalism, generalized to allow for Andreev reflec-
tion processes. We attribute the high efficiency of Andreev conversion in our devices to the large
transparency of the InAs/NbTiN interface and the consequent strong hybridization of the QH edge

modes with the states in the superconductor.

Anyons with non-Abelian statistics are of great
fundamental interest [I] and can be used to realize
topologically protected, and therefore intrinsically
fault-tolerant qubits [2H4]. Non-Abelian anyons are
expected to be realized in few fractional quantum
Hall (QH) states [5HI] such as the QH states with
filling factor v = % [10HI2], and, possibly, v = 1—52
[13]. However, so far, no unambiguous experimental
confirmation exists of the presence of non-Abelian
anyons in such QH states.

An alternative route to realize non-Abelian anyons
relies on inducing superconducting pairing between
counter-propagating edge modes of QH states that,
intrinsically, support only Abelian anyons [14HIT7].
These theoretical proposals build on an earlier pro-
posal for creating Majorana zero modes, the anyons
with the simplest non-Abelian statistics, using 1D
modes at the edge of a 2D topological insulator
(TI) in contact with a superconductor (SC) [I§]. In
contrast to TIs, in two-dimensional electron gases
(2DEGsS) in the QH regime, by varying filling factor
v, states can be realized with a variety of topolog-
ical orders. This allows access to more exotic edge
states needed for engineering anyons with richer non-
Abelian statistics. Key in all these theoretical pro-
posals is the ability to induce superconducting pair-
ing, via the proximity effect, between the QH edge
modes.

The strength of the superconducting correlations
that can be induced in a QH-SC heterojunction can
be evaluated by obtaining the amplitude of the An-
dreev reflection of QH edge modes. The early search
for Andreev reflection in QH-SC systems focused on
InAs and InGaAs semiconductor magneto-resistance
oscillations at relatively low magnetic fields [I9] fol-

lowed later by reports of induced superconductivity
in QH states [20]. More recently there have been
reports of observation of induced superconductiv-
ity [21, 22], cross Andreev conversion [23, 24], edge
state mediated supercurrent [25], and interference
of chiral Andreev edge states [26H29] in graphene.
To make further progress, It is essential to reliably
demonstrate the ability to induce robust supercon-
ducting correlations into the edge modes of a QH
state.

In this work we show that in high quality
InAs/NbTiN heterostructures, very strong super-
conducting correlations can be induced in the edge
modes of integer QH states realized in the InAs-
based quantum wells (QWSs). Such correlations ap-
pear to be robust, showing no oscillations as a func-
tion of doping, for gate voltages within the QH
plateaus. We analyze the experimental data in con-
junction with a microscopic model to extract the
details of the processes determining the transport
properties of the QH-SC interface.

Figure (a) shows a cross sectional schematic of
the fabricated device used in this work. The QW
is formed by a 4 nm layer of Ing gy Gag.19As layer,
a 7 nm layer of InAs, and a 10 nm top layer of
Ing g1 Gag.19As. The QW is grown on In,gAl;_,As
buffer where the indium content is step-graded from
x = 0.52 to 0.81. A delta-doped Si layer with elec-
tron doping n ~ 1 x 10'2 cm™2 is placed 6 nm be-
low the QW. This epitaxial structure has been used
in previous studies on mesoscopic superconductivity
[30H33], in the development of tunable qubits [34],
and in studies aimed at realizing and detecting topo-
logical superconducting states [35H37].

A Hall bar, Fig. b), is fabricated by electron



v NbTiN
i 2DEG

Device A

] i ==

()

2

- - .
100 - AT R
/, (V

-3 E
vy (V)

FIG. 1: (a) Schematic of gated NbTiN/InAs hybrid device structure (only the portion which is defined by the
rectangle in Fig. b)) (b) Device pin-out configuration. Contacts 1,2,3,5, and 6 are normal; contacts 4, 4, 4”
are superconducting. Contacts 1 and 4" are used as the source and drain, respectively. Contacts which are not
labeled had electrical connection issue during the experiment. (c¢) Andreev conversion via CAES interference along
the QH-SC interface (top) and a supporting tight binding calculation of the difference between the electron and hole
LDOS (LDOS._1) (bottom). (d) Measured R¥ as a function of V, and B in a dirty interface device (device B).
(e) Measured R% as a function of V, and B in the cleaned interface device (device A). IQHSs are labeled from
complementary Rgy, data. The dashed line shows the position of the cut shown in Fig. 2 (a).
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FIG.2: Ry—Rp and Rgy shown as a function of V. All
traces taken at B = 11T (Device A). IQHSs are labeled
and markers are shown for the states used in Fig. [3|(c).

beam lithography. In order to study the 2DEG/SC
interface, a 90 nm thick layer of NbTiN was sput-
tered as the superconducting contacts with a 150um-
wide interface after performing wet etch surface
cleaning (Device A). We also fabricated a similar de-
vice with intentional no surface cleaning step before
NbTiN sputtering (Device B). A metallic top gate is
created by depositing a layer of Al oxide followed by
an Al layer to control the QW electron density [38].
The mobility of the QW is determined to be p ~

12,000 cm?/V.s at n ~ 8.51 x 10*em ™2 correspond-
ing to an electron mean free path of [ ~ 180 nm.
All data reported here were taken at T ~ 30 mK. We
have provided more information on transport prop-
erties of the sample in the SI. We note that while we
focus mainly on one device (Device A) in the main
text, we have studied a few other similar devices
which their data have been shown in SI.

When the sample is placed in a magnetic field, in
the classical picture, electrons and holes will alter-
nate their skipping orbits across the interface of the
superconductor and 2DEG [39]. In the full quantum-
mechanical analysis the electron and hole edge states
hybridize due to the proximity of the SC and form a
coherent chiral Andreev edge state (CAES) extended
along the QH-SC interface [27] [40] [41]. A schematic
of CAES propagation along the QH-SC interface is
shown in Fig. [I| (¢). In this picture, if more holes
than electrons reach the normal lead downstream
from the superconducting electrode (lead 5), then a
negative potential difference (V5 — V) develops. In
Fig. 1| (c) we also show the the local density of states
of a CAES obtained with a tight binding (TB) cal-
culation performed using the python package Kwant
[42]. In the TB model the presence of the magnetic
field is taken into account via a Peierls phase, and
the superconductivity of the QW proximitized by
NbTiN via a mean field an s-wave pairing term of
strength A. The details of the TB model can be
found in the SI.

Figures[I|d) and (e) show the results for the down-
stream resistance, R%L , measured between the volt-
age contacts 5 and 4', as a function of gate volt-
age V, and magnetic field B. Hall resistance data
measured between contacts 2 and 5 allow us to de-
termine the filling factor of the different regions of
Fig.[[] (d), (e). Figure [2(a) shows the horizontal cut
at B=11T of Fig.e), R}E | and the corresponding



longitudinal resistance R,,. From the R,, measure-
ments we see that we have well developed integer QH
states (IQHS). From Figs. [fe) and 2fa) we clearly
observe that Rp is negative for IQHS, a fact that
strongly suggests the presence of Andreev processes
at the QH-SC interface for these IQHS. We notice
the importance of a clean InAs/NbTiN interface by
comparing the magnitude of negative resistance in
Figs. [1] (d) and (e). The clean interface on device
A has been achieved by etching the surface of de-
fined NbTiN pattern area by buffered oxide etchant
(BOE) for 2 seconds immediately followed by load-
ing into sputtering tool’s load lock in order to mini-
mize the time for the native oxide growth at the in-
terface. On the other hand, for device B and all the
other devices mentioned in SI, this cleaning step has
been skipped and NbTiN sputtered on the defined
region after its exposure to air. For the rest of the
paper, we focus only on device A results. The up-
stream resistance RZF (measured between contacts
3 and 4) exhibits plateaus in correspondence to the
R,y plateaus in magnetic field but with resistance
values lower than R,,. Moreover, RZF — R2L re-
covers the quantized Hall value, R,,, as shown in
Fig. [2| (c). Note that this difference does not neces-
sarily match the R,, data outside the QH regime.

These results can be understood within the
Landauer-Biittiker (LB) theory, generalized to allow
for the presence of a superconducting lead [43] [44].

We start with the six-terminal setup shown in
Fig. [I{b) (see also the SI). We assume the terminal
1, 2, 3, 5, 6 to be ideal metallic leads, and contact 4
to be a superconducting lead. We first consider the
limit in which no normal reflection or transmission
processes take place at the superconducting lead.
Let I;, V;, the currents and voltages, respectively,
at the terminals ¢ = (1,2,3,4,5,6). Without loss
of generality, we can set V; = 0. We can use the
charge conservation equation ), I; = 0 to express
I, in terms of the currents at the other leads. With
these considerations the LB equations reduce to the
following system of linear equations:

I 1 0 0o o0 -1\/W
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where v is the number of edge states, Ry is the
Hall resistance, and A is the average probability, per
edge mode, of Andreev reflection. Considering that
no current flows into leads 2, 3, 5, 6, so that Iy =
13:I5:IGZO,andV1:V2:V3,V5:V6,and

setting I = I, it is straightforward to solve Eq.
to obtain
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FIG. 3: (a) R¥ vs 1/v for different IQHSs and values of
B, and linear fits corresponding to each magnetic field.
(b) A obtained from the slope of linear fits to Rp and
Ry data vs 1/v with their corresponding error bars. (c)
(RZF — R3)/ Ry, for different vs and values of B.

Figure|3| (a) shows the scaling of Rp with respect
to 1/v for different values of B. From the slope of
the fits to the experimental data shown in Fig. 3] (a)
we obtain the value of Aeyx, = 55%, independent, to
very good approximation, on the value of V, within
the QH plateaus. Figure (c) shows the consistency
of the measured values of R% and R} with the LB
predictions by plotting the ratio (RFF — R3F)/Ray
as function of B that, according to Egs. (2{3), is
expected to be equal to 1.

To understand qualitatively how such values of A
can arise, we consider an effective 1D Bogoliubov de
Gennes Hamiltonian, Hpgg, for the 1D chiral edge
modes: Hpqg = [ dx T (z)H(x)y(x) where ¢(z) =
(Cats cl 1) is the spinor formed by the annihilation
(creation) operator for a fermion at position x and
spin up (down) and H(z) = va(—i0y)T0 — VakFT, +



Ar,. Here, and in the remainder, we set h = 1. In
the equation for H(z), vy is the drift velocity of the
edge modes, 7; are the Pauli matrices Nambu space,
kr is the edge modes Fermi wave vector (measured
with respect to the QH-SC interface)

and A is the superconducting pairing induced via
the proximity effect by the superconducting lead.
Using the expression for H we can obtain the trans-
fer matrix M relating ¢ (x) at the two ends of the
length L. of the QH-SC interface (see SI) [40, [45],
and then the expression for the electron-hole conver-
sion probability

A= M (4)
[1+ (vakp/A)?]

In Eq. , d¢ is the difference of the phases accumu-
lated by the electron-like and hole-like edge modes
along the length of the QH-SC interface. Let k:gf),
kgL) be the Fermi wave vector of the electron-like
and hole-like edge modes, and dk = |k:§,f) — k%h)\ =
[A% 4 (vgkr)?]"/? Jvg. We then write 6¢ = L.0k.

Considering that Ls. = 150um is quite large any
small change of §k, induced for example by changes
in Vg, should result in a significant change of A and
therefore of Ry and Rp. However, in the experi-
ment, within the QH plateaus, Ry and Rp do not
show any oscillation as a function of Vj. It is natu-
ral to conclude that this might be due to scattering
processes leading to a dephasing of the electron-like
and hole-like modes along the QH-SC interface [28§].
In this case the effective Acg can be obtained by av-
eraging over L. on the right hand side of Eq. to
obtain Agy = (A) = (1/2)[1 + (vakr/A)?]. Consid-
ering that (vgkr/A)? > 0 we see that in this case
we cannot recover the value of A extracted from the
experimental results, A = 0.55 > 0.5.

To explain the large value of A, accompanied by
the lack of oscillations as a function of V,, we are
led to two possibilities. The first possibility is that
01, does not change appreciably as a function of V.
From Eq. (4)), considering that 0 < sin?(d¢) < 1,
we can see that to have A = 0.55 we must have
vdkF/A < 0.9. In the limit when d¢ is such that
sin?(6¢) ~ 0.55, we must have vgkr/A < 1. In
this limit we can write 0k ~ A/vg. Considering
that to good approximation, A and vy are indepen-
dent of V,, we recover the observed values of Ry
and Rp, with no oscillations, in the QH plateaus.
Notice that the condition vdkF/A < 1 is equiv-
alent to the condition 0k§ ~ 1, where £ = vy/A
can be interpreted as the superconducting coherence
length of the edge modes in proximity of the SC.
The other possibility is that dephasing processes are

accompanied by a finite probability of single elec-
tron tunneling into the superconductor and break-
ing of particle-hole (p-h) symmetry. This would al-
low to have a situation in which electron-like states
are more likely than h-like states to tunnel into the
superconductor and therefore contribute less to the
downstream current explaining a negative Rp even
when A < 1/2. If we denote by T the probability,
per edge mode, of an electron-like state to tunnel in
the SC, in Egs. , we would replace 24 with
2A + T. In this case from the measurements of Ry
and Rp we recover 24 + T. Assuming (4) = 1/2
would imply T = 0.2. The smallest value of (A}, con-
sistent with particle conservation, is 15% to which
it would correspond 1" = 0.8, a value that implies
a very strong breaking of particle-hole symmetry at
the QH-SC interface. It is difficult to distinguish
between these two possibilities given that we cannot
measure separately the quasiparticle and supercur-
rent contributions to the charge current flowing from
the QH region into the superconducting lead.

In conclusion, we have fabricated a quantum Hall-
superconductor (QH-SC) epitaxial heterostructure
based on InAs and NDbTiN and characterized the
transport properties of its QH edge modes propagat-
ing along a superconducting interface. We have ob-
served negative values for the downstream resistance
Rp between a normal lead and the superconduct-
ing lead and a corresponding suppression of the up-
stream resistance Ry such that in the QH plateaus
the difference Ry — Rp is equal to the Hall resis-
tance Ry. The negative values of Rp are an un-
ambiguous sign that at the QH-SC interface there
is a very large electron-hole conversion probability,
A. Using a Landauer-Biittiker analysis we were able
to explain the relation between Rp and Ry and ex-
press both resistances in terms of a single effective
probability for Andreev reflections at the QH-SC in-
terface. Our analysis led us to the conclusion that
either the edge modes propagate along the QH-SC
interface with negligible dephasing resulting in an
electron-hole conversion close to 55%, or, if dephas-
ing processes dominate, that a strong breaking of
particle-hole symmetry at the QH-SC interface must
occur.

Even the lower bounds estimates for A that we ex-
tract from our measurements are remarkable, larger
than any published results for QH-SC devices. This
shows that in our InAs devices very strong super-
conducting correlations can be induced into the QH
edge modes, an essential prerequisite to use QH-SC
heterojunctions to realize non-Abelian anyons and
topologically protected qubits and quantum gates
based on such unusual quantum states.
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