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Project Description

1 The research description during the funding period
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2 The work done during the funding period

Our Japan-Germany joint research project is aimed at building a concept of “topological
electronics” and applying it for new schemes of quantum electronics and quantum information
technology. In this project, we particularly focus on such representative quantum phenomena in
low-dimensional electronic systems. The effort is divided into three pillars: (A) spin-orbit interaction
(SOI), (B) topological insulators (TIs), and (C) control of non-local entanglement. Each pillar’s
efforts are led by the relevant groups. Prof. Nitta, Prof. Weiss and Prof. Ganichev focused on pillar
(A) in close collaboration to characterize and control the spin dynamics in low-dimensions and in
new materials with strong SOI. The experimental activity has been complemented by theory and
numerical simulations of Prof. Richter. Prof. Tarucha and Prof. Nagaosa have worked particularly
on SOI mediated quantum control of electron spin in quantum dots. Prof. Ohno has used an optical
technique to probe SOI induced electron spin relaxation and dynamic coupling to nuclear spin. Prof.
Nagaosa, Prof. Tarucha, Prof. Molenkamp and Prof. Trauzettel work on extensively on pillar (B) in
three- to one-dimensional Tls including HgTe and InSb nanowires to explore topologically non-
trivial phenomena including Majorana fermions. Prof. Tarucha and Prof. Nagaosa directed pillar (C)
to probe and manipulate the split electron pairs in solid state systems.

The Japan-Germany collaboration has led to quite a few significant results already and many of
these seem promising to extend towards new physics in the second funding period. Electrical
control of persistent spin helix is a major realization of pillar (A). This technique will be utilized to
explore spin devices which are robust against scattering. Collaborative research on Majorana
fermion has been well promoted in pillar (B) and finally predicted that there appears a robust
Majorana state at the end state of a quantum wire placed on an anisotropic superconductor. This
collaboration work will be advanced in further applications to topological quantum computing. New
systems to manipulate non-local entanglement have been proposed by Japan groups in pillar (C).
The concept and technology are now linked to those in pillars (A) and (B) and therefore they will be
further advanced through collaboration with the groups in (A) and (B) to develop a new scheme of
entanglement-based quantum information.

2.1 Pillar A: Spin-Orbit Interactions

Electrical control of geometrically protected quantum phenomena is a key milestone for topological
electronics. Spin-orbit interaction (SOI) plays an important role in realizing a topological insulator
Berry phase and persistent spin helix (PSH), which are robust against spin independent scatterings.
In the first funding period, gate control and detection of PSH was demonstrated in a 2DEG
InGaAs/InAlAs QW with strong SOI as a result of collaboration between the Weiss/Ganichev, Nitta,
and Richter-Gs. Weiss- and Richter-Gs applied the local tuning of the Zeeman splitting to realize a
new spin-transistor concept based on Landau-Zener transitions between spin-split bands. Nitta-G
performed an Aharonov-Casher spin-interference experiment with top gated InGaAs/InAlAs
mesoscopic rings. The quantitatively evaluated geometric phases of the spin were in good
agreement with theoretical prediction by the Richter-G, demonstrating a precise control of the spin.
For quantum information technologies, it is also important to manipulate and detect nuclear spins.
The Ohno-G investigated the effects of quadrupole interaction on the NMR spectra in n-doped
GaAs/AlGaAs (110) QWs by the optical time-resolved Faraday rotation technique. Nagaosa-G
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theoretically applied the time-dependent SOI to the spin pumping and also to the control of qubits
in the double quantum dot. A novel concept of spin-orbit echo was proposed by the Nagaosa-G.
The SOI in semiconductor nanostructures strongly depends on various device parameters such as
dimensionality, confining potential, and materials. In InAs QDs, Tarucha-G observed angle
dependence of the SOI energy due to the Rashba SOI and demonstrated that the SOI strength can
be electrically tuned while maintaining the charge state.

The research outcome through the first funding period will be applied to quantum information
technologies.

21.1 A1: Two- and one-dimensional electron gas systems

Persistent spin helix (PSH) based on spin-orbit interaction (SOI) requires that the Rashba SOI
parameter a equals the Dresselhaus SOI parameter 8. The PSH state is robust against all forms of
spin-independent scattering. Within the project Nitta-, Weiss/Ganichev- and Richter gate showed
control and detection of the PSH in a two-dimensional electron gas (2DEG) consisting of a
InGaAs/InAlAs quantum wells (QWs) with strong SOI, and this including terms cubic in momentum
[A1].

Another type of spin-helix with U(1) symmetry was realized by combining a 2DEG with exchange
enhanced giant spin splitting (in CdMnTe QWs) with a spatially periodic magnetic stray field. This
resulted in an artificial spin helix in which — in the presence of a homogeneous magnetic field — the
giant Zeeman splitting E; varies along the spin-superlattice. The local tuning of the Zeeman
splitting allows for the realizing of a new spin-transistor concept which is based on Landau-Zener
transitions between spin-split bands [A2]. This result was published in Science in a collaborative
effort between Weiss- and Richter-Gs.

The geometric (Berry) phase of the electron spin, defined by the solid angle on the Bloch sphere, is
a promising candidate for robust spin control. The Nitta group performed an Aharonov-Casher
spin-interference experiment with top gated InGaAs/InAlAs mesoscopic rings having five different
radii. They quantitatively evaluated the spins’ geometric phase, and found it to be in good
agreement with theoretical prediction by Richter's group, demonstrating that they have achieved
precise spin control. The result constitutes the first convincing observation of the geometric phase
of spin in solid state devices [A3], [A4].

Berry-phase effects for systems with complex band topologies were studied by Richter's group
using the well-established Kohn-Luttinger 4-band model. As a main result they could demonstrate
both analytically and numerically that the coupling between heavy hole and light hole states gives
rise to subtle additional Berry phases that affect coherent backscattering [A5].

Exchange enhanced photocurrents in 2DEG:Mn structures were investigated by Weiss and
Ganichev-Gs. Asymmetric scattering upon excitation of low-dimensional charge carriers in the
presence of magnetic impurities (here Mn) results in pure spin-currents. Such experiments have
been carried out by Ganichev-G on magnetic 2DEGs in CdMnTe QWs and within this project on
InAs:Mn 2DEGs and on AISb/InAs/ZnMnTe QW (QW) [A6]. A further joint publication between
Weiss and Nitta —Gs addresses magnetic anisotropies in nanoscale (Ga,Mn)As wires [A7], which
are important as spin-injectors and detectors [A8].

Ganichev-G found that CdHgTe/HgTe/CdHgTe QWs (QW) with critical thickness (~6.6 nm) at
which Dirac fermions prevail, exhibit a dc-photocurrent (photogalvanic effect) under low-power
terahertz (THz) radiation, and which can be greatly enhanced by a perpendicular magnetic field.
They observe, under terahertz laser irradiation, transitions between the ground and first Landau
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levels as well as between the first and second Landau levels. The low magnetic fields, at which the
cyclotron resonance occurs, as well as the strong dependence of the position of the resonance on
the electron density, indicate the Dirac character of the spectrum in these QWs. It has been shown
that disorder plays an important role in the formation of the spectrum of two-dimensional Dirac
fermions [A9].

In order to investigate spin-related physics in semiconductors, it has become important to
manipulate and detect nuclear spins. In particular, optical and electrical manipulation and detection
of nuclear magnetic resonance (NMR) have been

extensively studied in GaAs-based nanostructures. In (a) » Rashba SO

those experiments, quadrupole interaction plays a

crucial role in the presence of an electric field gradient
(EFG)[A10], which is induced by a strain, because all

the constituent nuclei of GaAs have quadrupole
moment. The quadrupole interaction is dependent not

only on the EFG but also on the direction of the static
magnetic field. Therefore, it is necessary to examine (b)
and understand its angular dependence to establish a
comprehensive picture of the nuclear spin dynamics. In s
this program, Ohno-G investigated the effects of 7~
quadrupole interaction on the NMR spectra in an n- '
QOped GaAs/AlGaAs (110) quar.1tum well by the optical Figure A1: Configuration of quantum
time-resolved Faraday rotation technique. They pumping with Rashba SOC

evaluated the EFG and the strain by analyzing the

dependence of the NMR spectra on the direction of the static magnetic field. It was also shown, by
studying the line widths of the NMR spectra, that nuclear spin coherence is influenced by
inhomogeneity of the EFG[A11].

Nagaosa-G has studied theoretically the effects of the SOC on the quantum transport and
magnetism. The time-dependent spin-orbit coupling (SOC) has been applied to the spin pumping
[A12] and also to the control the qubits in the double quantum dot [A13]. By applying the voltages
on the gates, one can control the Dzyaloshinsky-Moriya SOC acting on the two spins on the double
quantum dot. By manipulating the time-dependence of the SOC, one can achieve the spin
rotations with the same and opposite directions of the two spins, and hence all the unitary
operations. The discussion with Tarucha-G was essential to achieve this work.

The theoretical framework to treat the quantum pumping has been developed in terms of the
Keldysh formalism including the relativistic spin-orbit interaction, and has been applied to the
magnetic tunnel junctions (MTJ) with Rashba interfacial spin-orbit coupling (SOC) and the bulk
extrinsic SOC [A14]. This formalism can treat the non-equilibrium situation with finite voltage. The
situations considered are indicated in Fig. A1, where the Rashba SOC occurs at the interface
between the ferromagnet (F) and the insulator. Various unique properties due to the SOC have
been clarified.

This study has been also extended to replace the insulator by topological insulator (TI). In this case
the surface Dirac fermion appearing at the interface plays the crucial role for the charge pumping.
When the Fermi energy is within or near the gap opening by the exchange coupling, the charge
and spin pumping is tremendously enhanced since the gap is modulated by the precession of the
magnetization. Spin transfer torque in the situation of Fig. A1(b) replacing | by TI, and the charge
current being flowing through the junctions has been also studied. The torque T acting on the

Rashba SO
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ferromagnetic moment m is found to have a useful property compared with the Rashba SOC case
and F/I/F MJ case since it remains finite in most of the situations.

Nagaosa-G studied the fundamental issue, i.e., the (non)conservation of spin, which is due to the
elastic scattering by disorder in the presence of the spin-orbit interaction. They express the SOC in
terms of the non-Abelian gauge field, which leads to the deformation quantization and twisted
conservation law. This twisted spin preserves the information of spin because it is an adiabatic
invariant with respect to change in the SOC. As a consequence, spin-orbit echo, is predicted, i.e.,
the spin is recovered when the spin-orbit interaction is reduced adiabatically even after spin
relaxation due to disorder scatterings has occurred [A15]. They are now communicating with
Richter-G on the numerical simulation of this spin-echo phenomena sending Dr. Sugimoto to
Germany. The close discussion with Nitta-G on the Rashba-Dresselhaus SOC was essential to
achieve this work.

In order to study the dynamical magneto-electric effect, Nagaosa-G have studied the electrons in
the two atoms with multi-orbitals [A16]. The main question here is “What is the most basic
mechanism of the dynamical magneto-electric coupling without the SOC ?*. They employ the
perturbation theory in the transfer of electrons t, and reexamine the derivation of the super-
exchange interaction. They have derived the effective action of the spin system, and have found
that the electric field E is coupled to the internal electric field coming from the Berry phase. This
enables the electric field manipulation of the spin textures in insulating systems. Several candidate
materials (La,Sr)MnOs, BiMnO3, La,NiMnOg etc.) are proposed to show this coupling.

21.2 A2: Zero-dimensional electron system

Self-assembled uncapped InAs quantum dots (QDs) are relatively large and has a doom-like or
pyramid-like shape. Electrons confined to the dots have wave functions strongly depending on the
electron number and orbital type. So does the SOI. Tarucha-G developed two techniques to
evaluate the SOI energy and Landé g-factor both of which are essential parameters to characterize
SOl and control them both magnetically and electrically.

Tarucha-G used an excitation spectroscopy technique to derive the SOI energy in the InAs QDs
with angle of in-plane magnetic field angle (8) as a parameter. They have observed |cos(0)]|
dependence of the SOI energy, and assigned it to Rashba effect [A18]. This is the first direct
evidence of Rashba effect as given by (Exp)-o in QDs with angular dependence of B (/o) and
since then the same technique has been widely used to verify and control the Rashba type SOl in
QDs and nanowires.

A strong spin-orbit interaction allows fast spin manipulation as recently demonstrated in InAs
nanowire QDs. Tarucha-G demonstrated that the SOI strength can be electrically tuned while
maintaining the charge state of single InAs QDs [A19].

In experiments single InAs QDs with two different gates to globally (back gate) and locally (side
gate) tune the electrostatic potential of the dot were fabricated. Use of these gates enables to tune
the electron wave function confined to the dot while maintaining the QD charge state. The SOI
induced hybridization of twofold degenerate states with different orbital and opposite spin is
observed as a peak splitting (=4A where A is the SOI energy) of the high magnetic field Kondo
effect (Fig. A3). The magnitude of the Kondo splitting or SOI energy is varied as a function of side
gate voltage. This is the first demonstration of electrical control of SOI in QDs without changing the
charge state. The tunability of the spin-orbit hybridization significantly depends on the QD charge
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state because it is strongly linked to the orbit state whose wave function can be shifted by the local
gating. This result offers ingredients for SOI driven spin qubits.

0.50 NPT

4A ] Fig.A3: (left) SEM image of the
0.45 ] InAs QD device. (right)
Splitting of Kondo zero-bias
anomalies, indicating the
electrical tuning of spin-orbit
interaction energy A.

0.40

G(a.u.)

Vsq (MV)

The g-tensor modulation resonance (g-TMR) is potentially suitable for scalable quantum computing.
This technique, however, has not been realized in QDs. Tarucha-G used the InAs QDs to
electrically tune the anisotropic g-tensor in single uncapped self-assembled and InAs QDs showed
the feasibility of g-TMR in the QDs. The g-factor was evaluated from measurement of the spin-half
Kondo splitting associated with Zeeman energy in the vicinity of zero magnetic field. The
anisotropy of the g-factor was characterized by changing the angle of magnetic field. In the same
way as described above the g-factor was significantly changed by more than 50 % by side gating
[A20]. This is the largest change in any QD systems reported to date. From the obtained result
Rabi frequency of 2 MHz in the g-TMR was estimated [A20,A21].
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2.2 Pillar B: Topological Insulators

Over the past years topological insulators (T1) have become a subject of massive research interest.
The search for new Tl materials was strongly inspired by the experimental success in the
demonstration of the quantum spin Hall effect in a two-dimensional (2D) TI [B1] and the
subsequent observation of Dirac-like surface states in many bismuth (Bi) based compounds
[B2,B3]. While more and more Tl materials have been identified, the number of materials where
the topologically protected surface states are accessible in transport experiments is very limited.
The reason for this is mainly the crystalline quality of the samples available. Due to defect doping
most materials are highly bulk-conducting and even with extreme gating techniques obtaining an
insulating bulk remains elusive.

Up to today, the only Tl material where Dirac-like surface states are readily accessible in transport
measurements is mercury-telluride (HgTe). After the original discovery of the 2D Tl state in HgTe
quantum well (QW) structure, which is characterized by two counter-propagating one-dimensional
(1D) helical edge channels, recently the 2D Dirac-surface states have been identified in thick three-
dimensional (3D) layers of strained HgTe [B4]. Since these HgTe layers are grown by molecular
beam epitaxy (MBE), samples of high crystalline quality are available and therefore this material
offers the unique opportunity to investigate 2D and 3D topological properties equally in transport
experiments.

2.21 B1: Dirac Band structures

One of the underlying themes in this part of the project is an investigation of the similarities and
differences between the Dirac band structure as encountered in Tis and the zero gap Dirac
structure in graphene. On the Tl side, Molenkamp-G succeeded in growing HgTe QWs at the
critical thickness (6.3 nm) separating topologically trivial and non-trivial band structure [B5]. At this
thickness, the QW exhibits a zero gap band structure, with the carriers residing in a single (spin
degenerate) Dirac cone. This is the simplest possible realization of a Dirac system in to-
dimensions, and basically establishes the relation between HgTe and graphene. This research
also allowed Molenkamp-G to investigate the backscattering of Dirac fermions in the presence of a
Dirac mass [B6]; currently the quantum interference behavior in these structures is under
investigation. On the graphene side, the Molenkamp-G has fabricated narrow graphene wires and
multi-terminal structures, and studied the edge channel transport in these devices [B7], [BS8].
Moreover, the Molenkamp-G has successfully fabricated ferromagnetic contacts on graphene, and
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is now in a position to investigate the spin-polarized edge transport advocated by the Richter-G.
Additionally, the team also has superconducting contacts on graphene working, allowing them to
interface with Tarucha-G’s effort towards a spin-entangler in part C of this project.

222 B2: Two dimensional topological insulators

At present, a major challenge for our 2D HgTe-based Tls is to make the topologically protect states
accessible in advanced transport experiments. So far, quantized transport can be observed only in
devices of a few micrometers. The main reason for this is related to potential fluctuations in the
narrow gap of HgTe, which is expected to introduce random metallic conducting parts within the
regime of the 1D edge channels. Nonetheless, the Molenkamp-G was able to demonstrate the
quantized conductance [B1] and the non-locality [B9] of the transport through the helical edge
channels. More recently, it was also shown by the Molenkamp-G (within the framework of the
present consortium) that the edge states of a 2D Tl system exhibit the predicted distinct spin-
polarization [B10]. In this experiment the spin-polarizing properties of the intrinsic spin Hall effect in
n- or p-conducting HgTe QWs has been used to inject in or detect the spin polarized carriers of
helical edge states. A schematic picture of the device is illustrated in Fig. B1. The possibilities of
spin manipulation in spin-orbit coupled systems is explored experimentally in Part-A by Nitta-G and
Weiss-G. In addition to the work which is part of that pillar, Weiss-G extended the work on Rashba-
and Dresselhaus effect to HgTe QW wire structures. These investigations will be important for the
ongoing work on TI-SHE hybrid structures.

Another important question is whether these helical states can be used directly for the
development of novel electronic devices where the interaction between edge channels or the

P o

Fig. B1: Schematic illustration of a four-terminal device used for injection and detection of helical edge state,
as performed in Ref. [B10]. The edge states are indicated by red and blue arrows symbolizing the transport

direction and the spin polarization. The spin polarized carriers in the metallic part are symbolized by bullets.

The created or applied voltage is indicated by a blue (positively charged) and red (negatively charge) areas.
(Drawing by Luis Maier).
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electron-electron interactions of parallel channel lead to controllable and well distinguishable
electronic states. This work connects to theoretical concepts for edge channel transport developed
by Nagaosa-G and Trauzettel-G. While Molenkamp-G has succeeded in fabricating structures that
are small enough to observe the above interaction effects, we have also discovered that the heat
load seen by the samples during fabrication has thoroughly reduced the carrier mobility.
Molenkamp-G is currently developing zero heat-load lithography to avoid these problems.

2.2.3 B3: Three-dimensional topological insulators

3D TI exhibit 2D surface states, whose energy dispersion is characterized by a single Dirac cone
on all surfaces. Thus transport of 3D Tl surface states is comparable with that of graphene.
Graphene however has 4 Dirac cones (due to spin and valley degeneracy), while a Tl surface only
has a single one. This leads to distinct differences and electromagnetic and quantum mechanical
behavior. One example is the occurrence of a specific electromagnetic response (‘axion
electrodynamics [B8]) and another is the proximity effect with superconducting contacts which is
expected to give rise to p-wave superconductivity and Majorana bound states.

This variety of exotic transport properties of Dirac fermions guides the experimental research in the
field of 3D topological insulators. With the discovery of strained HgTe [B4] a new 3D Tl has
become available, which exhibits clean Dirac fermion transport physics without any complications
from bulk doping. Strained HgTe layers can be grown with a very high crystal quality, so that Dirac
surfaces dominate transport even in regimes where bulk transport is expected to be present.
Additionally, Molenkamp-G has shown recently that proximity-induced superconductivity is
observable in strained HgTe layer with niobium (Nb) contacts. This is a very promising
development, and the group now plans to devote much of their effort to further investigate the
exotic superconductivity occurring in these structures. The experiments will be supported by the
theoretical work of Nagaosa-G and Trauzettel-G.

224 B4: Topological superconductivity and
Majorana Fermions in nanowires

During the first funding period of this consortium,
theorists realized [B12] that a similar topological
superconductivity as discussed in section B3 can also
be realized in 1-dimensional nanowires with a strong
Rashba coupling. This finding resulted in a strong
experimental activity, culminating a recent report by the
Delft group [B13] of a zero bias anomaly in
superconducting InSb wires, that can be tentatively
interpreted as an observation of Majorana
fermions(MFs). Because of the large overlap of this Fig- B2: Envisioned device layout of a device

. . . . for the creation and detection of Majorana
type of research with the other activities in this £, ions
consortium, we have decided to add this line of work to
our coming work program.
Much of the work in the first funding period focused on the development of transparent
superconducting contacts made of TiNb to the InSb/InAs wires. Recently, Tarucha-G was able to

Project description — Project Proposals Page 11 of 22




observe signatures of multiple Andreev reflection in InSb-QD-TiNb devices and induced
superconductivity in TiNb-InSb-TiNb structures. Supercurrent characteristics in these devices can
be tuned by means of local back-gates. Further, by applying a magnetic field, the supercurrent
shows characteristic suppression and recovery which is interpreted in terms of the influence of the
Zeeman effect.

2.2.5 B5: Topological insulator theory

During the first funding period, the contributions from the three theory groups within the research
unit were innovative, diverse, and helpful for a better understanding of experimental measurements.
The Nagaosa-G developed ideas on spin pumping by time-dependent spin-orbit coupling (SOC)
which can be used as building block for spintronics devices [B14]. Furthermore, the members of
the Nagaosa-G looked at various aspects of magneto-transport, such as magneto-transport in the
presence of strong SOC, the dynamical magneto-electric effect, and magneto-transport of edge
channels of topological insulators [B15]. Similarly, the research of the Richter-G was very much
motivated by the physics of SOC, particularly the interplay of Rashba and Dresselhaus SOC. The
members of the Richter-G carefully analyzed how the so-called persistent spin helix which appears
at equal strength of linear Rashba and Dresselhaus SOC is affected by the cubic Dresselhaus term.
These calculations agreed well with weak localization measurements performed in the Nitta group.
Additionally, the Richter-G analyzed how a topological insulator constriction can work as a spin
transistor in four-terminal geometry [B16] and the physics of Bloch-Zener transitions in topological
insulators [B17]. Moreover, the Richter-G showed that the band topology of HgTe can be probed
by weak localization and antilocalization measurements [B18]. In the Trauzettel-G, the main focus
was on inelastic backscattering of the helical edge states at the boundary of a quantum spin Hall
insulator, for instance, based on electron-phonon interaction [B19] or electron-electron interaction
[B20]. Interestingly, it was found that the helical edge states are more robust against inelastic
backscattering as initially believed [B19]. The members of the Trauzettel-G also showed that the
helical edge states at the two opposite edges of the quantum spin Hall sample form an ideal
system to analyze spin properties of interacting one-dimensional systems and predicted a new kind
of charge-spin duality [B21].
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23 Pillar C: Non-local entangler

Non-locality of entanglement can expand the ability of quantum information technology. However, it
is difficult to make it in solid state systems because of strong interaction with environment. In this
program we have challenged to develop technologies for generating, detecting and manipulating
non-local entangled electrons. In the first period Tarucha-G proposed several new systems for
generating non-local entangled electrons: QD Josephson junctions (JJs), “moving QD” and two-
path interferometer, and Nagaosa-G newly proposed a candidate using Majorana fermion in
topological insulator. The research outcome through the first funding period should be upgraded for
applications to quantum information by sharing the expertise with the groups in progam (A) and (B).
Cooper pair in s-wave superconductor is an ideal spin singlet state or entangled electron state. The
paired electrons can split into two QDs due to the Coulomb blockade effect if the two dots are
parallel coupled and contacted to the superconductor. Just before this project started the Cooper
pair splitting was reported for a carbon nanotube and an InAs nanowire in a Y-junction with two
independent normal leads coupled to a superconductor through two QDs. The charge
measurement through the normal leads however does not provide evidence of the non-local
entanglement. In addition the device setup cannot be used to handle the non-local entanglement.
On the other hand, the parallel double QD (DQD) JJs and “moving QD” driven by a surface
acoustic wave (SAW) Tarucha-G proposed to sort out this problem. Self-assembled uncapped
InAs QDs used for making DQD JJs are more suitable than nanotubes and nanowires, because
two closely coupled QDs can be grown epitaxially. In addition, “moving QD” provides a new
concept of non-local entangler applicable to quantum information because the two-electron ground
state is a singlet pair state and because the paired electrons can be split into two paths and
manipulated based on the concept of qubits.

Theoretically, the possible realization of Majorana fermions has been studied in terms of the
topological insulator, Rashba spin-orbit interaction, and unconventional superconductors. The
physical phenomena associated with these Majorana fermions were also explored.
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2.31 C1:InAs double QD JJs

Before starting the project Tarucha-G
had developed a technique of making
single InAs QDs contacted to Al
superconductors to observe
supercurrent and Andreev reflection.
They first used these devices to
clarify ~the physics of spin
entanglement specific to QD JJs.
Cooper pair states and Kondo singlet states are typical entangled states. Strength and symmetry
of dot-lead tunnel couplings and interaction effects are both important parameters to control the
super-Kondo interplay. They newly developed single InAs QDs having a local gate (side gate) and
a global gate (back gate) and used the side gate to change “in-situ” the strength of dot-lead
coupling as well as the QD orbital degeneracy to control the super-Kondo interplay. Then the
quantum phase transition between the magnetic doublet and Kondo ground states could be
characterized in an odd electron occupation region and singlet-triplet degeneracy region. This
result is a great step toward realization of non-local entangler, because the efficient Cooper pair
splitting and the detection of the non-local entanglement requires fine tuning of both QD and
interface parameters.

Tarucha-G extended the single QD JJs techniques to fabricate DQD JJs having two InAs QDs in
very close proximity (~10 nm separation) contacted to two Ti/Al electrodes (Fig. C1). In this system
the supercurrent may flow by splitting the Cooper pair into two quasi-particles which tunnel through
the system and recombine in a 4th-order cotunnelling event. The non-dissipative supercurrent is
only comprised of processes which maintain the coherence of the Cooper pair and so may provide
conclusive proof of non-local processes. Resonance of the two dots were independently turned ON
and OFF with side gating to detect influence of the non-local processes. In the normal state when
both QDs are ON resonance, the conductance was reduced by ~30% from the sum of the OFF
resonance conductances indicating that the proximity of the QDs results in selective transport
through QD1 or QD2. In the superconducting state in contrast the switching current was enhanced
when both QDs were ON resonance indicating the influence of the non-local processes [C1].

Fig. C1: (a) Photo of DQD JJ. (b) Local and non-local tunneling
processes.

2.3.2 C2: Graphene JJs

Graphene is such a clean 2D sheet that Cooper pair electrons split into graphene ribbons may
coherently travel over a long distance. The ingredients in such devices are good electrical
graphene-super contact and high quality of graphene. Tarucha-G previously used Pd as an
adhesive layer to make the good contacts but the transport through the graphene was typically
diffusive. Therefore they first developed a technique to transfer single layer graphene flakes onto
hexagonal Boron Nitride (h-BN) crystals. After annealing the sample, the mobility exceeded 30,000
cm2/Vs. However, we found that annealing usually breaks the electrical contact between graphene
and superconductor contacts. So we are now developing a technique to deposit superconductor
contacts without contaminating graphene in which graphene is sandwiched between two h-BN
flakes but have not established it yet.
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2.3.3 C3: Electron transfer with SAW
device

IDT

"Moving QD" is formed by each period of SAW  Fig. C3: Single electron transfer device with two QDs
propagating through a gate-defined depleted ©ridged by a 3 um long 1D channel, two QPC charge

. . sensors and inter digital transducer for generating
quantum wire. The two-electron ground state in  gap/s.
the moving QD is a singlet state, so non-local
entanglement can be generated by splitting the two electrons. Tarucha-G first developed the SAW
technique for transferring one or two electrons in each SAW period, and extended it to transfer just
an electron between distant static QDs [C4]. A SAW burst to a QD holding two electrons to pick up
one of them, transfer it over 3 um and finally place it on the other QD. This operation could be
performed with a high efficiency of 87 %. The electron transfer time is =1 nsec much shorter than

the dephasing time.

2.3.4 C4: Two-path interferometer

In parallel to the SAW experiment Tarucha-G developed a
singlet pair splitter or an electron beam splitter through
which electrons transfer coherently. As one of the most
robust ways to see the coherent transport, they proposed a
two-path interferometer consisting of tunnel coupled wires
and an Aharonov-Bohm ring [C5]. The electron transport ; .
through it provides a concept of a flying qubit whose |0> Fig. C4: Photo of the interferometer

and |1> states are defined by the presence of propagating used for detecting the Kondo cloud.
electron in either of the two paths. It was confirmed the

coherent electron transport through the interferometer by measuring the output currents as a
function of inter-wire tunnel coupling and phase difference between the two paths. Both inter-wire
tunnel coupling and the phase difference were electrically tuned, but the phase difference was
magnetically tuned as well.

2.3.5 C5: Theory of superconducting spintronics and non-local entangler

Nagaosa-G has studied the possibilities and physical properties of topological superconductors
and associated Majorana fermions theoretically. The behavior of the chiral Majorana edge channel
appearing in the superlattice of F/N/S (F:ferromagnet, N:normal metal with Rashba SOC, S: s-
wave superconductor ) has been studied especially near the topological phase transition to reveal
the two different types [C6]. The possible helical superconducting state has been investigaed in the
interacting double layer Rashba system. It is found that the attractive intralayer and repulsive inter-
layer interactions leads to the helical superconductor and helical Majorana edge channels [C7]. A
2D model of chiral superconductors including the Kitaev model in 1D and p+ip chiral
superconductor as the two limiting cases has been studied. 9 types of phases are obtained
classified by the strong and weak topological invariants. The Majorana bound states have been
studied for the dislocation and vortex in this model [C8]. Thermal transport properties due to the
surface Majorana fermion of the chiral topological supercondcutors/superfluids were studied, and
the quantization of the response was predicted [C9]. Furthermore, Majorana bound states caused
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by the proximity effect of a quantum wire with an unconventional superconductor, and their
application to the quantum entanglement have been explored theoretically [C10].
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