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We study the spin orbit interaction in Ge/Si core/shell nanowires and
identify short electrically tunable spin orbit lengths suitable for spin based electronic devices
and the realization of Majorana Fermions. We develop techniques to produce transparent contacts to
Ge/Si nanowires using high magnetic critical field superconductors. Toward the detection of
Majorana Fermions we develop a measurement system to study the ac-Josephson effect in
topological Josephson junction. Initial studies were performed on the well established HgTe based
topological insulator system in which we detect evidence for a 4-pi periodic

supercurrent expected for Majorana modes.
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At the time of application Ge/Si
core/shell nanowires had been proposed as
a strong candidate system for spin
manipulation and as a platform for the
study of Majorana Fermions. Among the
predicted desirable characteristics are:

(1) The lack of ionizing dopants leading to
high mobility devices

(2) Hole states which are sensitive to
confinement and are confirmed to have
long spin lifetimes

(3) A predominance of spin—zero nuclei
which suppresses the hyperfine
interaction and is predicted to result
in long spin coherence times

(4) Tt is proposed that hole states in Ge/Si
core/shell nanowires exhibit a strong

‘direct’ Rashba Spin Orbit

Interaction which arises from dipole
coupling to internal electric fields.

Majorana Fermions had been studied in the
tunneling spectroscopy of InAs and InSb
nanowires coupled to superconducting
contacts. However more detailed proof of
the properties of the Majorana, such as 4n
periodicity of Majorana bound states,
remained to be confirmed

2. OB/

Our research goals were divided into three
targets.

(1) Study of spin physics in Ge/Si
nanowires to reveal details of the
spin-orbit interaction, a key
ingredient for recipes to realize
Majorana Fermions.

(2) Development of techniques to produce
clean Ge/Si nanowire devices with
superconducting contacts

(3) Detection of Majorana Fermions using
Josephson junction dynamics probed via
the ac—Josephson effect and
application of this technique to the
Ge/Si nanowire system.

3. WD Ik

(1) We develop fabrication methods to
transfer single nanowires with micron
scale precision onto prefabricated gates
allowing the creation of complex devices

This method utilizes polymer stamps to
pickup/transfer target materials and can
be used both with semiconductor nanowires
(InAs, InSb and Ge/Si core/shell wires)
and layered 2D materials such as Graphene
or hexagonal boron nitride. Ge/Si
core/shell nanowires were supplied by Prof.
Lieber, Harvard University, USA.

(2) We developed methods to contact Ge/Si
core/shell nanowires with high critical
field superconductors suitable for the
realization of Majorana Fermions using
sputtering, dry and wet etching and rapid
thermal annealing.

(3) We characterize the spin-orbit
interaction in Ge/Si nanowires using weak
anti—localization measurements in devices
equipped with paired top and bottom gates
allowing control of carrier density and
asymmetry of the confinement field. We
later attempt to utilize the spin-orbit
interaction to couple electronic spin
states to photons in microwave resonators
for circuit quantum electrodynamics
studies.

(4) We develop methods to detect Majorana
Fermions by measuring the dynamics of the
supercurrent in Josephson junctions using

the ac—Josephson effect. Josephson
junctions formed from a topological
1.0

I1llustration of Andreev bound
expected in a  topological
superconducting Josephson junction
Majorana bound states (blue) possess a
topologically protected crossing when
superconducting phase difference is equal
to m, resulting in a 4m periodicity. In
contrast conventional Andreev bound states
(red) are typically gapped and have a 2n
periodicity. Here only a single
conventional mode is drawn but a large
number of modes may be present with only one
or two Majorana modes dependent on the
geometry of the system.

Fig. 1.
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superconductor (fabricated from nanowires
or topological insulators with
superconducting contacts) are predicted
to exhibit topologically protected zero
crossing Andreev bound states which are
the Majorana states of the system. The
Majorana bound state exhibits a 4n
periodicity with superconducting phase
difference across the junction in contrast
to the 2mn periodicity expected for
conventional Andreev bound states, Fig. 1.
The Majorana bound state can be revealed
through measurement of the Shapiro
response of the system in which the
junction dynamics are phase locked to an
external ac—current drive. The presence of
a 4m periodic mode is confirmed by
observation of Shapiro steps 1in the
junction voltage which are double the
value expected for conventional 2%
periodic modes. In addition, a measurement
of the Josephson emission from the
junction will reveal a peak in emission
spectrum at half the Josephson frequency

4. WFIERE

(1) Precision alignment system for single
nanowires

We develop a micron—scale alignment system
for the pick—up and positioning of single
nanowires onto prefabricated gate
structures or into complex circuits such
as microwave resonators. The technique
utilizes a home—made alignment system and
the pickup and transfer of nanowires using
fine indium wire probes or polymer stamps.
This alignment technique has been applied
to all of the nanowire studies associated
with this project being suitable for
alignment of InSb, InAs, Ge/Si nanowires
as well as multiwalled carbon nanotubes

Examples of devices fabricated with this
system can be seen in the figures in
following sections.

Fig. 2. Example of a single Ge/Si core/shell
nanowire contacted with Palladium leads and
gated with back-gate (purple) and a
top—gate (red). Hafnium oxide is used as a
gate dielectric

(2) Weak anti-localization measurements
We fabricate devices with single Ge/Si
core/shell nanowires positioned onto
surface gates with thin Hafnium dielectric
and capped with a top—gate electrode, Fig.
2. The combined back and top-gates allow
control of the symmetry of the internal
electric field of the nanowire to tune the
strength of the electric dipole spin—orbit
interaction. Measurement of the
weak—antilocalization (Fig. 3) allows
evaluation of device parameters including
the spin-orbit length, the distance of
travel over which the hole spinwill rotate
by 2m. Our measurements indicate an
electrically tunable spin-orbit length in
the range 4-8 nm with a spin—orbit energy
almost an order of magnitude larger than
observed in InSb or InAs nanowire systems,
providing a strong indication for the
presence of the predicted dipole direct
Rashba spin orbit interaction [manuscript
submitted]. This  promising  result
motivated us to attempt coupling of the
hole states of the nanowire to microwave
photons in superconducting resonator
cavities.
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Fig. 3. Differential conductance as a

function of magnetic field B for a range of
gate conditions. The peak at zero bias
indicates weak anti—localization which is
suppressed with increasing field. Red
lines are a best fit to a theoretical model
used to extract device parameters
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Fig. 4. (a) Gate tunable normal state
conductance of a Ge/Si nanowire contacted
with MoRe. We observe pinch—off behavior
with increasing top-gate voltage (Vi)
indicating hole states. In addition we
measure a gate tunable superconducting
switching current, Ig. (b) An example of
the supercurrent measured under current
bias for V=0V.

(3) Transparent superconducting contacts
to Ge/Si core/shell nanowires

We develop a method to produce transparent
superconducting contacts to Ge/Si
core/shell nanowires using first wet
etching in diluted HF and KOH to strip
oxide of the outer Si shell followed by
deposition of Molybdenum—Rhenium (MoRe
50/50% by weight) from a sputter target

The resulting device is then rapidly
thermal annealed (at 280-300 degrees) for
approximately 15 seconds in a forming gas
to diffuse the MoRe through the Si shell
contacting the core. MoRe was found to be
a robust against thermal processes which
degrade the quality and interfaces of
other high -critical magnetic field
superconductors (such as Nb, NbTIN and
NbN). In addition, our MoRe deposition
system was found to produce excellent
contacts to hBN encapsulated Graphene
devices (Amet et al., Science 352, 6288
[2016]). An example of the superconducting
transport of a MoRe contacted Ge/Si
nanowire device is shown in Fig. 4.

(4) Coupling of Ge/Si

microwave resonators for circuit QED
Based on the successful measurement of
short spin-orbit lengths we aim to utilize

nanowires to

signal line

Fig. 5. Example of a Ge/Si core/shell
nanowire double quantum dot coupled to a
MoRe superconducting coplanar waveguide
resonator. The nanowire is precisely
aligned onto five prefabricated 100nm
pitch gates covered with hexagonal boron
nitride as a clean gate dielectric.

this characteristic to couple hole spins
in Ge/Si nanowires with the electric field
of a photon confined in a superconducting
coplanar waveguide cavity. Resonator
devices were fabricated using precise
alignment of the single Ge/Si core/shell
nanowires onto 100nm pitch gates used to
for double quantum dots. Hexagonal Boron
nitride was used as a gate dielectric as
it is a clean single crystal that is free
of charge traps that in Hafnium or silicon
nitride dielectrics adversely affect the
device performance. An example device is
shown in Fig. 5.

We succeed to perform dissipative readout
of charge states using the cavity coupled
nanowire devices. Example results are
shown in Fig. 6. The cavity resonance is
centered at 5.9677 GHz and has a Q-factor
of approximately 6000. InFig 6 (a) and (b)
we probe the cavity at the center frequency
and simultaneously detect both the current
through the double quantum dot and the
phase of the cavity transmission. We
observe a clear honeycomb structure
indicating the double quantum dot charge
stability diagram (red lines in Fig. 6 (a))
which is reflected in the phase response

From fitting of the response with the
Jaynes Cummings model we evaluate charge
dipole coupling rates as high as 85 MHz but
charge decoherence rates of 10s of GHz
indicating operation in the dispersive
regime [manuscript in preparation].
Similar measurements were initially
performed using the more established InSb
nanowire devices and published [Wang et
al., APL 108, 203502 (2016)]. Finally, by
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Fig. 6. (a) Measurement of double quantum
dot stability diagram for holes states as
a function of two plunger gates. (b)
Measurement of resonator phase

fabricating resonators from NbTiN we were
able to extend the operation of our
cavities to high magnetic fields
(exceeding 2 Tesla), opening the
possibility to in the future study the
coupling of Zeeman split spin states
coupled to the cavity field through the
spin-orbit interaction, a topic we are
currently continuing to follow.

(5) Development of system for detection of
Majorana Fermions through Josephson
junction dynamics

We develop a measurement system installed

on a He3/He4 dilution refrigerator which

combines cryogenic microwave techniques
and homemade microwave filtered DC lines
to probe the ac—Josephson effect in our
devices. Initial measurements  were
conducted on HgTe topological insulator

Josephson junctions in collaboration with

the group or Prof. Molenkamp, University

Wirzburg, Germany. We identify clear

evidence for a 4m periodic supercurrent

contribution in junctions made from
strained HgTe 3-dimensional topological
insulators and HgTe quantum spin hall
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Fig. 7. Example of Shapiro response

measured in a Quantum spin hall insulator
Josephson junction. For low rf-drive
frequencies we observe a clear doubling of
the Shapiro step voltages which can be seen
as missing steps for odd indexes of the
junction bias in units of hf/2e

insulators. Initially  we identify
doubling of the Shapiro step voltage for
suitably low frequency rf-drive as
illustrated for the Quantum spin hall
insulator system in Fig. 7. A conventional
Josephson junction exhibits Shapiro steps
at voltages V=nhf/2e, where f is the drive
frequency and index (neZ) We observe the
disappearance of odd n 1index steps
indicating the presence of a 4w periodic
supercurrent. Furthermore, from
application of the Resistively Shunted
Junction (RSJ) model we are able to
estimate the relative contribution of 4n
and 2 periodic modes and we find values
consistent with the expectation of single
modes on each edge of the device. The
techniques employed for the detection of
4w periodic modes are also applicable to
the nanowire based Majorana devices

However, at present attempts to identify
Majorana modes in nanowire devices remain
inconclusively and are complicated by the
small critical currents when exposed to
the large magnetic fields required to
access the Majorana Fermion regime.
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