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Summary

Quantum computers outperform classical computers by achieving expo-
nential increases in calculation speed for certain types of problems and
for that reason have great potential to revolutionize computing. Com-
pared to their classical counterparts the elementary units of information
in a quantum computer are not the classical bits, zero and one, but rather
the so-called quantum bits (or qubits) which most generally are quantum
mechanical superpositions of the zero and one state. Unfortunately, the
quantum bits are highly sensitive to the effects of environmental noise
and consequently storing the quantum information in a robust manner
represents a major challenge. Historically, it was Kitaev in 2001 who
tirst proposed that this problem can be circumvented by using Majo-
rana bound states as the building block for robust, so-called topologi-
cally protected, qubits [1]. Subsequently, it was Fu et al. in 2008 who
proposed the first realistic setup for generating Majorana bound states,
namely topological insulator-superconductor heterostructures where the
Majorana bound states can emerge within vortex cores [2]. Moreover, in
2010 Lutchyn et al. [3] as well as Oreg et al. [4] put forward that Majo-
rana bound states can also appear at the ends of semiconductor Rashba
nanowires which are proximity-coupled to an s-wave superconductor
and subject to a magnetic field. Finally, in 2013 Klinovaja et al. [5] found
that Majorana bound states can arise in chains of magnetic atoms that
are deposited on a superconducting substrate. Within the last years these
theoretical proposals have all been implemented experimentally and the
tirst signatures for Majorana bound states, such as zero-bias conductance
peak measurements, were reported [6-12]. However, despite these en-
couraging experimental results, there still exists a broad range of open
questions and hurdles. In this thesis, we address some of the most im-
portant experimental challenges and present new theoretical solutions.

In the first part of this thesis, we introduce two new platforms for gen-
erating Majorana bound states based on proximity-induced 7 Josephson
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vii

junctions in topological insulators and crossed-Andreev pairing between
semiconductor Rashba nanowires. Unlike the current experimental se-
tups, the proposed schemes require either low magnetic fields or no mag-
netic fields at all. The latter characteristic constitutes a compelling im-
provement over current experimental setups for two reasons: (1) The
detrimental effects of the magnetic fields on the superconductivity are ei-
ther reduced or completely avoided. (2) In current experimental schemes
the proximity-induced superconducting gap, which assures the topo-
logical protection of the Majorana qubits, is well-defined only at low
magnetic fields (“hard gap”). At strong magnetic fields, a finite sub-
gap conductance arises (“soft gap”) and destroys the topological pro-
tection [13-17]. Hence, with regards to future experiments on quantum
information procession with Majorana bound states, a setup operated at
lower magnetic field is highly desirable.

In the second part of this thesis, we propose a new method for detect-
ing Majorana bound states based on quantum dot ¢, Josephson junc-
tions. Here, we are motivated by the search for new, more conclusive
indicators for Majorana bound states which is one of the most urgent
challenges following the experimental results mentioned above. In fact,
the recent zero-bias conductance peak measurements only constitute a
sufficient, but not a necessary condition for the emergence of Majorana
bound states. That is to say, the zero-bias conductance peaks can be ex-
plained by a multitude of different physical effects which are completely
unrelated to the presence or absence of Majorana bound states [18-23].
Interestingly, in the case of quantum dot ¢, Josephson junctions, the re-
quired ingredients largely overlap with those necessary to obtain Majo-
rana bound states in Rashba nanowire systems [24-26]. This motivated
us to compare both the trivial superconducting and the topologically su-
perconducting regimes of quantum dot ¢, Josephson junction and work
out qualitative differences that can serve as new indicators for Majorana
bound states.

In the final part of the thesis, we put forward a scalable scheme for quan-
tum computation based on both Majorana bound state qubits and con-
ventional spin qubits. The motivation for this part is three-fold: (1) The
topological Majorana qubits are not universal for quantum computation.
That is to say, not every logical quantum gate necessary to perform a
quantum computation can be executed using Majorana braiding alone.
For that reason, we couple the Majorana qubit to another type of qubit,
namely the spin qubit, which can supplement the logical quantum gates
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that cannot be carried out on the Majorana qubits. (2) Spin and Majo-
rana qubits are complementary with regards to their strengths and weak-
nesses. For example, unlike spin qubits, the Majorana qubits are intrinsi-
cally robust against unwanted perturbations and noise. At the same time
spin qubits allow for significantly faster operations times compared to
Majorana qubits. The hybrid spin-Majorana qubit which we develop in
this chapter allows us to combine the best features of both worlds. (3) To
utilize the full power of a quantum computer, it is not enough to consider
a single qubit alone. What we need is a collection of many qubits making
up a so-called surface code architecture on which many operations can
run in parallel. We thus show how to construct a scalable network of the
spin-Majorana hybrid qubits that can readily be experimentally imple-
mented based on recent breakthroughs in the lithographic fabrication of
Majorana nanowires in InAs/ Al heterostructures [27].
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CHAPTER

Introduction

In this Introduction, we give an overview of the most relevant concepts
for the subsequent chapters of this thesis.

In the first section, we provide an introduction to Majorana bound
states and their non-Abelian braiding statistics [28-30]; a feature that
sets them apart from regular fermionic or bosonic particles. We then
discuss the semiconductor Rashba nanowire subject to a magnetic field
and proximity-coupled to an s-wave superconductor as one of the sim-
plest systems where Majorana bound states are predicted to appear [3,
4,31]. Additionally, we point out that the magnetic field required for
this particular setup is not a necessary ingredient for Majorana bound
states. In fact, we discuss that a Kramers pair of Majorana bound states
emerges in the absence of magnetic fields for a system of two semicon-
ductor Rashba nanowires coupled by the same s-wave superconductor
[32]. This point is especially relevant with regards to future experiments
because the magnetic field acts detrimental on the superconductivity.

In the second section of the Introduction, we provide an overview of
several Josephson junctions. This overview covers the superconductor /
normal-metal / superconductor junction [33-36], the 7 Josephson junc-
tion realized by coupling two superconductors via a layer with magnetic
impurities [37,38] or a quantum dot in the Coulomb blockade regime [39]
and the topological superconductor Josephson junction with Majorana
bound states [1,40]. We do not discuss the ¢, Josephson junction within
this overview as a thorough discussion is contained in the fourth chapter
of this thesis.
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1.1 Majorana bound states

In condensed matter physics Majorana bound states (MBSs) are zero-
energy quasiparticles that arise at the zero-dimensional boundaries of
certain one-dimensional [3-5, 31] or two-dimensional [2, 28] supercon-
ducting system; specific examples for those types of systems will be dis-
cussed below. In general, a MBS quasiparticle is of the form

o = / A7 (o (2) o () + G (1)1 ()] | (1.1)

where Ul (z) [V,,(z)] creates [destroys] an electron at position = with
spin 0 /2 = £1/2 and some additional quantum numbers 7. In particular,
Eq. (1.1) implies that a MBS is its own antiparticle, 7/ = ~,. Moreover,
n is an index labelling different MBSs in the same system. In addition to
Eq. (1.1), we also require that

3 / 02 [Gro ()& (1) + G (D) bre ()] = 2y (12)

which implies that the Majorana bound states satisfy the algebra

{ Vs Y} = 200m- (1.3)

Here, the curly brackets denote the anti-commutator. The total number
of MBSs in a system is always even. That is to say, n = 1...2N for some in-
teger N. This allows us to combine two MBSs to a conventional fermion
defined by

Cj = (y25-1 +1725) /2, (1.4)

where j = 1...N. The choice of combination of the MBSs is arbitrary
meaning that any two fermionic states realized by two different pairings
of the MBSs are related by a unitary transformation.

The reason why MBSs are interesting, is because of their non-Abelian
braiding statistics. The latter feature means that the quantum state of
the system changes by a unitary transformation when two MBSs are ex-
changed. Interestingly, this unitary transformation is not proportional to
the identity matrix and only depends on the topology of the exchange
path, i.e., not on the microscopic details. Following the standard refer-
ences [28,30], the operation B; of exchanging the MBSs v; and ;4 is
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given by
Yi+1 ifi=j
Bi(vj) = —v1 ifi=j—1. (1.5)
v; else

From a physical perspective, the minus sign for the case i = j — 1 is most
easily understood for MBSs that are localized in vortex cores of a two-
dimensional spinless p-wave superconductor, see [28] for more details.
In this case, when encircling a vortex the superconducting order param-
eter acquires a phase of 27. This implies that the electron operators, and
likewise the MBS operators, acquire a phase of 7, i.e., a minus sign. The
action of the braiding operation B; on the fermionic states is given by the
representation 7(B5;) which satisfies

7(Bi)y;7(Bi) ™! = Bi(7;). (1.6)
A solution to this equation is given by the unitary operator
7(Bi) = (L+vi1m)/ V2. (1.7)

For applications in quantum information processing these unitary braid-
ing matrices are used to construct the logical gates that act on MBS qubit
which in a system of four MBSs is defined in either the even or odd total
fermion parity subspace, see the fifth chapter for more details.

Conventional Majorana bound states

Having established the key characteristics of MBSs, we now examine a
particular system where MBSs arise, namely the semiconductor Rashba
nanowire (NW) proximity-coupled to an s-wave superconductor (SC)
and subject to a magnetic field, see also Fig. 1.1(a). We will closely follow
the standard references [3,4,31]. The Hamiltonian of the setup is given
by H = [dz Ui (2)H(x)¥(x)/2 with the Hamiltonian density

s

2m

H(CC) = (_ - :u) TIZ - OéifO'z + AZTIZO-:E - Adnyay (18)

and the electron spinor W' = (U], U1 ¥, ;) where Ui (x) [V, ()] creates
[annihilates] an electron with spin /2 = £1/2 and effective mass m at

position x in the NW. The Pauli matrices 7, , . and o, . act in particle-
hole and spin-space, respectively. Furthermore, ; is the NW chemical
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Figure 1.1: (a) A single Rashba NWs (gray) is aligned along the x direc-
tion and proximity-coupled to an s-wave SC (red) and subject to a mag-
netic field B along the z-axis. The Rashba SOI a points along the z axis.
The wire chemical potential y is tuned inside the energy gap opened by
the magnetic field in the normal state and subsequently set to zero. The
system exhibits a topological phase hosting a MBS at each end of the NW
individually provided that the Zeeman splitting A, due to the magnetic
tield exceeds the strength of the proximity-induced pairing Ay, Az > A,
(b) Same as in (a) but with two Rashba NWs labeled by an index 7 = 1, 1
and in the absence of a magnetic field B. The Rashba SOI in the 7-wire is
given by a;. The SC induces both direct pairing in the NWs (A,) as well
as the crossed-Andreev pairing (A.). When the crossed-Andreev pairing
exceeds the direct pairing a Kramers pair of MBSs arises at each end of
the setup, A, > A,.

potential which is tuned inside the gap opened by the magnetic field and
then set to zero, « is the strength the Rashba spin-orbit interaction (SOI)
which points along the = direction, A is the Zeeman splitting due to
the magnetic field in the x direction, and A, is the proximity-induced
superconducting gap in the NW. The bulk spectrum of the Hamiltonian
in Eq. (1.8) is given by

h2k?
B = (g

2 A2 h2k? ’ 2 2
+ 24/ ALAL + 5 (A%, + [ak]?).

2
) + (ak)? + A% + A3 (1.9)

Assuming A; > 0, the spectrum exhibits a gapless point only at k =
0 provided Az = A, This point marks a so-called topological phase
transition; that is to say for

Ay >Ny (1.10)
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the wire is in a topological phase and hosts a single MBS on each end. In
the opposite case, A; < Ay, the wire is in a trivial phase and no MBSs
emerge. The latter statement can be shown explicitly by calculating the
MBS wavefunctions which take on the form of Eq. (1.1). They correspond
to the zero-energy solutions of the Hamiltonian in Eq. (1.8) for a semi-
infinite wire. In the limit of strong SOI, E,, > A, Az with Ey, = ma?/h?
the wire SOI energy, we find that the total localization length of the MBS
wavefunction is given by

FLUF hUF
Az —Ag Ay

¢ = max{ } (strong SOI) (1.11)
where the Fermi velocity is given by vy = «/h. Moreover, hivp/(A; —
A,) corresponds to the localization due to the interior branches of the
spectrum at £ = 0, while hvp/A, corresponds to the localization length
due to exterior branches at k& = +2ma/h*. In the opposite limit of weak
SOI, E,, < A4, Az, and close to the topological phase transition, 7| A —
A4l/2ma* < 1, the total localization length of the MBS wavefunction is
given by

h hv)
¢ = max{ A, or or

} (weak SOI) (1.12)

with the Fermi velocity v}, ~ /2Az/m and renormalized pairing strength
Al = (vV2maAg)/h/Ay. Here, the effects of the SOI close to k = 0 can be
neglected in the vicinity to the topological phase transition, i.e., that the
corresponding eigenstates are unchanged to first order in the SOI. Con-
sequently, the localization length due the interior branches at £ = 0 is
identical for weak and strong SOI, hvp/(Az — A,). However, the local-
ization length due to the exterior branches at k = ++1/2A ;m/his modified
to hvl /AL

Kramers pairs of Majorana bound states

In the last section, we have reviewed the model of a single semiconductor
Rashba NW which is subject to a magnetic field and coupled to an s-wave
SC. We have seen that this model hosts a MBS at both ends of the wire
individually provided that the Zeeman splitting exceeds the proximity-
induced pairing. However, from the viewpoint of experiments, the mag-
netic field acts detrimentally on the superconductor, and so one might
wonder if MBSs can also arise in the absence of magnetic fields, i.e., in
time-reversal symmetric systems. This is indeed the case. In systems
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that preserve time-reversal symmetry a so-called Kramers pair of MBSs
can emerge at the interface between trivial and topological phases. The
two MBSs 7, 71 which make up the Kramers pair are related by the time-
reversal symmetry 7 according to

TnT =y , TuT '=-m. (1.13)

Here, the operation of time-reversal symmetry is defined by its action
on the local electron operators of the system, 7¥.4(z)7 * = ¥, (z) and
TV, 1(x)T = =¥, (z) as well as by the requirement that 777 = —i.

We will now outline a particular setup in which Kramers pairs of MBSs
can emerge. We closely follow the reference [32]. The setup consists
of two semiconductor NWs which are proximity-coupled to the same
s-wave SC, see also Fig. 1.1(b). Compared to the setup in the last sec-
tion, a Cooper pair from the SC can now not only tunnel into each NW
separately, but it can also split up and induce a pairing between the two
wires referred to as crossed-Andreev pairing. The Hamiltonian is given
by H = [ dz Ui (2)H(x)¥(x)/2 with the Hamiltonian density

R2o? 1+7, h%o? 1—7,
H(z) = 5, M oIl AR G e & 5 )
~ (14T, ~(1—1,
—alk‘( 5 >az—a1k‘( 5 )az

- AchnyO—y - Adnygy'

(1.14)

and the electron spinor ¥ = (U, U3, Wl Wl Wy Uy, U1 Wl Here,
Ul (z) [V,,(7)] creates [annihilates] an electron with mass m and spin
0/2 = £1/2 in wire 7 = 1,1. The Pauli matrices 7, ., 1sy.., and o, ..
act in wire, particle-hole and spin-space, respectively. Moreover, a,. > 0
is the strength of the SOI in wire 7, A, is the strength of the proximity-
induced direct pairing in the NWs, and A, is the strength of the proximity-
induced crossed Andreev pairing. Lastly, i, are the chemical poten-
tials of the wires, which are tuned to the crossing points of the spin-
polarized bands of the Rashba spectrum in the normal state and then
set to zero. As in the previous example we determine the bulk spec-
trum of our model and the corresponding gapless points. We find that
for |Esoq — Ey1| > Ag, Ao with Ey,, = ma?2/h? the spectrum is gapless
at k = 0 provided A, = A,;. There are no gap closing points at finite
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momentum. From an explicit calculation of the MBS wavefunctions cor-
responding to the zero-energy solutions of the Hamiltonian in Eq. (1.14),
we find that the system exhibits a topological phase provided

A, > Ay (1.15)

In the opposite regime, A, < A, the system is in a trivial phase with no
MBS. We notice that the crossed Andreev pairing has taken over the role
of the magnetic field used in the previous setup. However, because the
system is time-reversal symmetric, in the topological phase instead of a
single MBS, a Kramers pair of MBSs emerges. The localization length
of the Kramers pair of MBS will be provided in the context of a more
general setup in the third chapter of this thesis.

1.2 Josephson junctions

When two superconductors (SCs) are coupled by a tunneling contact a
supercurrent, induced by the phase-coherent transport of Cooper pairs
across the junction, can flow and provide information on the supercon-
ducting phase difference ¢ between the SC grains. The supercurrent in
such a so-called Josephson junction (J]) is always 27 periodic provided
that the SC grains are topologically trivial. This is because a shift in
the superconducting phase by 27 does not alter the physical state of the
junction. Following closely the reference [41], the supercurrent can be
expanded as a Fourier series,

I(¢) = [L,sin(ngp) + J, cos(ng)] | (1.16)

n>1

with real coefficients I,, and J,, in units of current. We note that Eq. (1.16)
is commonly referred to as the current-phase relation of the JJ. Impor-
tantly, when the SC grains are topologically non-trivial, the supercurrent
exhibits an additional 47 periodic component to Eq. (1.16) which is not
due to Cooper pair tunneling but due to the single-electron tunneling
of non-local fermions formed by the MBSs. The free energy of a JJ, or
Josephson energy for short, is given by

E(p) = 2—2/; dx 1(x). (1.17)

It corresponds to the potential energy that a J] accumulates due to a flow-
ing supercurrent. Moreover, if ¢* is the superconducting phase difference
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QD

Figure 1.2: Four types of JJs (a) A conventional JJ of two s-wave SCs
(red) and a normal conductor (N, gray). The ground state of the junction
occurs at the superconducting phase difference ¢ = 0. (b) A JJ of two
s-wave SC and a magnetic insulator (MI, light blue). The ground state
of the junction occurs at ¢ = 7, thus building up a so-called 7 Josephson
junction. (c) JJ of two s-wave SC and a singly-occupied quantum dot
(yellow). The ground state of the junction is again given by ¢ = 7. (d)
A JJ of two topological superconductors (TSs, blue). The MBSs which
emerge at opposite ends of the TSs are depicted as yellow crosses. Unlike
the previous cases, the lowest order contribution to the Josephson is not
27 periodic, but 47 periodic in the superconducting phase difference.

such that max,, {|I(¢)|} = |I(¢*)], then the so-called critical current of the
J] is defined by
I. = I(p*). (1.18)

In this section, we discuss various examples of JJs, both topological and
non-topological, that are motivational for the setups which we will ex-
amine in the later chapters of this thesis. Here, our central focus will be
on examples with J,, = 0, so that the supercurrent vanishes when the
phase difference between the SC grains is zero. When J,, # 0 the super-
current is offset by a finite phase ¢y, and for that reason, such a JJ is also
referred to as ¢, Josephson junction. A detailed example of such as JJ
for both the topologically trivial and non-trivial case will be thoroughly
studied in the fourth chapter of this thesis.



CHAPTER 1. INTRODUCTION 9

Conventional Josephson junctions

We begin with a discussion of conventional Josephson junctions which
are characterized by a minimal Josephson energy for ¢ = 0,

min,, {E,(¢)} = E;(p =0). (1.19)

Alternatively, the critical current of the JJ] for 0 < ¢ < 7 is positive, I. > 0.
We closely follow the references [36,41].

The first example of a conventional JJ are two weakly-coupled conven-
tional s-wave SC close to their critical temperature 7, [33]. For the case
of short junction, d < § with d the extent of junction region between the
SCs and ¢ the superconducting coherence length, the current phase rela-
tion is determined from the Ginzburg-Landau equations and takes on a
sinusoidal form,

7TA1A1

I(p) = Isi ith [, = ——121
() = I.sin(p) with I, TR T

(1.20)
where A, > 0 with 7 = 1,1 are the pairing strengths of the two SCs and
Ry is the normal-state resistance of the junction. The Josephson energy
is given by

Al

Ey(p) = 5 [1 = cos(p)], (1.21)

and thus takes on the form of a washboard potential. We remark that
the findings of Eq. (1.20) and Eq. (1.21) are very general, in the sense that
they are for example not dependent of the electron mean free path in the
junction region, and thus apply to a multitude of conventional JJs close
to their critical temperature 7.

The second example of a conventional J] is the SC-Normal metal-SC junc-
tion [34,35]. The setup is shown in Fig. 1.2(a) and described by the Hamil-
tonian

H= ;/dgr ol (r) (—%W - u) W, (r)

(1.22)
s [ [A@E v + 4 wnmn ).
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where the superconducting order parameter is given by

Ae#?2 ifx > d/2
Alr) =10 ifd/2>z>—d2. (1.23)
Ae /2 ifx < —d/2

Morover, ¥! (r) [V, (r)] creates [annihilates] an electron with mass m and
spin /2 = £1/2 at position r in the JJ. Additionally, A > 0 denotes the
pairing strength, ¢ is the superconducting phase difference and 1 is the
chemical potential across the junction. In writing down Eq. (1.23) we
have assumed that the superconducting order parameter in the normal
metal decreases at length scales which are shorter than the superconduct-
ing coherence length. The Hamiltonian in Eq. (1.22) can be diagonalized
using a standard Bogoliubov transformation of the form,

) = Y7 [l () = ()
" (1.24)
() = 3 [l @) + urva(0)]

n

where v,,, denotes a quasiparticle with pseudospin ¢/2 = £1/2 and en-
ergy E,. For simplicity, we assume that there are no potentials or spatial
variations of the superconducting order parameter on length scales that
are comparable to the Fermi wavelength of the electrons. This implies
that the quasiparticle momentum is a good quantum number and of the
order of the Fermi momentum of the electrons. The wavefunctions u,(r)
and v, (r) are then determined so that

H = Ey+ Z En’YjLa/ynm (125)

n,o

The spectrum Ej, E,, is found by requiring that the wavefunctions wu,,(r)
and v, (r) are continuous across the SC-normal metal interfaces. It can be
subdivided into a continuous part with energies |E| > A and a discrete
part with energies |E| < A corresponding to so-called Andreev bound
states, which are localized in the junction region. Here, we examine the
case of a short junction, d < £. In this limit, only Andreev bound states
contribute to the Josephson current [36]. Their spectrum is found to be

E(p) = £Acos(p/2). (1.26)
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We are now in the position to compute the Josephson current given by,

2
I(¢) = 20, F. (127)
where FF = —1In(Z)/f3 is the Free energy, Z = tr(e ") is the partition
function and g = 1/kgT. We find that
_ eNAsin(p/2) A cos(p/2)

where N denotes the number of conduction channels. We observe that at
zero temperature the supercurrent is only carried by the ground state.
Hence the supercurrent given in Eq. (1.28) exhibits a jump at ¢ = =
which signals that the energy branch of the ground state switches from
—Acos(p/2) to +A cos(p/2).

7 Josephson junctions

In this section, we introduce 7 Josephson Junctions (7]Js) which, unlike
the conventional Josephson junctions that were discussed in the previous
section, are characterized by a minimum of the Josephson energy that
occurs for ¢ = 7 and not p = 0,

min, {E,(¢)} = E;(¢ = 7). (1.29)

Alternatively, the critical current of the JJ for 0 < ¢ < misnegative, I. < 0.
In the following, we will discuss two physical realizations of 7JJ which
are most relevant for the results of this thesis:

First, we address the realizations of a 7JJ in a junction of two conven-
tional s-wave SCs and an intermediate insulating layer doped with mag-
netic impurities, see also Fig. 1.2(b). We closely follow the reference [38].
The Hamiltonian of the system is given by H = Hy + H; + Hyp. Here, H;
describes the superconducting lead 7 = 1, 1 and is given by

H, = g > %\I’%(k)ww(k) + zk: (AeWT\I/II(k)\I/Ti(—k) + H,c,) ,

(1.30)
where UT_(k) [V, (k)] creates [annihilates] an electron with spin ¢/2 =
+1/2, mass m, and momentum k in the superconductor 7. Furthermore,



CHAPTER 1. INTRODUCTION 12

A > 0 is the pairing strength and ¢ is the superconducting phase of the
superconductor 7. Without loss of generality, we set 1 = ¢ and 7 = 0.
The tunneling Hamiltonian coupling the two SCs is given by

Hr =333 0, (6) e + oo - Sul,, Vip (K) + Hee.,  (131)

n kk’ g0’

where ty is the momentum-dependent amplitude for normal tunneling
across the junction and uyy , is the momentum-dependent amplitude for
tunneling via the localized spin S,, at site n in the insulating layer. The
conduction electron spin is given by o. To second order in the tunneling
amplitudes, we find that the zero-temperature Josephson current is given
by

I(@) = (IC,O - Ic,s) Sin(@)? (132)
with the critical current due to normal tunneling /., and the critical cur-
rent via tunneling through the localized impurities I. ; given by,

I.o = 2em®vp At /B, 1., = 2em* v /h. (1.33)

>SS+ 1)

Here, vp is the normal state density of states at the Fermi level and S
is the magnitude of the impurity spin. Moreover, t* and u? denote the
mean values of |t |* and |ue |* over the Fermi surface. From Eq. (1.32)
we conclude that our system forms a 7JJ for the case when tunneling via
the magnetic impurities dominates over normal tunneling, I. ; > I.o.

Second, we discuss the realization of a 7J] in a setup of two conven-
tional s—wave SCs coupled by a single-level Quantum dot (QD) in the
Coulomb blockade regime, see also Fig. 1.2(c). We follow the reference
[39]. The Hamiltonian of the system takes the form H = H, + H; + Hp +
Hr, where Hp = eyng + U(ng)? is the Hamiltonian of the single level QD
with occupation number ny = 0,1,2. Furthermore, ¢, < 0 denotes the
QD energy level and U is the Coulomb energy on the QD. The tunneling
Hamiltonian Hr is given

Hp =Y >3 tali,(k)d, + He, (1.34)
T k o

where d! [d,] denotes the spin /2 = +1/2 electron creation [annihila-
tion] operator on the QD, and ¢, is the momentum-dependent ampli-
tude for the tunneling between the superconductor 7 and the QD. In the
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Coulomb blockade regime, U + 2¢, > —¢p > 0, the ground states of the
QD are singly-occupied, ny = 1, and to second order in the tunneling
amplitudes we find that the zero-temperature Josephson current is given

by

_ 2 (fructin)? [(Ulkvik/)2 + (Uik/vm)Q] o
Ie)==5> B~ ) (Bro — e (B B 00 (139

Kk

Here, £, = /& + A? and &k are the quasiparticle and normal state
dispersion in the superconductor 7, respectively. Furthermore, u,x =
(1/vV2)\/1 + &/ Erc and vy, = (1/v/2)4/1 — &4/ - are the supercon-
ducting coherence factors. From Eq. (1.35), we see that the critical cur-
rent in the setup is always negative and hence the setup realizes indeed a
7J]. This result is to be expected from our considerations for the previous
model, because the transfer of a Cooper pair always requires a spin-flip
on the QD, which fully suppresses the normal tunneling contribution to
the Josephson current.

In the second chapter of this thesis, we will consider a variation of the
two models presented above where one of the SCs is replaced by a topo-
logical insulator. We will see that the remaining SC still proximity-induces
a SC order parameter with opposite sign in the helical edge states of
the topological insulator turning the system into a so-called proximity-
induced 7]JJ.

Topological superconductor Josephson junctions

In the previous sections, we have seen multiple examples of JJs between
conventional s-wave SCs which all exhibit a Josephson current that is 27
periodic in the phase difference between the superconducting leads. In
this section, we discuss the J] between topological superconductors (TSs)
which features an additional contribution to the Josephson current that is
4 periodic in the superconducting phase difference, see also Fig. 1.2(d).
This change in the periodicity in the Josephson current is considered to
be a hallmark feature of topological superconductivity. In our discussion
we will follow the reference [40].

To begin, we provide an intuition on the change in periodicity based on
a perturbation theory picture: In a conventional SC JJ, the Josephson cur-
rent is mediated by Cooper pair tunneling. To lowest order, the latter
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constitutes a second-order tunneling process in the sense that it takes
two virtual electron tunneling events within a sequence of intermediate
states to transfer a Cooper pair across the junction. In each of the two tun-
neling events, the electron which tunnels picks up a phase factor of ¢/
with ¢ the superconducting phase difference. Thus, in total, a Cooper
pair consisting of two electrons acquires a phase factor of ¢’ leading to
a contribution  sin(y) to the Josephson current. Compared to that, in a
TS JJ the two MBS which are closest to the junction hybridize and allow
for the tunneling of single electrons across the junction. To lowest order,
this constitutes a first-order tunneling process in which the electron picks
up solely a phase factor of €*#/? yielding a contribution o sin(y/2) to the
Josephson current.

To make this intuitive picture more rigorous, we now derive the addi-
tional 47 periodic contribution to the Josephson current within the sim-
plest example of two TS realized by spinless p-wave SCs. First, the tight-
binding Hamiltonian of a single, one-dimensional, spinless p-wave SC
labeled by an index 7 = 1,1 is given by

N—
Z (tTc;iHcT,i + A7017i+161’i + u’T‘C;iCT,i + Hc) (1.36)

1=

—

H, = -

DN | —

Here, ¢, ; [ciﬂ-] denotes the electron annihilation [creation] operator in the
topological superconductor 7 at site i. Moreover, ¢, > 0 denotes the tun-
neling amplitude, A; > 0 the superconducting gap and ., the chemi-
cal potential in the topological superconductor 7, respectively. The total
number of lattice sites is given by /N. The tunneling Hamiltonian which
couples the two TS is given by

Hy =Te*/?c] 1o+ He, (1.37)

where I' > 0 is the tunnel coupling strength and the the superconducting
phase difference ¢ was absorbed into the tunneling Hamiltonian via a
gauge transformation. The total Hamiltonian of the TS JJ is then given by
H = Hy + Hi + Hy. For simplicity, we set , = 0and A = A, = ¢, and
rewrite Eq. (1.36) in terms of Majorana operators, c,; = (V-; + 17.,)/2.
This yields
A N-1
A (1.38)
=0
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We see that the MBS at sites 7,  and v, o commute with the Hamiltonian.
The corresponding complex fermion operators C; = (77,0 +1%7, x)/2 thus
span the zero-energy ground state subspace of the Hamiltonian H,. As-
suming that I' < A, we project the full Hamiltonian H onto the ground
state subspace of H;, + Hp. It then takes the form

o 1
H =g cos(e/2 e =Teos (o2) (Cler - 3) - (139)
with C; = (yro + i7; v)/2. The zero-temperature Josephson current

I(¢) = 2e0,EGs/h with Egg the ground state energy of H is thus for a
fixed occupation number C}C; = 0,1 given by

I(p) = :i:% sin(y/2) (1.40)

where + (—) refers to the case C}CI =1 (C}CI = 0). This is our final re-
sult. We see that, unlike in the case of a conventional SC JJ, the Josephson
current in the TS JJ also exhibits a 47 periodic component.

Finally, we emphasize that in general the Josephson current in the TS
J] exhibits also a 27 periodic component corresponding to the transport
of finite-energy quasiparticles and it is a major experimental challenge
to decouple the 47 periodic Josephson current due to Majorana bound
states from the conventional 27 periodic component.
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New platforms for topological
superconductivity

16



CHAPTER

Proximity-induced 7 Josephson
Junctions in Topological
Insulators

Adapted from:

Constantin Schrade, A. A. Zyuzin, Jelena Klinovaja, and Daniel Loss
“Proximity-induced 7 Josephson Junctions in Topological Insulators and Kramers
Pairs of Majorana Fermions”,

Phys. Rev. Lett. 115, 237001 (2015)

We study two microscopic models of topological insulators in contact
with an s-wave superconductor. In the first model the superconductor
and the topological insulator are tunnel coupled via a layer of randomly
distributed scalar and of randomly oriented spin impurities. Here, we
demonstrate that spin-flip tunneling dominates over spin-conserving one.
In the second model the tunnel coupling is realized by a spatially non-
uniform array of single-level quantum dots with randomly oriented spins.
We find that the tunnel region forms a m-junction where the effective
order parameter changes sign. Due to the random spin orientation ef-
fectively both models exhibit time-reversal symmetry. The proposed -
junctions support topological superconductivity without magnetic fields
and can be used to generate and manipulate Kramers pairs of Majorana
fermions by gates.

17
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2.1 Introduction

When two s-wave superconductors (SCs) are brought into contact via
an insulator doped with magnetic impurities, it was shown by theory
[37,38] and experiment [42] that spin-flip tunneling can induce an equi-
librium ground state with a relative phase difference of m between the
superconducting order parameters, building up a so-called 7 Josephson
junction (7JJ). It was predicted [43] and experimentally confirmed [44]
that a 7JJ can be generated by replacing the layer of magnetic impurities
by a ferromagnetic metal. A 7JJ can also arise when two SCs are tunnel-
coupled through an intermediate resonant state in the presence of strong
Coulomb interactions [39], as observed in a system of two SCs coupled
by a quantum dot (QD) occupied by a single electron [45]. In recent ex-
periments [46—48] it was demonstrated that superconductivity can also
be proximity-induced in the helical edge states of a topological insula-
tor (TI) material [49-57] via coupling to an external s-wave SC. These
experimental advances have also stimulated the theoretical interest in
Josephson junctions based on TIs [58-61]. Motivated by the existence of
ordinary 7JJs an important and immediate question is: Are there micro-
scopic mechanisms allowing one to induce a superconducting order pa-
rameter in the helical edge states of the TI that is of opposite relative sign
compared to the one of the external s-wave SC, ideally without breaking
time-reversal invariance (TRI)? In this work we answer this question in
the affirmative.

We propose two setups involving TIs in which such a 7-junction is
shown to emerge. In the first setup the tunnel coupling is realized by a
thin insulating layer of scalar and magnetic impurities with randomly
oriented spins and random spatial distribution. We demonstrate that
spin-flip tunneling dominates over normal tunneling. In the second setup
the tunnel coupling is realized by a spatially non-uniform array of single-
level QDs, each of which is occupied by a single spin with random ori-
entation. Critically, the random orientation of spins preserves TRI in an
effective description. We note that both setups can be realized by combin-
ing the already existing experiments on proximity-inducing supercon-
ductivity solely in the edge states of a TI [46—48] and the experiments on
7J]Js in SC-magnetic insulator-SC [42] and SC-QD-SC devices [45]. We
note that the same setup could be assembled in the framework of strip
of stripes models [62-68] based on an array of coupled one-dimensional
channels with spin-orbit interaction [67]. As a striking consequence we
tind that the proposed models for proximity-induced 7JJs in a TI provide
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an alternative approach to engineer Kramers pairs of Majorana fermions
(MFs) [32, 69-78] easily movable by gates. Remarkably, no magnetic
tields are needed. More precisely we consider two TI samples that form
a proximity-induced 7JJs with respect to one another and allow for tun-
neling between them in the finite space region, at the ends of which the
MFs emerge.

2.2 Josephson junction models

In the first model we consider a bulk s-wave SC connected by a tunnel
contact to the edge of a 2D TI, see Fig. 2.1(a). The Hamiltonian of the
system is given by

1 -
H; = Hgpcs + Hrp + 3 / drdz [¥'(r) - Ti(r,z)®(z) + Hel], (2.1)

with the tunneling matrix T (r,z) = Ty(r,z)(1 + 77)/2 — Ti(r,2)(1 —
7%)/2. Here, Hpcs = (1/2) [ dr Ui(r) - [— (K202 /2m + )77 — Agea?7¥) W (r) +
H.c. is the BCS Hamiltonian of the SC, i being the chemical potential
in the SC and m being the electron mass, and Hy; = (1/2) [ dz [®7(z) -
(—ihvpo*0,)®(z)+H.c.] is the Hamiltonian of the TI edge with the Fermi
velocity vp. Without loss of generality, we assume that the supercon-
ducting order parameter A, is positive. The electron Nambu opera-
tor in the SC (TI) is given by ¥(r) = (U+(r), ¥ (r), \II,Tr(r), \I/I(r)) [®(x) =
(R(x),L(z),RY(z), LT(2))]. The Pauli matrices 7 (¢*) with a = x,y, z act in
particle-hole (spin) space The slowly-varying spin-up right (spin-down
left) mover fields R(z) [L(z)] are defined around the Fermi points +kp
which in turn are determined by the position of the chemical potential
prr in the TI defined with respect to the Dirac point. The last term in
Eq. (2.1) describes the tunneling between points r of the SC and points
x on the edge of the TL. The interface between the SC and the TI is as-
sumed to be rough such that the thinnest regions of the interface give
the highest probability for electrons to tunnel between the SC and the TI
and there can be several impurities at the vicinity of the point contact.
We model these thinnest regions located at points z, by point contacts.
The tunnel contact between the SC and the TI is doped with randomly
distributed scalar and magnetic impurities with randomly oriented spins
Ser = (SP1, Stk Six)- Here Sy is the operator of the k-th localized spin
close to the point contact x, on the TI sample. The tunneling occurs via
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the virtual states of the scalar and magnetic impurities with the ampli-
tude given by

e+ uZU“SZk]. (2.2)

a=x,Yy,z

Ti(r,z) =0(r — x ey) Zé(m — )

Here, e is a unit vector pointing along the TI edge. The normal (spin-
flip) tunneling is parametrized by a complex amplitude ¢;, (u{) with scalar
impurities contributing to the amplitude ¢;, only.

In the second model we consider a bulk s-wave SC coupled to a 2D
TI via a spatially non-uniform array of single-level QDs, see Fig. 2.1(b).
The Hamiltonian of the system is given by

H; = Hpes + Hi + Hp (2.3)
1
+ 5 Z |:tj71 D;f : TZ‘I/<I']') + tj’g D;f : TZ(I)(JIJ') + H.c.|.
J

Here, Hp = (1/2) >_,(—¢; D]T. -7*D;+U; njn;,)+H.c. is the Hamiltonian
of an array of single-level QDs at energies ¢; > 0 and with amplitudes
U; of the Coulomb interaction on the QDs and D; = (D;+, D, D;,T’ D; )
is the Nambu operator on the jth QD. The occupation number operators
for electrons with the spin o on the jth QD are given by n;, = D}UDJ-,(,.
Tunneling occurs at points r; and z; on the SC and the TI, respectively,
and is described by tunneling amplitudes ¢;; and ¢, ».

2.3 Proximity-induced 7 Josephson junctions

We first discuss the model shown in Fig. 2.1(a) and described by Egs. (2.1)
and (2.2). We neglect the inverse proximity effect due to magnetic impu-
rities. By integrating out the degrees of freedom of the SC and including
contributions up to second order in the tunneling amplitudes we see that
the equation of motion for the Green’s function g(z, z’) of the TI in fre-
quency space is given by

g Hz) gz, 2") =6(x —2') + /deE(x,xl) ~g(xy, ) (2.4)

with g7 !(z) = iw + ihvpo®0, and w the fermionic Matsubara frequency.
In leading order, the electron self-energy in the Tl is given by

(2, 2p) / &r &' Ti(r,2) - Glr — ) - Ty (¢, ). (2.5)
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Figure 2.1: Setups to generate a proximity-induced Josephson 7-junction
in topological insulators (TIs). a) An s-wave SC (red) couples to a TI
(grey) via an insulator doped with magnetic and scalar impurities (MI,
magnetic insulator, blue). If the spin-flip tunneling rates are larger than
the normal tunneling rates superconducting gaps with opposite sign are
induced in the TI samples. b) Top view. Instead of the MI the SC is
coupled to the TI via a spatially non-uniform array of single-level QDs
in the Coulomb blockade regime. The array of QDs is occupied with
randomly oriented electron spins.

Here, G(r — r') denotes the Green’s function of the bare clean homoge-
neous three-dimensional SC defined by G~!(r) - G(r — t') = §(r — ') with
G (r) = iw + (R20?/2m + u)77 — Ay.0¥TY. At vanishing relative distance
a solution to this equation is given

—TV

with v = ZEL the normal-state density of states per spin and px the Fermi
momentum in the SC. We adopt several assumptions to simplify Eq. (2.5).
First, the distribution of impurities is assumed to be almost continuous
and hence sums over impurities at discrete positions are replaced by in-
tegrals over impurity densities. Second, terms that are linear in the Pauli

matrices ¢ vanish after averaging over the random orientation of the

G(r=0) = [Agea? T +iw], (2.6)




CHAPTER 2. PROXIMITY-INDUCED 7 JOSEPHSON JUNCTIONS IN
TOPOLOGICAL INSULATORS 22

spins S, . Third, at some fixed z, tunneling contributions from points
zp for ¢ # (¢ can be neglected. The contribution of these terms to the
effective Hamiltonian can be incorporated in the chemical potential [79].
These assumptions imply that

/dle(w, 21) - g1, a") ~ — {m(r 4 Ty)
9(

x,z’)
—A (T = Tg)o¥r¥| » ———, 2.7
( S)U T :| m ( )
with the scattering rates
' = wwng| Ztk|2, (2.8)
k
T = mngS(S+1)) |ufl*/3. (2.9)
k,a

Here, ng is the concentration of point contacts that allow for spin-conserved
tunneling, while ng is the concentration of point contacts that allow for
spin-flip tunneling. Impurity spins are non-interacting, i.e. (S; Sy ) =
S(S + 1)d4w ki, with (...) meaning the average over random spin direc-
tions and S being the magnitude of the impurity spin. In particular, the
average vanishes for different impurity spins. This implies that in the
expression for the scattering rate I's terms o uju}, with k # k' vanish as
well. The Ruderman-Kittel-Kasuya-Yosida (RKKY) interactions between
impurity spins are also neglected for two reasons: First, their amplitude
is by orders of magnitude smaller than spin-flip scattering rates [80]. Sec-
ond, the low temperature ground state of the Ml is a spin-glass, not a fer-
romagnet. This is because the sign of the RKKY interactions is random
due to the non-uniform spin distribution. Also the exchange couplings
are highly anisotropic when mediated by spin-momentum locked TI sur-
face states. In the spin-glass the average expectation value of spin is zero,
i.e. on average TRI is preserved. Similarly, the Van Vleck interaction re-
cently considered for TIs [81,82] is also neglected assuming a sufficiently
large seperation between the magnetic impurities. The effective order
parameter in the TI for w < A, I', ' is given by

AFTS ~I — Fs. (210)

Interestingly, if I's > I' the effective order parameter can become nega-
tive. Such a situation naturally emerges if the tunnel contact contains a
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large number of magnetic and scalar impurities. At a particular point
z, the electron tunneling amplitude via some magnetic impurity & is
te + >, upo®SE, and tp for some scalar impurity &'. We assume that
|ts] =~ |tw|, while generally their phases are random. Thus, for many
impurities the normal tunneling contributions in Eq. (2.8) destructively
interfere, so that ) |, ¢, = 0. As aresult, I's > I' can be realized and Ar r,
becomes negative.

Next we discuss the model of an s-wave SC coupled to a 2D TI via an
array of QDs, as depicted in Fig. 2.1(b) and described by Eq. (2.3). We will
work in the Coulomb blockade regime. Thus, we assume singly occupied
QDs with the electron spin on the QDs being randomly oriented. In the
limit of small tunneling amplitudes that couple the SC and the TI to the
QD we use a Schrieffer-Wolff transformation [83] to map the Hamiltonian
H, as given in Eq. (2.3) onto a Hamiltonian H; of the form as given in
Eq. (2.1) with ¢, = 0. The physical interpretation is that due to the large
Coulomb interactions on the QDs only spin-flip tunneling of electrons
through the dots is allowed [39]. From the discussion of the first model
we can conclude again that I's > 0, while I' =~ 0. Thus, we see that in
both models we obtain a proximity-induced 7JJ in the tunneling region.

2.4 Kramers pairs of Majorana fermions

In a TI coupled to an s-wave SC magnetic fields was used to induce MFs
[2], however, they acts detrimental on superconductivity. In the absence
of magnetic fields, Kramers pairs of MFs can emerge as was shown for
unconventional SCs [69-73] as well as nanowires [32,74-76,84] and TIs
[77,78,85] in proximity to conventional SCs. In particular, Kramers pairs
of MFs appear due to 7JJs in nanowires [73-75] or in 3D TI films [78].
Here, we make use of the 7J] models introduced above and propose two
setups (labeled by N = 1,2) that host Kramers pairs of MFs based on
two 2D TIs, which, as a major advantage, can easily be moved by tuning
a tunnel barrier.

We consider two TIs labeled by n = 1,2. In the first (second) setup,
edge states are of opposite (same) helicity and the chemical potentials
are tuned to be opposite (to be the same) with j1y = —ps (11 = p2), as
illustrated in Fig. 2.2b (Fig. 2.2c). Both TIs are brought into proximity to
an s-wave SC. In the the first T1, the tunnel contact is doped with scalar
and magnetic impurities with randomly oriented spins or, equivalently,
an array of QDs with randomly oriented spins is used. As shown above,
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a m-junction emerges and the proximity-induced order parameter in the
tirst TI acquires the opposite sign to the bulk SC, —A; < 0. The tunnel
contact between the SC and the second TI does not contain a spin-flip
source. Thus, the corresponding order parameter is of the same sign as
in the SC, Ay > 0. The induced superconductivity in the nth TI of the
Nth setup is described by the Hamiltonian

o) = (—1)<N1><"1>% / dz [LIR! = RIL! +H.c] (2.11)
in the basis ®,(z) = (R,(z),L,(x), Rl (2),L!(x)). For the first (second)
TI of the first setup we have introduced slowly-varying spin-up (spin-
down) right-mover R;(z) [Ry(z)] and spin-down (spin-up) left-mover
L (x) [La(z)] fields defined around the Fermi points £kp. In the second
setup Ry (z) [La(x)] is the spin up (spin down) mode, see Fig. 2.2.

The two TIs are coupled via a tunnel barrier placed in the region 0 <
r < L as shown in Fig. 2.2(a) Neglecting the fast-oscillating terms [31],
we find that the tunneling Hamiltonian in the first setup is given by

L
HO — % / da[ei® (R;Ll - L1R£> + e (L;,Rl -~ Rle) +H.cl], (212)
0

while in the second setup by
o t [T A ,
HY =2 / da[ei® (R;R1 - RlR;) temi (L;L1 - L1L§> +Hel (2.13)
0

Here, t (¢) is the tunneling amplitude (phase) between two TIs. The to-
tal Hamiltonian is H™) = Y (Hrr, + HY T)L) + H™Y, where the kinetic
part Hyr, = Hpy is identical for both TIs and was introduced in Eq.
(2.1). The tunneling phase can be removed from the total Hamiltonian
by a suitable gauge transformation [111]. In both setups, we find that
a topological phase transition accompanied by the bulk gap closing and
reopening occurs at the point

t = /A A (2.14)

In the second setup, there is an additional constraint Ay # A,. If ¢t >
VA1A,, there is one Kramers pair of MFs localized at the interfaces at
r = 0 and one at x = L [31]. The localization lengths are inversely pro-
portional to the opened gaps [111]. Thus, in regions with no tunnel cou-
pling between the TIs the localization lengths are the superconducting



CHAPTER 2. PROXIMITY-INDUCED 7 JOSEPHSON JUNCTIONS IN
TOPOLOGICAL INSULATORS 25

® "),
MI Ll- A/

TI n=1 |"~

Y1 2ITBI’Y3 4 TL

TI n=2 |"=*7)N
SC

0 L

Figure 2.2: (a) Setup hosting Kramers pairs of MFs. Two TIs (grey rectan-
gles) are placed on top of an underlying s-wave SC (red) such that prox-
imity superconductivity is induced in both TIs. Importantly, the first TTis
coupled through a magnetic insulator (MI, blue) resulting in the 7JJ. The
tunnel barrier (TB, yellow) between the edges of two TIs extends from
r = 0tox = L. One Kramers pair of MFs v, 5 [v3 4] (purple) is localized
at the x = 0 [vr = L] end of the TB and can be manipulated by tuning the
length L of the TB. The spectrum of two pairs of TI edge modes is con-
sidered in (b) for the first setup and in (c) for the second setup. (b) Edge
modes of the same TI are coupled by proximity-induced pairing ampli-
tudes —A; < 0 and Ay > 0, resp. The chemical potentials are opposite
for the two TIs, j11 = —po. The helicities of the edge states are opposite
(indicated by the coloring in red and blue). The tunneling (¢) couples a
right-moving state in the first TI to a left-moving state in the second TI,
and vice versa. (c) The two TIs have the same chemical potential, j1; = o,
and the same helicities. The tunneling (¢) couples a right-[left-] moving
state in the first TI to a right-[left-] moving state in the second TI.

coherence lengths ¢, = hvp/A,, while in regions with t > /A;A, they
are given by

W =2hup/(\/(A — Ag)2 + 412 — Ap — Ay) (2.15)
€ — 2hvr (2.16)

IA] — Ag| £ RV/(AL + Ay)? — 412

Superscript (1) [(2)] corresponds to first [second] setup and & means
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the real part of a complex number. In both setups we assume that L is
much longer than the localization lengths £ = max{¢;, &, D} (€9, =
max{&, 5(,2)} for A; > Ay and gfﬁgx = max{fl,ﬁ@} for A; < A,). Hence
the wavefunctions of the MFs localized at the two different interfaces do
not overlap. If L is comparable or shorter than the localization length of
the MFs they hybridize into two fermionic states whose energies are non-
zero in general [1,87,88]. In a InAs/GaSb (HgTe/CdTe) TI the localiza-
tion length is of the order of 0.5 ym (5 m) [111]. Finally, we emphasize
that if the relative sign of the proximity induced gaps is the same there
exists no topological phase, see [111] for illustrative phase diagrams.

2.5 Conclusions

We propose two setups to realize a proximity-induced 7JJ in a TI in the
presence of TRI. Both setups rely on the tunnel coupling of a TI sample to
an s-wave bulk SC either via a layer of randomly distributed scalar and
magnetic impurities with randomly oriented spins or via a spatially non-
uniform array of QDs each of which is occupied by a randomly oriented
spin. In either case spin-flip tunneling dominates over normal tunneling
and a m-junction emerges. The randomly oriented spins ensure that there
is effectively no breaking of TRI. Such proximity-induced 7-junctions can
be used to generate and manipulate Kramers pairs of MFs in edge states
of tunnel-coupled TIs.

2.A  Energy spectrum

We find that the bulk spectrum of the Hamiltonian H() from the main
text is given by
1/2

B +(k)=s [(hqu;)z + <A+ + /A% + t2)1 : (2.17)

where k is the momentum in the TI, and s = £1. Similarly the bulk
spectrum of the Hamiltonian H® from the main text is given by

1/2
Boya(k)=s [(wak)? +A2 4 A2 424 2\/W(k)} (2.18)
with W (k) = (hvpk)*t> + AT (A? + t?). Here, we also introduced the
notations A; = (A; £ Ay)/2. Both spectra E; ;1 (k) and Es 4 (k) are
twofold degenerate as expected for time-reversal invariant systems.
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We find that the spectrum is gapless at k = 0 if

t= \ AlAQ’ (219)

and is gapped otherwise. Here, for setup N = 2 we need the additional
condition that A; # A,. Also the spectral gap for the setup N = 2 closes
at some finite momentum if t > A; = A,. We now assume that A; # A,
and confirm that Eq. (2.19) defines a topological phase transition. This
means that there should be MFs localized at the boundary between two

space regions with ¢t > /A1Ay and t < VA A.

2.B  Wavefunctions of the Majorana fermions

The operator defining a MF, which is a zero-energy bound state, is gen-
erally given by 7§N) = (VJ(N))T = Yoo ) do @bg) (x) - @, (x) with the
wavefunction (vector)

W (2) = | T (2.20)

for some complex-valued functions f,(f}[)(x) and gg) (). The index j =
1, 2 distinguishes between two MFs belonging to the same Kramers pair.
The form of these functions is different for different setups.

Without loss of generality, we focus below on the left interfaces at
which the tunneling amplitude jumps fromt = Oatz < Otot = ¢, >

\/AlAQ for x > 0.

First setup.
We find that for the first setup the interface hosts a Kramers pair of MFs
given by

2 12 ) ) i

A2 H2-A_ . is . ’
<5n1+61k”61/£1 + On2e Z’l‘“””e"’“"/@)e > ifr<0

=06 gl = (=0
(2.21)
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with the localization lengths given by

¢M = hup /(\/m - Ay) (2.22)

&n = hup/A,.

In Fig. S2.3(a) the localization length ¢ is plotted for different valus
of ¢ in color scale versus A; and A,. Note that the solutions for given

N are orthogonal, 1/),(% (@/)(N)) = 0, thus forming a Kramers pair. The

localization length of the MF is given by £\ = max{¢®, &, &} and is
plotted in Fig. 52.3(b).

Second setup.

The interface at z = 0 of the second setup also hosts a Kramers pair of
MFs. For A_ > 0 the Kramers pair of MFs is given by

)
. A —\/A (2) Ag+/NA2 -2 (2) : .
10n2 +— —w/Ef Me’“/’:— s ifx >0, Ay >ty

2 /AL 12 2 /AT 12

(2) (2) .
o 6”1(671/&* *I/er )toeiz% ]

2\/A2 -2
; (2) .
% - nl;l;gx 2 +Z5n2(1+ tox) li:| 7x/£2 lfx 2 O, A+ :to
_ 5711M6_i% if ¢ 2 O’ A+ < tO

\1g—A%

+i0no (—A+ S—m(lif) + cos(k ):c)) eid;] /6

[ —90n2 % ot/E ifx <0
2 2 2)\ * 2 2)\ %
gl =i(f8D 8 == 6% =),

(2.23)
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while for A_ < 0itis given by

(2) _ _ikpx
fn,l =er
(
b (BRI eyl AEVAR afe® ) i >0, Ay > ¢
nl\ "o /Az 2 2 /A2 2 =5 5+
+ 0 + 0
(2) (2) )
02 (em/gvL _e e >toelg
_|_
2,/A% 13
_:0 . ¢ _ (2) .
y 5,11(1—1—52—?)6 g —25n2;;°)—“’;e’2}6 /&5 ifx >0, Ay =t

to sin(k(®z) 1%

— 0. ——

+0n1 (M + Cos(k(g)x)> e_Zg] e~ v/Es

lf.fEZO, A+<t0

\1E—-A%

[ On1 ei% er/6 ifr <0

2 o (2) 2 2)\x 2 2)\
g =i £ = an= D"

(2.24)

Again, the two wavefunctions for given NV are orthogonal and thus form-
ing a Kramers pair. We have defined the wavenumber

@ = /|1A2 — 2|/l (2.25)

and the localization lengths

2) _ hUF
T A £ RYAZ -2

For different values of ¢, the localization lengths ¢ are displayed in Fig.
52.3(c) and (d) in a color scale plot as a function of A; and A,. For¢y < A
the spectral gap closes at zero momentum while for ¢, > A, it closes at
some finite momentum. For A_ > 0 (A_ < 0) the localization length
of the MF is given by ¢B, = max{&s, 5(_2)} 2, = max{&;, 5(_2)}) and is
plotted in Fig. S2.3(e). The fast-oscillating factors have explicitly been
restored in the wavefunctions. We see that for A; = A, the MF wave-
function is delocalized. In the limit when L > ér(n]\;l the interfaces at x = 0
and z = L can be considered as independent and a calculation of the MF
wavefunctions at x = L can be performed analogously. We assume that

3

(2.26)
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the induced gaps are given by A; = 0.1 meV, Ay = 0.2 meV, and the tun-
nel coupling is set to t = 0.2 meV. In a InAs/GaSb (HgTe/CdTe) TI the
Fermi velocity is given by vp = 4.6 x 10* ms™! [47] (5.5 x 10° ms~* [50]).
This gives an estimate of the localization length of the order of 0.5 ym
(5 pm).

Finally for setup N the tunneling phase ¢ can be absorbed into a redefi-
nition of the electron operators by the gauge transformations

R, — exp ((—1)”(1\71)%) R,

(2.27)

L, — exp (—(—1)”(1\[1)%) L,.
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Figure 2.3: (a) Phase diagrams and color scale plots of the localization
length ¢ for # > 0 of the Kramers pair of MFs in the first setup as
a function of the superconducting gap parameters A;, and the tun-
neling amplitude ¢,. Here, & (1) increases from blue, through yellow,
to red; vp = 4.6 x 10* ms™! in an InAs/GaSb TI [47]. The curve
to = VA1A, (dashed) seperates the topological phase (T, colored) and
the non-topological phase (NT, uncolored). At the phase boundary the
localization length ¢ is divergent. For x < 0 the localization lengths
are given by the superconducting coherence lengths &, = hvp/A; 5. (b)
Same as in (a) but for &y = max{&;, &, D). The curves &, = ¢ and
& = & (solid) seperate regions where é&gx is given respectively by &, &,
or (1. (c) Same as in (a) but for the localization length ¢ for z > 0
in the second setup. Along the line A; = A, (dashed) the localization
lengths §f ) are divergent. (d) Same as in (c) but for the localization
length §f). (e) Same as in (d) but for &2, = max{&,, f(_2)} if Ay > Ay
and 5&?2)( = max{gl,g(f)} if Ay < Ay. The curves & 5 = §(_2 ) (solid) seper-
ate regions where €8, is given respectively by &, & or ¢®,
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A hard proximity-induced superconducting gap has recently been ob-
served in semiconductor nanowire systems at low magnetic fields. How-
ever, in the topological regime at high magnetic fields, a soft gap emerges
and represents a fundamental obstacle to topologically protected quan-
tum information processing with Majorana bound states. Here we show
that in a setup of double Rashba nanowires that are coupled to an s-wave
superconductor and subjected to an external magnetic field along the
wires, the topological threshold can be significantly reduced by the de-
structive interference of direct and crossed-Andreev pairing in this setup,
precisely down to the magnetic field regime in which current experimen-
tal technology allows for a hard superconducting gap. We also show that
the resulting Majorana bound states exhibit sufficiently short localization
lengths, which makes them ideal candidates for future braiding experi-
ments.

32
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3.1 Introduction

Majorana bound states (MBSs) form the building blocks of a topologi-
cally protected qubit. Over the last years, the first generation of Majo-
rana devices were fabricated based on conventional s-wave supercon-
ductors (SCs) exposed to strong magnetic fields and proximity-coupled
to a nanowire (NW) with Rashba spin-orbit interaction (SOI) [3,4,6-9] or
chains of magnetic atoms placed on a superconducting substrate [5, 10—
12,89-91]. These devices provided first experimental signatures of MBSs
in the form of zero-bias conductance peaks [6-12]. Today, the most im-
portant open challenge is to perform manipulations on the MBSs which
should ultimately allow for the confirmation of their non-Abelian braid-
ing statistics. For this purpose, NW devices appear particularly promis-
ing as they provide a simple means of moving MBSs by the use of local
gates [29]. Unfortunately, despite the plethora of experimental break-
throughs, a long-standing [92, 93] and still unresolved [94, 95] obstacle
to NW-based braiding experiments is that the proximity-induced super-
conducting gap in the NW is well-defined only for weak magnetic fields
in the trivial regime (“hard gap”). For strong magnetic fields in the topo-
logical regime, a finite subgap conductance emerges (“soft gap”) which
destroys the topological protection [13-17].

Here we show that in a double NW setup the topological threshold
can be reduced to the low magnetic field regime in which current ex-
perimental technology allows for a hard superconducting gap. More
concretely, we consider two parallel Rashba NWs that are proximity-
coupled to an s-wave SC and subjected to a magnetic field along the
NWs, see Fig. 2.1(a). The SC induces both direct and crossed-Andreev
pairing. We demonstrate that this double NW setup exhibits a new, pre-
viously overlooked Majorana phase that emerges at low magnetic fields.
Specifically, for any finite crossed-Andreev pairing strength, we show
that the system can host a single MBS at each end even when the Zee-
man splitting is smaller than the strength of induced direct pairing. No-
tably, this phase can be realized if the direct pairing strength exceeds that
of crossed-Andreev pairing, which is always the case in the absence of
strong electron-electron interactions [32,77,96-101]. In the limit when di-
rect and crossed-Andreev pairing strengths are equal, we find that even
an infinitesimal magnetic field can drive the system into the proposed
topological phase. Interestingly, we also find that these MBSs exhibit
a sufficiently short localization length, making them ideal for experi-
ments on quantum information processing. Our theoretical proposal can
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Figure 3.1: (a) Two Rashba NWs (grey) labeled by 7 = 1,1 are aligned
along the x direction and proximity-coupled to an s-wave SC (red). Their
separation in the z-direction is given by d. Both NWs are subjected to a
magnetic field B which points along the z-axis. The Rashba SOI field
o, in the T-wire points along the z-axis. (b) Energy spectrum in the
limit of strong SOI, E,, > Az., A., A, with solid (dashed) lines cor-
responding to electron (hole) bands. The chemical potential ;.. is tuned
to the crossing point of spin-up (blue) and spin-down (green) bands in
both NWs. The proximity-induced superconductivity generates a cou-
pling between states with opposite momenta and spins belonging to the
same NW (with strength A;) or to different NWs (with strength A.). For
|Eson — Esp1| > A, the crossed-Andreev pairing potential A, couples
only the interior branches of the spectrum at £ = 0. Also, the magnetic
tield couples states of opposite spins at £ = 0 in each NW (with strength

Az).

readily be realized and scaled to a larger qubit architectures [102-110] in
InSb/AINW networks or can alternatively be fabricated lithographically
in two-dimensional InAs/ Al heterostructures [27]. Consequently, it may
be foundational for future experiments aimed at a controlled manipula-
tion of MBSs.
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3.2 Model

We consider a system of two parallel Rashba NWs labeled by 7 = 1,1,
which are positioned along the z direction and coupled to one another
via an s-wave SC, see Fig. 3.1(a). The kinetic part of the Hamiltonian is
given by

Hy = Z de Ol (== — ) Uy (3.1)

Here, V., (z) denotes the annihilation operator of an electron with mass
m and spin 0/2 = £1/2 at position x in the 7-wire and ., is the chemical
potential in the 7-wire. The Rashba SOl field a; = o 2 in the 7-wire is of
strength o, and points along the = direction,

Hy,=i) a / dz Ol (0.),, 0 Vo, (3.2)

TO'O'

where o, , . are Pauli matrices acting in spin space. We assume that o >
a; > 0. The chemical potentials in both NWs are tuned to the crossing
point of the spin-polarized bands, 1, = 0. (We will address the important
case when 4. # 0 below.) The electron bulk spectrum of Hy + H,, is
givenby FE,,(k) = i*(k — ckso,)?/2m — E, ., where kg, , = ma, /h? is the
SOI wavevector and E,, = h*k2, ./2m the SOI energy in the 7-wire, see

Fig. 3.1(b). Applying an external magnetic field B = Bz of magnitude B
parallel to the NWs induces a Zeeman splitting described by

Hy =Y A / Az U (0,)ooUnsy, (33)

T,0,0"!

where Ay, = g,upB/2 is the Zeeman splitting in the 7-wire, with ¢, the
corresponding g-factor and ;15 the Bohr magneton. Assuming that the
NWs are effectively one-dimensional, orbital magnetic field effects are
neglected.

Superconductivity is induced in the NWs through a tunnel coupling
with an s-wave SC. The tunneling of both electrons of a Cooper pair into
the same NW is described by

Hd = Z /d[L‘ TJ(ZO'y)UU/‘I’TJ/ + H. C] (34)
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where A, > 0 is the pairing potential of the induced direct supercon-
ductivity in NW 7. Additionally, we allow for crossed-Andreev pairing
where a Cooper pair splits and one electron tunnels into one NW and its
partner into the other NW; this process is described by

Hc = & Z /dx [\IjTo(io-y)UU’\II?U' + HC] ) (35)

T,0,0"

where A, > 0is the induced crossed-Andreev pairing potential. The total
Hamiltonian is givenby H = Hy+ H,,+ Hz+ Hq+ H.. In the Supplemen-
tal Material (SM) [111] we provide microscopic expressions for A, and
A, for the special case of weak tunnel coupling between the NWs and
the SC, v < A,., where 7 is the energy scale of the NW-SC tunnel cou-
pling and A, is the superconducting order parameter of the s-wave SC.
There, we also show that the ratio /A;A7/A. can be tuned by varying
the NW separation d but always satisfies v/A;A;/A, > 1 in the absence
of strong electron-electron interactions [101, 111]. For our discussions
in the main part, we focus on the experimentally most relevant regime,
|Eson — Eso1| > Azry Ar, Ac > |Ay — Ag|, |Az1 — Ayi|, corresponding to
the limit of strong and different SOI energies and the differences in the
proximity gaps and Zeeman energies being the smallest energy scales in
the system. This allows us to replace A, Az, — Ay, Az, and to compen-
sate the effects of interwire tunneling, Hr = —T').__ [ da [Vl _(2)WUr (z)+
H.c.] with tunneling strength I' > 0, by tuning the NW chemical po-
tentials to an appropriate sweet spot, see the stability analysis below and
the SM [111]. Notably, without tuning the chemical potentials, interwire
tunneling is substantial compared to the crossed-Andreev pairing [111],
A./T" = tanh(d/&.) < 1 with & the coherence length of the s-wave SC,
and pushes the topological threshold to significantly higher magnetic
tields, and not much is gained. For that reason, the low-field topolog-
ical threshold did not emerge in previous studies [76].

3.3 Topological phase diagram

First, we resolve the topological phase diagram of our model. We note
that for Az > 0 (Az = 0) the Hamiltonian H is placed in symmetry class
BDI (DIII) with a Z (Z,) topological invariant [111,112]. We begin by
linearizing the Hamiltonian H, + H,, around its Fermi points at £ = 0
and k = £2k,,, and consider the effects of magnetic field and super-
conductivity perturbatively, see the SM [111]. When |E,,; — E, 1| >
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A, the crossed-Andreev pairing couples only the interior branches, see
Fig. 3.1(b). We find that the spectrum is gapless at k = 0 provided

A2 = (Ag+ Ay (3.6)

There is no gap closing at finite-momentum for |E;, 1 —E, 1| > Az, Ay, A..

Based on Eq. (4.6), we are now in the position to determine the topo-
logical phases themselves, see Fig. 3.2. When A; = 0 and A, > Ay
the system is a time-reversal symmetric topological superconductor and
hosts a Kramers pair of MBSs at each end [32]. For A; = 0 and all re-
maining values of A it is a trivial superconductor. Since the number
of MBSs is a topological invariant, it cannot change without closing the
energy gap. Consequently, for A, > Ay + Ay the system must be in a
topological phase with two MBSs at each end, while for A; — Az > A, it
must be in a trivial phase. Moreover, for A. = 0 and Az > A; each NW
independently hosts a pair of MBSs at its ends [3,4]. From the same rea-
soning as above we conclude that the system must therefore also exhibit
a topological phase with two MBSs at each end for Az —A; > A.. Finally,
from an explicit calculation of the MBS wavefunctions, we find that the
system hosts one MBS on each end for A, + Ay > A. > |Ay — Ayl

We now discuss this one-MBS phase in more detail. There are three
remarkable aspects: (1) For any finite crossed-Andreev pairing strength
A., the one-MBS phase occurs even for Zeeman splittings smaller than
the direct pairing strength, Ay < A;. Notably, for A, = A; an infinitesi-
mal magnetic field can drive the system into the one-MBS phase. This be-
havior originates from the destructive interference of direct and crossed-
Andreev pairing, which lowers the topological threshold to A, = A; —
A.. (2) The one-MBS phase is realized for A, < A,. This fact ensures
that the phase can also be achieved in a noninteracting system which,
consequently, constitutes a powerful advantage over systems at strictly
zero field which host Kramers pairs of MBSs. The latter usually rely on
the presence of strong electron-electron interactions that are difficult to
control experimentally [32,77,99,100]. Also, the definition of a topo-
logical qubit in time-reversal invariant topological superconductors is
potentially problematic as it requires additional symmetry conditions
[113,114]. Compared to that, the one-MBS phase allows for the standard
definition of a topological qubit for topological superconductors with-
out time-reversal symmetry. (3) The one-MBS phase exists in the limit of
strong SOI, which ensures sufficiently short localization length and im-
mediate accessibility with current experimental technology. The weak
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1 MBS

0 1 Az/A; 2

Figure 3.2: (Color online) Topological phase diagram as a function of the
Zeeman splitting A, and the strength of the induced crossed-Andreev
pairing A, for the regime |E, 1 — Es, 1| > Az, Ar, Ar > [A1— A1, [Az —
Ayzi|. There are two topological phases hosting one MBS (blue) and two
MBSs (red) at each end. The trivial phase (white) does not host any MBSs.
To take advantage of the low-field topological threshold, the setup shown
in Fig. 3.1(a) should be operated in the one-MBS phase for A; + Ay >
AC > ’Ad - A Z‘-

SOI limit [76] is experimentally less feasible, as it leads to large localiza-
tion lengths of the MBSs requiring ultra-long NWs.

3.4 Localization lengths

We continue the discussion of the one-MBS phase by computing the lo-
calization lengths of the MBS wavefunctions. We assume that the NW
length is much longer than the MBS localization lengths, so that MBSs at
opposite ends do not overlap [87,88,115]. The MBS wavefunctions then
correspond to zero energy eigenstates of the Hamiltonian A and can be
determined independently for each end, see the SM [111].

We find that the MBS wavefunctions are characterized by the local-
ization lengths determined by the two branches of the spectrum [31].
The localization lengths corresponding to the exterior (e) branches at
k = xkp, = £2k,, . of the spectrum are given by the superconducting
coherence lengths, &, = hvp, /Ay, where vp, = hkg, - /m is the Fermi ve-
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locity in NW 7. The localization length due to the interior (z) branch of
the spectrum is given by

& = 2hvpvpt [ (vp1 +vrt) (Az — Ay) (3.7)

-1

+\/[(UF1 —vpi)(Az — Ad)}2 + dvpvpr A2

The total localization length is given by £ = max{¢;, & }.

We now want to compare the MBS localization length in the double
NW setup to the one in the standard setup of a single Rashba NW cou-
pled to an s-wave SC and subjected to a magnetic field along the NW
axis [3,4]. Assuming that the NW chemical potential is tuned to the cross-
ing point of the spin-polarized bands of the Rashba spectrum, this single
NW setup hosts a MBS at each end provided Az > A,;. The MBS localiza-
tion length is ¢’ = max{hvr/(Az — Ay), hup/A4}, where vp is the Fermi
velocity in the NW [31]. In general, we find that the MBS localization
length of the double NW setup is always shorter than that in the single
NW setup for a fixed Zeeman splitting, £ < & when A. > 0. To give
numerical estimates, we choose typical experimental values for semicon-
ducting NWs, A; = 0.1 meV, g = 2, and vp; = vp = 1.5 x 10 m/s and
vpr = 2.5 x 10* m/s. Furthermore, we take Az = 0.13 meV for the Zee-
man splitting which corresponds to a field strength of ~ 2.2 T. For the
MBS localization length in the single NW setup we find £ ~ 330 nm.
In contrast, the double NW setup with a modest strength of crossed-
Andreev pairing A. = 0.08 meV yields a reduction of the MBS localiza-
tion length to £ ~ 160 nm. Inversely, a localization length of £ ~ 330 nm
which is comparable to the single NW case is achieved already for a Zee-
man splitting of Ay = 0.27 meV corresponding to a field strength of
~ 1 T. The double NW setup thus allows for MBS localization lengths
that are comparable to the single NW setup despite a significant reduc-
tion of the magnetic field strength by ~ 1.2 T.

3.5 Stability analysis

Next, we study the stability of the one-MBS phase with respect to inter-
wire tunneling and rotations of the SOI vector away from the directions
specified in Fig. 3.1. First, we show that the effects of interwire tunneling
on the low-field topological threshold can be compensated by tuning the
NW chemical potentials s, to an appropriate sweet spot and we estimate
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Figure 3.3: (Color online) (a) Top panel: Color-scale plot of the topolog-
ical threshold Ay ./A, for the one-MBS phase as a function of /A, for
A./Ay = 0.5, /A, = 1. Bottom panel: Ay ./A, as a function of /A,
for uz = I' (red) and p1/A4 = 4 (blue). The topological threshold Ay,
exhibits a global minimum for p, = I'. (b) Topological phase diagram
as a function of Az/A; and A./A; (obtained from a tight-binding diag-
onalization of 800 sites per NW) for finite interwire tunneling. We have
Eso,l/Al == 625, Eso,I/Al = 1225, Ai/Al == 13, F/Al =1 s 1 = U1 = I.
Colors are the same as in Fig. 3.2. Black dashed lines denote the approx-
imate phase boundaries for yi; = 0. For p; = p51 = I' the one-MBS phase
itself and also its phase boundary to the trivial phase remains stable. In
contrast, for 11, = 0, the topological threshold seperating the trivial and
one-MBS phase is pushed to higher magnetic fields. (c) Same phase di-
agram as in (b) but with the two SOI vectors not being parallel to each
other but still orthogonal to the magnetic field. We take it = 0, I' = 0
and 6 = 7/6 for the relative angle between the SOI vectors. Unlike the
one-MBS phase, the two-MBS phases are unstable against rotations of the
SOI direction.

the precision of this tuning. For general j, and finite interwire tunnel-
ing, we find that the low-field topological threshold from the trivial to
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the one-MBS phase occurs at the critical Zeeman splitting
A%, = [20A3+ A2+ T2) + 43 + 43 (3.8)
- ([4AdAc]2 + [4AZ + (i + p1)?] [ — ]’
1/2
+ A0 [pn + pi] [4AaAc + T + Mi)]) }/2

The critical Zeeman splitting is minimized to Az, = Ay — A, at the sweet
spot p, = I'. For |u,| > I, the critical Zeeman splitting increases and
approaches A | = A7 + 12 when |pz| > |pi,|, see Fig. 3.3(a) and Fig. 3.4
in the SM. To tune the chemical potentials to the desired sweet spot, we
tix p1 and determine Ay, as a function of y; (e.g. by the emergence of
a zero-bias conductance peak). This procedure is repeated for different
values of pi5. The case 1, = I' is achieved for the global minimum of
Az as a function of y; and ;1. The required precision of this tuning is
determined by the width of Ay . as a function of ;.,, which is on the scale
of A.. Importantly, without this tuning the lowering of the topological
threshold between the trivial and one-MBS phase does not occur [76] as
the phase boundary separating the one- and two-MBSs phases shifts to
larger magnetic fields, see Fig. 3.3(b). In the SM we show that the de-
scribed compensation is still possible in the regime of low Zeeman split-
tings for A, ~ |A; — Az| but requires an asymmetric tuning of the chem-
ical potentials.

Second, we address the case when the SOI vectors in the two NWs are
not parallel but still orthogonal to the magnetic field vector. We replace
H—H-iy, o [dz¥l (o)), 0,%andseta; =a,a) =0,a1 =
acosf, of = asinf. The new Hamiltonian is in symmetry class D with
a Z, topological invariant [111,112] and a tight-binding diagonalization
reveals a stable one-MBS phase and unstable two-MBSs phases that turn
trivial for sin 6 # 0, see Fig. 3.3(c).

Finally, we have also verified by a numerical tight-binding diagonal-
ization as above that the one-MBS phase is stable against Gaussian dis-
order with mean (i,) = 0 and a standard deviation that is smaller than
the gap.

3.6 Conclusions

We have shown that in a double NW setup the destructive interference
of direct and crossed-Andreev pairing significantly reduces the topolog-
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ical threshold compared to the standard single NW setups [3,4]. More-
over, we have demonstrated that the resulting MBSs exhibit localization
lengths that can be shorter than those of the standard single NW setups.
Consequently, they represent ideal candidates for future experiments on
quantum information processing with MBSs.

3.A Microscopic model of the proximity effect

In this first section of the Supplemental Material, we provide a micro-
scopic derivation of the system parameters of our model Hamiltonian
H = Hy+ H,,+ Hz + H;+ H.+ Hyp presented in the main text for a weak
tunnel coupling between the NWs and the SC, following methods similar
to those found in Refs. [101,116]. We assume that the NWs are of infinite
length, so that the momentum £k, in the z direction is conserved. The
momentum-space representation of the bare Hamiltonian of the NWs is
given by

HO+H50+HZ_

- akaaz + AZTOx)GUI \IJTU/(k$)7

’TO'

(3.9)
where we have introduced the single-particle dispersion in the absence
of SOI and magnetic field, £, = k2/2m — p,. The Pauli matrices o, .
are acting spin space. The NWs are separated by an s-wave SC of finite
width d. We describe the SC by the Hamiltonian

dk, 0: |k
sc Z/ / dZ |: se,o kx,Z) (—stc + stc - ,usc) \I/sc,o(kmvz>:|

/ dZ sc o kﬂ?? Z) (Z.O—y)o'o-/ \Ijsc,a/(_kgc, Z) + HC:| ,
(3.10)

where m,. and ji,. are the effective mass and chemical potential of the SC,
respectively, and A, is the superconducting pairing potential. Notably,
we neglect the Zeeman splitting due to the applied in-plane field on the
superconductor; this is a good approximation at weak magnetic fields if
the Zeeman splitting of the superconductor is much smaller than its bulk
gap. We also allow for electrons to tunnel between SC and NW, assuming
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that this process preserves both spin and momentum,

dk,,
Ht - Z/ I tr [\Ijia(km ZT)\Dsc,a(kxy ZT) + HC] , (3]])

where ¢, is a nanowire-dependent tunneling amplitude and z, denotes
the position of 7-wire (21 = 0 and 21 = d).

The total Hamiltonian can be diagonalized by introducing a Bogoli-
ubov transformation. The resulting Bogoliubov-de Gennes (BdG) equa-
tions are given by

Z [(57 - CYTkxO—z + AZTUx)ag/ u‘ro’(ka:) - tﬂ'usc,a(kaza ZT)} = EUTU(kI>7

O—/

Z [_ (67’ - aTkaZ + AZTUI)UIO- + t'rvsc,a(kxa ZT)] = Evra(kx)a

OJ

82 k‘2
Z (_ — + T — /‘LSC) usc,a(k::m Z) + iASC(O-y)UU/USQU'(_km’ Z)

2Mee  2Mige

7,0

— tT(S(Z — ZT)UTg(kx) = Eusc,a(kxa 2)7

2

7,0’

0? k2
<277;50 B 277;:0 * HJSC) Usgg(k:x? Z) - ZASC(UZJ)UU/U'SC,U’(_kxa Z)

+t:0(2 — 20 )0 (kz) | = Evgeo(ks, 2).

(3.12)

Here, ;5o (vr[so) is the wave function describing an electron (hole) of
spin o in the 7-wire (in the SC). Inside the SC (i.e., for 0 < z < d), we must
solve the BAG equations for a conventional s-wave SC:

0? k2
(o g s ) e = By el 2) = Bl ), (19
where ¢sc(km7 Z) = [usc,T(kxv Z), usc,¢<kxa 2)7 Usc,T(_kazv Z), Usc,i(_kazy Z)]T is a
spinor wave function. Solving independently in the left (» < z,,), middle
(2w < z < d — 2,), and right (¢ > z,,) regions, the wave function can be
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expressed as

Uiz < ) = €1 (P4 2) + Xy SI0(p, 2)
+ c3Xnpsin(p_z) + caxn, sin(p-_z),
Um(zw < z2<d—2z,) = c5xe,¢6”’+z + cﬁxe,ieip” + C7X67Te’ip+z

+ CsXe 1€ P+ coxnr€? 7 + croxn €

z

+ C11Xh,¢€_ipfz + 012Xh,¢€_ip7 ;
%(Z > zw) = C13Xe,t Sin[er(d - Z)] + C1aXe,| Sin[er(d - Z)]

+ 15Xt sin[p-(d — 2)] + c16Xn,, sin[p—(d — 2)]
(3.14)

where p3 = 2myg.(use i) — k2, with Q? = A2 — E?. The spinors are de-
fined as xe1 = (u0,0,0,v0)7, Xe., = (0,u0, —v0,0)", xn1 = (0, —vo, ug, 0)7,
and x5, = (vo,0,0,uy)", where uy and vy are the BCS coherence factors,

The nanowires enter only through the boundary conditions. These bound-
ary conditions, which must be imposed at z = 2. (vanishing boundary
conditions at z = 0 and z = d are accounted for already), are given by

¢1(2’1) = %Um(Zl)y
Ur(21) = Ym(21),
[0:20m(21) = Duthr(21)) [k = 200G (E, k2 )ihi(21),
[0:0m(21) — Oty (21)] /kp = 2710 GT(E, ko)t (21),

where GE(E. k,) = (E — &, + a ko, — Agin.o, +i07) 7! is the retarded
Green’s function of the 7-wire in the absence of tunneling. The boundary
conditions Eq. (3.16) can be rearranged into the form Mc¢ = 0, where M
is a 16 x 16-matrix and c is a 16-component vector of unknown coeffi-
cients. The excitation spectrum of the junction is determined by solving
the equation det M = 0 for E(k,).

We now map the exact BdG solution to the effective pairing model
in the limit of weak coupling. We adopt the following approximations:
First, we assume that the chemical potential of the SC is the largest en-
ergy scale of the problem (u5. > Egp, Azr, Ay, it7). This allows us to
approximate

(3.16)

e =/ 2Me(pise £ Q) — k2 & kp e +1Q/0p s, (3.17)
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where kpse = /2mgepise and vpse = kps./ms. are the Fermi momentum
and velocity of the SC, respectively. When differentiating the wave func-
tion [on the left-hand side of Eq. (3.16)], we approximate p. = kg
however, in the exponentials [entering through v,.(k,, d)], we keep py =
kpse £ i2/vp . (this gives the exponentially growing/decaying parts of
the wave function). The weak-tunneling limit is assumed by taking 7, <
Ag., where 7, is a nanowire-dependent tunneling energy scale given by
Y, = t2/vp .. In this limit, the relevant pairing energies are small (F <
A,.) and we can expand the coherence factors as

1417\ A
Uo(Uo) = 9 E .

However, even with these simplifications, the matrix M [defined below
Eq. (??)] is too complicated to be displayed explicitly here. Also due to
the complicated nature of the matrix M, we can only evaluate det M nu-
merically; this means that the energy spectrum E(k,, tr, ar, Az, v:, d)
must be effectively “guessed” to be mapped out over all of parameter
space (i.e., it would be very computationally expensive to numerically
map out the spectrum as function of all parameters of the problem).
Luckily, it is actually quite straightforward to guess the correct spectrum.

The superconductor induces four effective terms in the Hamiltonian
of the NWs. Induced pairing terms are of direct type,

(3.18)

dhs [0t i
H,— § A, / - [\IJTl(kx)\IlTi(—kI)—i—H.C.}, (3.19)
and crossed-Andreev type,
_ ks [t i
H, = A, }T: / - [xpﬂ(km)xpﬂ(—km)+H.c.]. (3.20)

In addition, the superconductor induces single-particle couplings, which
again can be of direct type,

dk,
Hyy =~ o / S WL ) (k) + Hee] . (321)

and of interwire type,

Hp=-TY / dlj: (Wl (ky) s (k,) +He] . (3.22)
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With these proximity-induced terms, we propose to describe the nanowires
with an effective Hamiltonian of the form

1 [ dk,

= / T 0 b Mok 0 ), (3.23)

where & = (U, V3, \I/L, Ul Wgy, Upg, W1 \IJ%)T and the effective Hamil-

117 11’
tonian density H. is given by

~ (1+T, ~ (1—1,
H(’%)Z&( 5 )nﬁ&( 5 )nz
1+7, 1—7,
—alkx( 5 )oz—aikx( 5 )az

1 + Tz ]. - TZ
+ Az ( 9 ) 17.0. + Agg < ) N0 — ACTmT]yO'y —I'rym,

(3.24)

with & = k2/2m — p, — S, and the Pauli matrices 7,,., Mryzr Ouy.
acting in nanowire, particle-hole and spin-space, respectively. In the spe-
cial case when Az, = 0, the Hamiltonian obeys both time-reversal and
particle-hole symmetry with operators Ur = o,, Up = n,, and transfor-
mations U}’H*(kx)UT = H(—k,), UL”H*(I%)UP = —H(—k,), respectively.
Furthermore, U;Ur = —1, U;Up = 1. Hence, for Ay, = 0 the Hamil-
tonian is placed in the DIII symmetry class with a Z, topological invari-
ant [112]. In general, the Hamiltonian also exhibits an effective time-
reversal symmetry described by U} = 1,0, with (U})? = 1. Therefore,
for Az, # 0 the Hamiltonian is placed in the symmetry class BDI with a
Z topological invariant [112]. However, we note that the effective time-
reversal symmetry U} is unstable when the SOI vectors are not parallel
but still orthogonal to the magnetic field vector,

ks (1 +27> 0.+ ko (1 —27) [cos(8)o. +sin(@)n.0,],  (3.25)

where 0 € [0, 27) is the relative angle between the SOI vectors. Moreover,
the effective time-reversal symmetry U is also unstable if we allow for
a magnetic field vector component that is aligned with one of the SOI
vectors,

Az (1 ZT> .00 + Az (1 ;T> n- [cos()o, +sin(g)o].  (3.26)
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with ¢ € [0, 27). In the presence of either one of these perturbations with
sin(f) # 0 or sin(¢) # 0, the Hamiltonian is in the symmetry class D with
a Zs, topological invariant [112].

The effective parameters A, A., 6/i-, and I were determined as func-
tions of the tunneling strength ~, and wire separation d in the absence of
spin-orbit coupling and Zeeman splitting in Ref. [101]. They are given by
(Ese = VFse/Age is the superconducting coherence length)

_ 2v,sinh(2d/€,.)
" cosh(2d/¢,) — cos(2kpd)’

A = 4/717i sinh(d/&s.) cos(kpd)
“ cosh(2d/&,.) — cos(2kpd)
27, sin(2kpd)
~ cosh(2d/€,.) — cos(2kpd)’
B _4\/W cosh(d/&,.) sin(kpd)

cosh(2d/&,.) — cos(2kpd)

(3.27)

opr =

Because the effective proximity-induced parameters should depend only
on properties of the superconductor and the tunneling amplitude, let
us make the ansatz that all four of the proximity-induced effective pa-
rameters given in Eq. (3.27) remain unchanged when spin-orbit coupling
and a Zeeman splitting are added to the nanowires. That is, we substi-
tute Eq. (3.27) to describe the effective parameters of Eq. (3.24). We then
tind that if we substitute the energy eigenvalues E of Eq. (3.24) into the
boundary conditions Eq. (3.16), these choices of £ ensure that det M = 0;
this means that the eigenvalues of the effective Hamiltonian (3.24) corre-
spond to the energy spectrum obtained by solving the BAG equations.

3.B Energy spectrum in the strong spin-orbit
interaction regime

In this second section of the Supplemental Material, we compute the bulk
energy spectrum of the model H = H, + H,, + H; + H; + H. proposed
in the main text [32,76,117]. Additionally, we will determine the gapless
points of the spectrum which potentially correspond to topological phase
boundaries. We assume the regime of strong SOI, E,,, > Az, A A,
and that the deviations in the proximity-induced gaps are the smallest
energy scale [32,117], A, > |A; — Az| and Az, > |Ay — Azl This
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allows us to set A; = A,, Ay = Ay, and to neglect the effects of in-
terwire tunneling as they can always be compensated by an appropriate
adjustment of the nanowire chemical potentials.

We begin by expanding the electron operator according to [118,119]

(o+

21>kF.,—:L‘ + LTU(:E)ei@kFTx’ (328)

V., (2) = Ryp(x)e’

where R, ,(x) and L., (z) are slowly varying right and left moving fields
with spin ¢/2 in the 7-wire. Furthermore, we recall that kp, = 2k, ..
Next, we distinguish between three regimes.

Strongly detuned SOI energies

The first case corresponds to strongly detuned nanowire SOI energies,
|Eson — Eso1] > Az, Ay, Ac. In this case the crossed-Andreev pairing
couples the two nanowires only at £ = 0. The Hamiltonian is given by
H = (1/2) [ dzV'(z)H (x)¥(z) with the Hamiltonian density

H(x) = ﬁvpll;:(l +7.)p./2 + thil%(l —T,)p./2
+ Azn.(0upz + oypy) /2 (3.29)

+ Achny<0_J1py - prit)/Q + Adnyaypx
and the basis W=(Ru1, L, Rii, Ly, Rl Liy, Ry, Ly, Ru, Lu, R,
Li3, R%, L%, RJ{T, L%). The Pauli matrices 7., Ney.2r Ovyzr Puy- act
in nanowire, electron-hole, spin and right-left mover space respectively.
Furthermore, £ = —i0, denotes the momentum operator whose eigen-
values are k£ and measured with respect to the Fermi points at 0, £k, =
+2ks,» and vp, = hk,, - /m is the Fermi velocity in the 7-wire.

We find that the bulk energy spectrum is given by

Ez = (hUFTk)2 + A?h
1

B2, =
& 2

B2 (vhy +0kp) B2+ 2(Ag £ Ay)* + 242

+ \/4A(2; (R? [vpr — vpt) k2 + 4 [Ag £ AZ]Q) + 1 (v — U?Pi)2 ks
(3.30)

where the first (second) equation corresponds to exterior (interior) branch
of the spectrum. We find that the spectrum is gapless at £ = 0 provided
A, = |Ay = Ay|. There exist no gapless closing points for k # 0.
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Weakly detuned SOI energies

The second case corresponds to weakly detuned nanowire SOI energies,
|Eson — Eso1| < Az, Aq,Ac. In this limit, we neglect the difference in
spin-orbit energies, vp = vp1 = vpy. The crossed-Andreev pairing now
couples the two nanowires both at £ = 0 and k = +kp = +2k,,. The
Hamiltonian density is given by

H(I) = hUFl%pz + Aan(O-:cp:c + O-ypy)/2 - Achnyprw + Adnyaypzﬂ
and the bulk spectrum is modified to

Ef = (hopk)® + (Mg £ A,

) ) ) (3.31)

Ei. = (hopk)” + (Ac £ [Ag £ Agz])",
where the first (second) equation corresponds to exterior (interior) branch
of the spectrum. Besides the gap closing at K = 0 when A, = |A; £ Ay,
we find an additional gap closing at £ = +kr = 2k,, when A, = Ay.
For A, = 0 this gap closing does not correspond to a topological phase
transition because the SOI interaction can be removed by a gauge trans-
formation. For A; > 0 we also find from a numerical tight-binding diag-
onalization that the number of MBS is unchanged across the gap closing
line A. = Ay, see also Fig. 3.6(b).

Intermediate regime

The last case corresponds to the intermediate regime, when |E,, 1 —E, 1| ~

Az, Ag, A.. To determine the gapless points of the spectrum, we consider

for this case the full quadratic Hamiltonian givenby H = (1/2) [ dz ®(2)H (z)P(x)
with Hamiltonian density

M) = BB /2m = ank(1+7)0:/2 = nk(1 = 7)on /2 o)
+ Azn:00 — Danyoy — AcTynyoy

and basis ® = (U, V3, \IJL, \Ifh, Ui, Wi, \If%l, \If%) We focus on the
gap closing points at finite momentum, because the zero momentum gap
closing points are not affected by the SOI. Furthermore, because a finite
magnetic field cannot open an energy gap at finite momentum in the
regime of strong SOI, we can restrict ourselves to the case when A, = 0.

Our findings will be equally valid for the case when A, # 0. First, we
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determine the bulk energy spectrum,

Eii(AZ =0)
RPE\?  Kai+0?) . W2k
= ( 2m> + g+ AL+ AT £ k(on + o) ( Zm)
k(ag +o1) K2k
- \/(k[al - [Heol T it - ol 4403
(3.33)
Next, we find that the spectrum is gapless provided that
27.2\ 2 27.2
AL =AG - (hzk ) — Koo + (Zk ) k(on + ay)
m m (3.34)

LNy {2 (ZZZQ) ~ k(ag + al)} |

The spectrum is also gapless for the same condition, but with £ — —k.
Because A, > 0, we need to require that

h2k?
2 ( Sy ) —k(ag+aq) =0. (3.35)

Solving this expression (and the corresponding one with & — —k) for &,
yields the two gap-closing points

2m (a7 + oy
=4 ) .
72 ( 5 ) (3.36)

Inserting this result back into Eq. (3.34), we find the gap-closing condi-
tion for k£ # 0,

Epr1—Eypi)’
A, =AF= Ad\/l +4 (;) . (3.37)
Ay

We note that A7 > A, so that the gap closing occurs for larger val-
ues of the strength of the crossed-Andreev pairing as compared to the
regime when |E,,1 — Eg, 1| < Az, Ay, A.. Additionally, we emphasize
once more that the result in Eq. (3.37) is valid also for A, # 0 in the limit
of strong SOI. Finally, we point out that the topological phase diagram
for the regime |E,,1 — Ep 1| ~ Az, Ay, A. is given in Fig. 3.5(b).
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3.C Majorana bound state wavefunctions in
the strong spin-orbit interaction regime

In this third section of the Supplemental Material, we compute the zero-
energy MBS wavefunctions of the model H = Hy+H,,+H;z+Hy,+H.. As
in the last section and the main text, we assume the regime of strong SOI,
Esor > Az, Ar, A, and that the fluctuations in the proximity-induced
gaps are the smallest energy scale, A, > |A; — Azl and Ay, > |Ay —
Az |. This allows us to once again set A; = A;, Az = Ay, and to neglect
the effects of interwire tunneling as they can always be compensated by
an appropriate adjustment of the nanowire chemical potentials.

We begin by assuming that the nanowire length is much longer than
the localization length of the MBSs. This means that the MBSs at oppo-
site ends of the system do not overlap and can hence be treated inde-
pendently. Next, we choose the origin of our coordinate system so that
one of the boundaries of the system is located at = 0 and focus on this
boundary when computing the wavefunctions. We discuss two regimes:

Strongly detuned SOI energies

The first regime corresponds to strongly detuned nanowire SOI energies,
|Eson — Eso1| > Az, Ay, Ac. Without loss of generality, we choose a7 >
aj;. For Ay + Ay > A, > |Ay — Ay|, we find a single MBS given by
v =3 [dz ¢.(v) - ®,(x) where T = (¥, W1, T, Ul) is the electron
spinor and ¢, = (@71, ¢-1, 91, ¢7;) the wavefunction vector in the T-wire.
The latter is (up to normalization) given by

¢TU(:C)
147 1—71
= (5

_ Z-eiﬂ'(lfo')/4 (efx/feffioklrfx . e*l“/fi)
\/4A3UF1UF1 +(Ad— Az)* (v — vp1)? + (A — Ag) (vp — UFI)]
X ’

QACUFj
(3.38)
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with the localization lengths corresponding to the interior (i) and exterior
(e) branches of the spectrum given by

2hvp1vpt

VAAZ0pp + (A — Ag)? Wi — vin)® + (Ag — Ad) (Wr1 + vp)
(3.39)

3

For Ay > Ajand A, < Ay — Ay, we find two MBSs given by v =
S [dx ¢ (z) @ (z)and v = > [ dz ¢ (z)- D, (z) where the wavefunc-
tion vector ¢, = (¢, ¢, (¢}1)", (¢ 1)*) is (up to normalization) given

71 71
by

9o ()
_ soin(1=0)/4 ( —x/er—ickp,z _ —x/E] T—1 L+7
e
VAAZ0p e + (Ad — Ag)? (V1 —vpn) + (A — Ag) (V1 — vpr)
% 2ACUF1 ’
(3.40)
with the localization length
¢ 2hvpvpy
(Az — Ag) (vp1 + vpi) — \/4A3UF1’UF1 +(Ag — A2)? (vp1 — vpr)?
(3.41)

For A, > A; + Az, we again find two MBSs. They are given by
v =>_[dz ¢;(z) - D(x) and v = > [dx ¢!(x) - P, (x), where the

wavefunction vector ¢ = (¢7,, #";, (¢7,)*, (¢”;)*) is (up to normalization)
given by
P70 (7)
— pin(o—1)/4 (efx/&ﬁz‘akﬁx . e*$/£§/> [1 -7 i <1 + T)
2 2

\/4A§UF10FI + (Ag+ A2)% (Vp1 — vp1)” + (Ag + Ag) (VF1 — UFT)]
X M

2ACUF1
(3.42)
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with the localization length

5{/ _ 2hUFIUFi
\/4A2UF1UF1 + (Ag+ Az)2 (vF1 — UFI)2 — (Ag+ Az) (vp1 + vp1)

(3.43)

We point out that the found MBSs are orthogonal to each other and cor-
respond to independent solutions of the Hamiltonian, because > ©_ ¢, (z)-
¢ (zr) = 0and ) ¢.(z) - ¢/(x) = 0. We also note that the remaining
parameter regimes which we did not discuss here correspond to topo-
logically trivial phases.

Weakly detuned SOI energies

The second regime corresponds to weakly detuned nanowire SOI ener-
gies, |Es1 — Ego 1| < Az, Ag, A.. For simplicity, we assume that E,,; =
E,1. For Ag+ Ay > A, > |Ag — Azl and A, # Ay we find a single
MBS given by v = >~ [ dz ¢,(z) - ®,(z) with the wavefunction vector
¢r = (¢r1, G071, #%1, ¢F;) in the T-wire given (up to normalization) by

Qng(l") — iezﬁr(l—a)/ﬁl (e—a:/fe—iokpx . e—ac/&) (344)

and the localization lengths corresponding to the interior (z) and exterior
(e) branches of the spectrum

hvp : hwp ]
{—Azchd) HA>Ra {Ac—Ad FA>Ra 5 4

hvp : ) hvp :
Ar—(Aa—A) if AC < Ad Ay—A. if AC < Ad.

For A, < |Ag— Az, Az > Ajand A, # A, we find two MBSs given
byy =Y _[dx ¢;(z) - P.(z)and v = > [dx ¢.(x) - .(x) where the

wavefunction vector ¢ = (¢4, ¢/ 1, (¢71)", (¢/1)") is (up to normalization)
given by
¢lm($> — ?:7_67:71'(170')/4 (efx/ﬁéfiokpx - ef:p/gg) ’ (346)
with the localization lengths
h’UF 2hUF
{ = s ! — . 3.47

We point out that the solutions for the two-MBS phase are independent,
because ¢,(x) - ¢/ () = 0. The parameter regimes which were not dis-
cussed correspond to topologically trivial phases.
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3.D Interwire tunneling

In this fourth section of the Supplemental Material, we study the effects
of tunneling between NWs in the model which we presented in the main
text. These interwire tunneling processes are described by

— _rz / do [ (2)Vr (2) + Hel], (3.48)

where I' > 0 is a spin-independent tunneling amplitude. The full Hamil-
tonian of our system in then givenby H = Hy+ Hs,+ Hz+ H,+ H.+ Hr.
In this section, we will analytically show that: (1) The effects of inter-
wire tunneling on the topological phase transition between the trivial
and the one-MBS phase can always be compensated by an appropri-
ate adjustment of the nanowire chemical potentials when Az, A, >
|A; — Az|, |Az1 — Agz|. For low Zeeman splittings, Az, < A, this com-
pensation is possible even if Az, ~ [Az — Azl and A, ~ |A; — Az]. (2)
The latter adjustment of the nanowire chemical potentials expands the
one-MBS phase by pushing the topological threshold from the one-MBS
into the two-MBS phase to higher Zeeman splittings.

We first discuss the limit when Az, A, > |A; — A, |Az1 —Aygi]. Asa
starting point, we set Ay = Az;, Ay = A; and redisplay the full Hamilto-
nian in the presence of interwire tunneling, H = [dz U (2)H(z)¥(x)/2
with Of = (0l ol @ v O Wl Wy Ugq) and the Hamiltonian den-

' 17 110 11>
sity

2k .
H(zx) = <% — u) N, — oko, + Agn.o, — Aanyoy, — Actynyo, — Iy,

(3.49)

The Pauli matrices 0, ., 7, ., and 1, , . act in spin, nanowire and electron-
hole space, respectively. Because we are solely interested in the modifi-
cation of the zero-momentum gap closing condition A? = (A, + Ay) for
tinite interwire tunneling, we have also set &« = a; = @7. Our model can
now be mapped onto a model of effectively two decoupled topological
NWs. To see this, we introduce the basis

Ul = (U 4 AT 0l AT Wy AWy, gy A /Y2 (350)

We will interpret A = £1 as an effective nanowire index that (together
with the spin index) labels the energy bands of the system in the absence
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of superconductivity and magnetic fields fields, Aq = A, = Az = 0. We
choose ;1 = I'. In this new basis the Hamiltonian density can then be

rewrittenas H = — >, [dx \Tﬂ(m)?—?ﬂx)\f@(m)ﬂ with

27.2
Hi(x) = (ZT]:; — /.Ileff)\) N, — Aako, + Azn,0, — AMef A1y 0y (3.51)
where we have introduced the effective chemical potentials jiesr; = 0 and
et 1 = 21" as well as the effective pairing potentials A1 = Ag — Ac and
Aet1 = Ag + A.. This is precisely the Hamiltonian of two decoupled
topological NWs labeled by the effective nanowire index A. Thus, the
system hosts one MBS at each end for low magnetic fields when

AG > Ny + ey = (Do — Ac)? (3.52)
and two MBSs at each end for large magnetic fields when
AG > Dot + et = (Da+ Ac)* + (21)% (3.53)

Consequently, by an appropriate adjustment of the nanowire chemical
potentials (for example by an external gate voltage), we still observe the
proposed one-MBS phase for low magnetic fields. Also, the one-MBS
phase now even extends to significantly stronger fields. Moreover, with-
out a proper tuning of the chemical potentials, || > T, the topological
threshold is shifted to higher magnetic fields and not much is gained, see
also Fig. 3.4(a) and (b).

Next, we comment on the case when A, ~ |A; — Az|. In this case the

choice
o A1 - Ai
=T/ A and pu; =T A (3.54)

ensures that the effects of interwire tunneling can still be compensated
provided Az, < A,;. However, we note that the topological phase tran-
sition from the trivial to the one-MBS phase at A. = 0 is renormalized
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A,
1 Al A
= |AZ A2 4T2 (24 L4 2
S|Aal+af+ (+A1+A1
V(D14 [A2 4 A2] 4 T2 [A; + Ar)° — 4A3A3 (A Ag +4T2)
_ > 0.
AlAI -
(3.55)

1.5

1.0

Az/Ad

0.5

0 MBS 0 MBS

1 1 0.0 1 1
-5 0 5 -5 0 5

m/Aa m1/Aq

Figure 3.4: (a) Topological phase diagram as a function of A;/A,; and
p1/A4 (obtained from a tight-binding diagonalization of 800 sites per
NW) for finite interwire tunneling, I'/A; = 1. We have set E,, /A, =
6.25, A./Aq = 0.5 and p3/A; = 1. Colors are the same as in Fig. 3.2
of the main text. We see that without tuning the chemical potentials to
the sweet spot i, = I the topological threshold Ay . is shifted to signif-
icantly higher magnetic fields and not much is gained in a double NW
setup compared to single NWs. (b) Same topological phase diagram as
in (a) but for u;/A,; = 4. Once more, we see that without the tuning to
the sweet spot ., = I' no low-field topological threshold is observed.

3.E Numerical results

In this final section, we study the tight-binding model which corresponds
to the continuum model presented in the main text [84,87,115]. The tight-
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binding Hamiltonian is given by

N
Z (Z in,j[_/”LTnZ + ATT]Z’ + AZTO-;U]@Z)T,]'

T

N—

Z ! lt =il b, + H.C.)

+Z¢1] cnz wlg‘i_HC
(3.56)

where N is the number of lattice sites per wire and furthermore ¢, ; =
(z/)i’ it zDI’ i1 ¥rjl, —¥rj1) is the electron spinor at site j in the 7-wire with
Y- ; » the annihilation operator of a spin ¢ electron at site j in the 7-wire.
Moreover, 1., A;, ar, Az, are the chemical potentials, direct pairing
strengths, SOI strengths and Zeeman splittings in wire 7, respectively. Fi-
nally, A, is the strength of the crossed-Andreev pairing, ¢ is the hopping
amplitude and the Pauli matrices o0, , . (1,,..) act in spin (particle-hole)
space.

Topological phase diagram

First, we perform a numerical diagonalization to obtain the topological
phase diagram for the regime of weakly detuned SOI energies, |E;,1 —
E, 1l < Az, A A, and for the intermediate regime, |Es,1 — Ep 1| ~
Az, Az, A.. The results are shown in Fig. 3.5. In the limit of weakly
detuned SOI energies, we find that the two-MBS phase which for |E;, 1 —
Eoil > Az, A, Acwith Ay = A, Ay = Ay appeared when A, > Ay +
Ay, completely turns into a topologically trivial phase, see Fig. 3.5(a).
Compared to that, in the intermediate regime, we find that the same two-
MBS phase turns into a trivial phase once A, > A’ where A’ was defined
in Eq. (3.37), see Fig. 3.5(b).

Stability Analysis

Second, we analyze the stability of the one-MBS phase against different
perturbations.

Misalignments of the magnetic fields. First, we discuss rotations of the
magnetic field in the z — z plane for the regime of strongly detuned SOI
energies, |Es 1 — Eg1| > Az, A, A.. We replace our tight-binding
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1 MBS

Ac/Aq

2 MBS

AZ/A,j AZ/Al

Figure 3.5: (a) Topological phase diagram as a function of A;/A,; and
A./A4 for the regime of weakly detuned SOI energies, |Es,1 — E, 1| <
Az-, Az, A.. The color coding scheme is the same as in Fig. 3.2 in the main
text. The dashed black line denotes a gap closing at finite momentum. We
have chosen E,,/A; = 2 and py = s = 0. The two-MBS phase which
appeared for A, > Ayj+Ayz when |E;, 1 — Es, 1| > Az, A, A turns into a
trivial phase. All other topological phases remain unchanged. (b) Topo-
logical phase diagram as a function of A;/A; and A./A, for the regime,
|Eson—Eso1| ~ Azr, Az, Ac. Wehave chosen Ey, 1 /Ay = 2 ,E,,1/A = 4.5,
1 = p1 =0, A;/A; = 1.3. We note that both two-MBS phases disappear
tor A, > A}, see Eq. (3.37).

Hamiltonian according to

H—H+) Z;z; (A%, 0.) Ve s, (3.57)

T j=1

and set Az, = 0,A),; = Ay for the 1-wire and Ay; = Az cos(¢), A'; =
Aysin(¢) for the 1-wire where ¢ € [0,27) is the angle of the magnetic
field acting on the 1-wire with respect to the x axis in the 2 — z plane. For
sin(¢) # 0, this places the setup in symmetry class D with a Z, topolog-
ical invariant [112]. From a numerical tight-binding diagonalization, we
tind that the one-MBS phase remains stable, while the two-MBS phases
turn into trivial phases for sin(¢) # 0, see Fig. 3.6(a). Additionally, we
observe that the one-MBS phase expands to larger magnetic fields.

Misalignments of the SOI vectors. The case of misaligned SOI vectors in
the two wires was discussed in the main text. To obtain the topologi-
cal phase diagram shown in Fig. 3.3(c) in the main text, we modify our
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tight-binding Hamiltonian according to

N
H—H+iy > 0, aloyn.i.;, (3.58)

T j=1

and set oy = o, o) = 0 for the 1-wire and o = & cos(f), o} = asin(f) for
the 1-wire with 6 being the angle of the SOI vector in the 1-wire relative
to the z-axis in the yz-plane. As a result, we confirm that the one-MBS
phase remains stable against misalignments of the SOI vectors. In con-
trast to that, the two-MBS phase is unstable except special line A, = 0,
where time-reversal symmetry guarantees the presence of Kramers dou-
blets [32,69,70,73,76,85,117,120-122,152]. If A # 0, the two MFs local-
ized at the same end are protected from hybridization by some additional
symmetry. However, as noticed above such effective time-reversal sym-
metries are not stable against general perturbations [123-126], resulting
in lifting of the degeneracy of two zero-energy bound states.

Interwire tunneling. Lastly, we provide additional information on our
analysis for the case of finite interwire tunneling presented in the main
text. In this case, the tight-binding Hamiltonian is modified according to

N
H—H+ Z J};j(_rnz)@zl,j +H.c., (3.59)

=1

where I' > 0 is the spin-independent tunneling amplitude. As discussed
in the previous section, we find that the effects of interwire tunneling on
the topological phase transition separating the trivial and one-MBS phase
can be completely compensated by setting ., = I'. Without this tun-
ing the topological threshold separating the trivial and one-MBS phase is
pushed to significantly larger magnetic fields, see see Fig. 3.6(b).
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Ac/Ay
Ac/Aq

Az/A Az/A

Figure 3.6: (a) Topological phase diagram as a function of Az/A; and
A./A; for the regime of strongly detuned SOI energies, |Es,1 — Esp 1| >
Az, A;, A, and a rotation of the magnetic field in the 1-wire by ¢ = 0.2.
The color coding scheme is the same as in Fig. 3.2 in the main text. We
have chosen E,1/A; = 6.25, E,,1/A = 12.25, N = 800, Aj/A; = 1.3,
1 = 0 and g5 = 0. While the one-MBS remains stable, the two-
MBS phases are unstable against rotations of the magnetic field with
sin(¢) # 0. (b) Same topological phase diagram as in (a) but with finite
interwire tunneling, I'/A; = 1. Moreover, we also set ¢ = 0 and ., = 0.
Consequently, the effects of interwire tunneling are [unlike in Fig. 3.3(b)
of the main text] not compensated and the topological threshold from
the trivial to the one-MBS phase is pushed to substantially higher mag-
netic fields. Thus, to get the maximum advantage of the double nanowire
setup, it is crucial to compensate for these shifts due to interwire tunnel-
ing.
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Adapted from:

Constantin Schrade, Silas Hoffman, and Daniel Loss,

“Detecting Topological Superconductivity with g Josephson Junctions”,
Phys. Rev. B 95, 195421 (2017).

The recent experimental discovery of ¢, Josephson junctions by Szom-
bati et al. [26], characterized by a finite phase offset in the supercurrent,
requires the same ingredients as topological superconductors, which sug-
gests a profound connection between these two distinct phenomena. Here,
we show that a quantum dot ¢, Josephson junction can serve as a new
qualitative indicator for topological superconductivity: Microscopically,
we find that the phase shift in a junction of s—wave superconductors
is due to the spin-orbit induced mixing of singly occupied states on the
quantum dot, while for a topological superconductor junction it is due
to singlet-triplet mixing. Because of this important difference, when the
spin-orbit vector of the quantum dot and the external Zeeman field are
orthogonal, the s-wave superconductors form a = Josephson junction
while the topological superconductors have a finite offset ¢, by which
topological superconductivity can be distinguished from conventional
superconductivity. Our prediction can be immediately tested in nanowire
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systems currently used for Majorana fermion experiments and thus of-
fers a new and realistic approach for detecting topological bound states.

41 Introduction

Non-abelian anyons are the building blocks of topological quantum com-
puters [128]. The simplest realization of non-abelian anyons are Ma-
jorana bound states (MBSs) in topological superconductors (TSs) [129].
Such a TS can be induced by an s-wave superconductor (SC) in sys-
tems of nanowires with spin-orbit interaction (SOI) subject to a Zeeman
tield [3,4, 6,31], in chains of magnetic atoms [10,12,90,91] and in topo-
logical insulators [2,46-48,130,131]. However, providing experimental
evidence for the existence of this new phase of matter has remained a
major challenge.

Here we present a new qualitative indicator of MBS based on ¢, Joseph-
son junctions (¢o]Js). In ¢g]Js the Josephson current is offset by a finite
phase, ¢, so that a finite supercurrent flows even when the phase differ-
ence between the superconducting leads and the magnetic flux enclosed
by the Josephson junction (JJ) vanishes. Such ¢]Js have been discussed
in systems based on unconventional superconductors [132-136], ferro-
magnets [138-141], quantum point contacts [142], topological insulators
[143], nanowires [84,144,145], diffusive systems [146,147] and in Joseph-
son junctions with alternating critical current density [148]. Recently,
the connection between ]JJs based on nanowires and TSs has been dis-
cussed and a quantitative enhancement of the anomalous current was
predicted for the topological phase [149]. Most relevant for the present
work, the emergence of a ¢,JJ was theoretically predicted [24,25,150] in a
system of a quantum dot (QD) with SOI subject to a Zeeman field when
coupled to s-wave superconducting leads and observed in recent experi-
ments [26]. Interestingly, the ingredients for observing a ¢g]J in this type
of system largely overlap with those required to generate MBSs. There-
fore, it is expected that ((]J can provide a novel platform for detecting
the effects of topological superconductivity.

In this work, we focus on two models for yg]Js based on QDs which,
compared to previous studies [24,25,150], are in the singlet-triplet anti-
crossing regime. In the first model, two s-wave SCs are tunnel coupled
via a two-orbital QD with SOI and subject to a Zeeman field, see Fig.
4.1(a), wherein we find a finite phase shift caused by the SOI-induced
mixing of singly occupied states of the QD. In the second model, re-
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placing the two s-wave SCs by two TSs, see Fig. 4.1(b), we again find
a finite phase shift which results from the singlet-triplet mixing of the
doubly occupied QD states. When the spin-orbit vector €2, and the mag-
netic field are orthogonal, the system is invariant under a composition
of time reversal and mirroring in the plane perpendicular to Qp, under
which the superconducting phase goes to opposite itself; because the en-
ergy must be invariant under this symmetry, there can be no terms that
are odd in the superconducting phase difference in the Hamiltonian and
thus no non-trivial phase offset [139,151]. However, the MBSs in the TS
leads are not time-reversal invariant and thus transform nontrivially un-
der the above transformations. Consequently, we anticipate a nonzero
phase shift for this case. Indeed, we show that the phase shift ¢, is equal
to 7 for the s-wave superconducting leads [45], while ¢, # 0,7 for the
TSs leads (unlike [39,152]), which can, consequently, be used as a new
qualitative indicator of MBSs.

4.2 Josephson junction models

Our starting point for both of the J] models outlined above is the Hamil-
tonian
HV = HD+HV7L+HV,t7 (41)

where v = S, TS corresponds to the model with s-wave SC leads and TS
leads, respectively. The first term in this expression Hp = H, + Hy +
Hgop is the Hamiltonian of an isolated QD. Here, Hy = (V, +6/2) n, +
(Vo =9/2)np +U/2%"_n,(n, — 1) + Ugpngn, describes a QD with two or-
bitals 7 = a, b at energy difference § > 0 with respect to a gate voltage
V,. The particle number operator of orbital 7 is n, = >, dl ., with
d,s the electron annihilation operator with spin s =7, | quantized along
the z axis in orbital 7. The intraorbital (interorbital) Coulomb interaction
strength is U (Ug). Furthermore, H; = —gupB ZT(ddeTT — diidw)/Q
describes a Zeeman field B along the z axis of magnitude B = |B|
with g the electron g-factor and 5 the Bohr magneton. Lastly, Hsor =
iQp/2 Y. (dzsasszdasf —H.c.) describes the SOI on the QD, where Qp =
Qp(sin 6, 0, cos 8), in which Qp # 0, 6 € [0, 7] is the angle of the SOI vector
with respect to the Zeeman field, and o is the vector of Pauli matrices.
The second term in Eq. (4.1) describes the isolated superconducting
leads. For the first model, Hs; = Zn’kg Ekfy;kgﬁymka, where v, i, is the
quasiparticle annihilation operator in SC n = 1,2 with momentum k,
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pseudospin ¢ =1}, |}, and energy Ex = /& + A? with A the supercon-
ducting gap and ¢ the single-electron dispersion relation in the normal
metal state. The non-degenerate ground state of the s-wave supercon-
ductors, |0,), is defined so that 7, k+|0,,) = 0. For the second model, we
assume that the localization length of the MBS wavefunctions is much
smaller than the length of TSs. We also neglect contributions of bulk
quasiparticles which is valid for energies much smaller than the energy
gap. Consequently the MBSs are at zero energy and Hygp, = 0. Hence, the
ground state of the TS leads is four-fold degenerate which, upon choos-
ing a fixed parity subspace, becomes two-fold degenerate. In the follow-
ing, we consider the odd parity subspace, however, the results for the
even parity ground state subspace are identical. Finally, if the localiza-
tion length of the MBS wavefunction is comparable to the length of the
TSs, a finite energy splitting between the MBS in the same TS is induced,
Hrsy, # 0. However, within the perturbation theory appraoch carried out
in the next section, this energy splitting only modifies the energy denom-
inators in the effective Hamiltonian and can be neglected when it is small
on the energy scale of the separation between the TS chemical potentials
and the QD energy levels [107].

The last term in Eq. (4.1) describes the tunnel coupling between the
superconducting leads and the QD. For the first model, it is given by

Hse =YY tye#/? el dos +He., (4.2)

nt ks

with ¢, ks being the annihilation operator of an electron with momentum
k and spin s in SC 7 [153]. It is related to the quasiparticle operators

by ¢pxt = UV, xp T Uk%T,ﬁkU and ¢,k = Uk, _xy — vk%;kﬁ with coher-
ence factors u, = (1/v/2)\/1 + &/Fy and v = (1/v/2)/1 — &/ Ex. The
tunneling Hamiltonian also contains the superconducting phase ¢, of SC
n and real, spin and momentum-independent tunneling amplitudes ¢,)..
The more general case of spin-dependent tunneling amplitudes does not
alter our results (see also Appendix 4.B and 4.C). For the second model,
the coupling of the TSs and the QD is given by

Hisy =Y Y te#’Tyd., +He., (4.3)

nrt S

with I';, being the MBS in TS n which is spatially closest to the QD [105,
154,155]. We assume that its partner I’} at the opposite end of the TS
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Figure 4.1: Setups for ¢]Js. (a) Two s-wave SCs (red) are tunnel coupled
via a QD (yellow) with two orbitals a and b. The QD is subject to an ex-
ternal magnetic field B at some relative angle 6 to its SOI p. (b) Same
visual encodings. The SCs are replaced by two TSs (blue). The QD now
couples to the two inner MBS (crosses) I'y » of the TSs. (c) Spectrum of the
bare QD as a function of B for the double occupancy sector. Red bands
contribute to our effective description, green bands do not. We have cho-
send = 1meV,g =40, U = 0.9 meV and U,, = 0.6 meV, Qp = 0.1 meV,
so that B® = 302 mT. (d) Same as (c) but for the single occupancy sector
with BY = 432mT.

does not couple to the QD. However, they form non-local fermionic op-
erators C, = (I} +iI'1)/2 and Cy = (I'y +iI%,) /2. Additionally, we assume
temperatures that are smaller than the superconducting gap A and the
separation between the MBS and the next finite-energy Andreev bound
state A/, kgT < A, A'.

We now proceed with a discussion of Hp in the regime of § > U >
Uap > |dp| common to typical experiments [26]. First, we address the
case of a doubly occupied dot, n, +n;, = 2. For {)p = 0, the spectrum con-
sists of three singlet (triplet) bands which are constant (split) as a function
of the Zeeman field. As experimentally observed in [156], for finite ()p
and 6, the singlet and triplet bands anticross, see Fig. 4.1(c). In all follow-
ing discussions, we operate the QD in the regime close to the anticross-
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ing of the singlet |S) = dZTdZ 1 [0p) and the triplet |T') = alLTdZT |0p) which
occurs at the Zeeman field B® = (6 —U +U,;)/gup. Here, |0p) is the vac-
uum state on the dot. The effective Hamiltonian, valid to lowest order in
Qp, which acts in the two-level subspace spanned by |S) and |T) is HZ =
(2Vy =6+ S)(S|+(2Vy+Uup— g B) [T) (T |+[i0 sin(6) /2| T) (S] + H.c.
The spectrum of HézT) is given by E? with corresponding orthonormal
eigenstates

‘E(f)> —iSL|S) + T |T). (4.4)

Here, Sy, Ty are real functions of the system parameters, see also Ap-
pendix 4.A .

Second, we discuss the case of a singly occupied dot, n, + n, = 1.
For Qp = 0, the energy levels for opposite spins split as a function of the
Zeeman field. For finite (2p and 0, an energy gap opens up at the crossing
point BY) = §/gup of the spin-up band in orbital a and the spin-down
band in orbital b, see Fig. 4.1(d). We will denote the four eigenvalues
of the singly occupied sector by Eil) for A = 1,...,4. The corresponding
orthonormal eigenstates are given by

BY) = (idadl, + Brd),) 0p). (45)

S

Here, A,;, B)s are real functions of the system parameters, see also Ap-
pendix 4.A. The relative imaginary unit in both Eq. (4.4) and Eq. (4.5) is
due to the SOI. We adjust the filling and the gate voltage of the QD, so
that its ground state is given by E™ while its first excited states are given
by Ef) and Egl) for some fixed A\. The seperation between E? to the
states E,(\}) with X’ # X is assumed to be large, |ES) ~EY| > E&l) ~EY.
Finally, the remaining occupancy sectors of the QD, whose energies are
much larger than the QD-lead coupling, are not relevant for our results

and are hence omitted.

4.3 Detecting topological superconductivity.

In order to calculate the superconducting current, we tune the chemical
potential of the superconductors close to the E® level. We require for
the SCJJ that mvpt, t, < ES) — E(_Q), |Qp| sin(8), A with vr the normal-
state density of states of the leads at the Fermi energy and for the TS
J] that t,, < ES) ~ E9, |Qp|sin(f), so that in both cases the states Ef)
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and Egl) on the QD serve as virtual tunneling states. Our approach is
valid for angles # € [0.,m — 6. where 0. is a critical angle determined
by the conditions above, see also Appendix 4.D . Furthermore, we work
in a temperature regime of kT < Egl) A |Qp| sin(d). The effective
tunneling Hamiltonian Hs; (Hts:) valid up to fourth (second) order in
the tunneling amplitudes acting on the ground state of the isolated dot
and s-wave (odd parity) ground state of the uncoupled leads is

H = (EY cos g, + Egsing,) T, + B, (4.6)

with ¢s = 2015 = 1 — o and Ts = 1, Ths = C]C, + H.c. = il [107].
The first term in Eq. (4.6) arises due to Cooper pair (non-local fermion)
tunneling across the (TS) SC JJ. The second term is an energy offset, due
to processes for which there is no such transport. At zero temperature,
the Josephson current, defined by 1, = 2ed,E, gs/h with E, s the ground
state energy of the coupled system, is given by

I, = —Ijsin(p, —¢)), ¢, = arctan(Ey/E)), (4.7)

where the critical current is IS = 2k,e+/(E9)? + (E¢)2sgn(E?)/h. Because
in the TS case the ground state is a function of ¢, the sign of the Joseph-
son energy also depends on the phase difference: xrs = —1/2 when
—EJg cos ors — Efgsing, + Ers is the ground state energy and xrs = 1/2
otherwise. In the SC case the ground state is independent of ¢ and there-
fore ks = 1. Notice that there is a finite phase shift only when Ef # 0.
For the SC J]J the coefficients in Eq. (4.6) are given by,

Eg = gstiptay By (Altistas + Bistiataa)
E¢ = gstiptoy Axy By (tiator — tiptaa) - (4.8)

The prefactor gs > 0, which is not relevant for the phase shift 2, includes
the coherence factors and energy denominators picked up in the pertur-
bation theory, see also Appendix 4.B. The SC JJ exhibits in general a finite
phase shift, when t,ty, — t1pt2, # 0. For pg = 0, the sign of the super-
current is determined by sgn(t1,ta, — t1pte,) and sgn(AxyByt) o sgn(€dp).
The origin of the phase shift in the SC JJ is the superposition of singly oc-
cupied QD orbitals. Depending on the virtual state, an electron tunnels
with amplitude proportional oc ¢Ay; By when switching orbitals on the
dot or o< (Byy)? or o< (Ayy)? if the orbital is constant. Thus, Cooper pairs
are tunneling with amplitude £¢ when the former process occurs once
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and amplitude E¢ when the process occurs an even number of times, see
also Appendix 4.B.

Notably, when the relative angle between Zeeman field and SOI is
§ = m/2 the SOI only mixes opposite spins in different orbitals so that
A)\T = B>\¢ =0for \ = 1,4and A)@ = B)\T =0for \ = 2,3 Thus, Es =0
and the phase shift ¢ vanishes, see Fig. 4.2(a).

Unlike the SC J], the TS JJ allows for nonzero phase shift, see Fig.
4.2(a), at § = 7/2. The coefficients in Eq. (4.6) for the TS J] when A = 1,4
are given by

E%S<7T/2) = gTSBiﬁszf (tltha - tlat%) ) (49)
Efs(m/2) = —grs B3y (S twto + T t1ataa)

where the prefactor grs > 0 includes the energy denominators of the per-
turbation theory, see also Appendix 4.C. In comparison to the SC JJ, the
sign of the supercurrent at s = 0 in the TS JJ is determined by parity
il'2I'y. If the parity fluctuates, the supercurrent exhibits fluctuations as
well. So the observation of a phase shift requires sufficiently long par-
ity life times which can be up to minutes [157]. Focusing on the case
when \ = 1,4, the processes that contribute to Fls(7/2) in Eq. (4.9) come
from virtual tunneling sequences taking a singlet to a triplet state, with
amplitude o< ¢:S_T", and the corresponding sequences taking a triplet to
the singlet state, with an amplitude oc —iS_T_. We emphasize that these
processes are only possible due to the singlet-triplet mixing described in
the previous section. When the order in which the nonlocal fermion is
created or destroyed is opposite between these processes, the tunneling
sequences differ in phase by 15+ 7 and acquire the same tunneling coef-
ficients so that their sum is proportional to cos(yrs). Distinctly, Efs(7/2)
originates from sequences that take the singlet (o< S?) or triplet (x T?) to
itself. In both cases there exist two sequences that, again, differ in phase
by ¢1s + 7 but have the same tunneling coefficients, so that their sums
are « sin(prs). When B > B® or A = 2,3, E% = 0 and we obtain a
¢l = m/2]] for TS.

4.4 Experimental proposal
In this section, we propose an experiment similar to [26] for detecting

topological superconductivity using a QD ¢]J. We consider a nanowire
(NW) which is aligned along the z direction and proximity-coupled to an
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(98]
N

Figure 4.2: (a) Phase shift ©%(6) (left panel) and Josephson current 7,,(6)
at ¢, = 0 (right panel) for A = 4and 0 € [¢., 7 — 6.] with §, = 0.3. Sys-
tem parameters are chosen as in Fig.4.1 with B = B®), Vy = —0.80 meV,
t1s = top = 0.01 meV, ty, = 0.05 meV and t5, = 0.04 meV. Compared to the
SC JJ the phase shift (Josephson current at ¢s = 0) is non-zero for the TS
JJ. (b) Experimental proposal. Left panel: SQUID geometry of a nanowire
QD ]JJ and a reference junction without a QD connected in parallel. The
current-phase relation of the Josephson current through the QD JJ is mea-
sured with respect to the reference junction by tuning the flux f through
the SQUID. Right panel: Top view (upper panel) and side view (lower
panel) of the QD JJ. Local gates are applied to define the tunnel coupled
QD (yellow) as a short segment in a nanowire (grey) which is proximity-
coupled to an s—wave SC (red). Local gates are also used to orient the
dot SOI Qp, (green) and wire SOI Q2 (orange) respectively. To measure
©2(0) and I,,(6), a magnetic field B is rotated in the plane parallel to the
SC film.
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s—wave SC, see Fig. 4.2(b). By using local bottom-gates, we form a tun-
nel coupled QD as a short slice in the wire. The electric field produced
by the gates points along the y direction, so that the dot SOI €2, points
along the z direction. Furthermore, we contact the wire segments with
back-gates that generate electric fields along the z direction and conse-
quently induce a wire SOI Qy that points along the y direction. We also
apply an external magnetic field B that can be rotated in the zz plane.
Alternatively, the external magnetic field B is kept fixed and the sample
is rotated. Finally, we connect the resulting QD JJ to a reference junc-
tion without a QD forming a SQUID geometry. By tuning the flux f
through the SQUID, the current-phase relation of the QD JJ and conse-
quently the anomalous phase shift can be measured with respect to the
reference junction.

Our proposed experiment proceeds in three steps:

(1) Initialization. We adjust the size of the QD so that the singlet-
triplet anticrossing occurs for a field close to the topological phase transi-
tion, gupB* = \/A? + 12 with the chemical potential of the NW leads, 1,

tuned to E®. Moreover, we adjust the gate voltage V, and filling of the

QD so that its ground state is given by EY

are Ef) and E."

(2) Trivial phase. We consider the regime of a weak Zeeman field,
B < B*. The NW chemical potential is placed well above the magnetic
tield gap. In this limit, the SOI correction to the NW dispersion is irrele-
vant. Also, the effect of the Zeeman field on the NW leads is negligible,
as it is well below the field B* [15]. Hence, the QD ]JJ is described by
the effective tunneling Hamiltonian HgY. We expect not to observe an
anomalous phase shift when the magnetic field B and the dot SOI 2, are
orthogonal, ©%(6 = 7/2) = 0.

(3) Topological phase. The setup is tuned to the topological phase
by increasing the magnitude of the Zeeman field so that B > B*. The
NW chemical potential is tuned inside the magnetic field gap. A MBS
emerges at the NW boundaries and the QD J] is described by the effective
tunneling Hamiltonian H${ . We expect to observe a change in the phase
shift of the Josephson current from p%(7/2) = 0 to some ¢J4(7/2) # 0.
The proposed setup also allows us to measure the phase shift depen-
dence on the relative angle § between B and p by rotating B in the 2
plane. We note that the MBS are unaffected by this rotation because dot
SOI Qp and the wire SOI Qy are always orthogonal [6]. Notably, for
typical system parameters of a nanowire QD JJs, we find that, at zero

, while its first excited states



CHAPTER 4. DETECTING TOPOLOGICAL SUPERCONDUCTIVITY
WITH ¢, JOSEPHSON JUNCTIONS 72

phase difference between the leads, |Is| ~ 10pA while |I1s| =~ InA, which
corresponds to an increase by two orders of magnitude.

Finally, we remark that for a well-defined Josephson current, we con-
sider only regions with sizable energy gap, i.e. deep inside the trivial or
topological phase. In particular, at the phase boundary, the MBS delocal-
ize and our effective theory breaks down. In general, we expect the be-
havior of the phase shift to be non-universal across the topological phase
transition.

4.5 Conclusions

We have introduced a new qualitative indicator for the detection of topo-
logical superconductivity based on a QD ¢]J]. We found that for this
setup the trivial SCs always form a 7J] while the TSs can form a ¢,]]
with ¢y # 0,7. This change in phase shift is accompanied by a signifi-
cant increase in the magnitude of the critical current. These observation
can be probed by simple modifications of recent experimental setups in
nanowire QD JJs [26].

4.A A Quantum dot with spin orbit interaction
in a Zeeman field

This first section of the appendix provides a more detailed discussion of
the model for an isolated QD with SOI subject to an external Zeeman
field as given by Hp in the main text. The Hilbert space of the system is
spanned by the occupation number states

|naT7 Ny, bty 7’Lb¢> = (djﬁ)n{m (djw)nai (dZT)an (d1¢)nbi |0D> ’ (410)

where n,; € {0, 1} is the occupation number of an electron with spin s in
orbital 7. Since the total number of electrons on the QD is conserved, we
can adress each sector with fixed total occupation number separately.

Double occupancy sector

We start with an analysis of the double occupancy sector. A basis is given
by the singlet states

11,1,0,0), |S)=10,0,1,1), (]1,0,0,1) —1]0,1,1,0)) /v2,  (4.11)
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and the triplet states
T)=11,0,1,0), (]1,0,0,1)+]0,1,1,0))/V2, 10,1,0,1). (412)

Representing Hp in terms of these basis states we find that

HY = (4.13)
W, + 64U 0 0
0 W, —6+U 0
0 0 2V, + Uy

i€2sin(f)/2 i€2sin(f)/2 0
—iQcos(0)/v/2 —iQcos(h)/v/2 0
| —iQsin(f)/2  —iQ2sin(f)/2 0

—iQsin(0)/2  iQcos(0)/v2 iQsin(0)/2 |
—iQsin(6)/2  iQcos(6)/v2 iQsin(6) /2
0 0 0
2V;,—|—Uab—guBB 0 0
0 2V, + Uy 0
0 0 2Vy + Uwp + gupB]

Here, the top left 3 x 3 block acts on the singlet subspace, while the bot-
tom right 3 x 3 block acts on the triplet subspace and the off-diagonal
blocks contain the SOI which couples the singlet to the triplet subspace.
The spectrum of H](DZ) is depicted in Fig. 4.1(c) of the main text. The effec-
tive Hamiltonian, valid to lowest order in (2, which acts in the two-level
subspace spanned by |S) and |T) is

2V, —0+U —1§2sin(0)/2

HO _
ST iQsin(6)/2 2V, + Uy — gupB|

(4.14)

It contains the bare energies of the singlet |S) and the triplet |7) on its di-
agonal. The SOl interaction then couples these levels via the off-diagonal

terms. The spectrum of HézT) is given by
EY =2V, + (U + Uu — gunB — 6)/2]

(U = Uns + gunB — 6)/2” + (Qsin(0)/2)°

(4.15)

We see that the effect of the SOI is the opening of an energy gap at the
crossing point of the bare singlet and triplet energy levels. In terms of
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the angle between the Zeeman field and the SOI axis, the gap is maximal
when § = 7/2 and vanishes when 6 = 0. The eigenstates of HézT) are

‘Ef)> - (?I) & ‘Ef)> — QS |S)+TL|TY,  (4.16)

where the coefficients are given by

T+ |17 U—Usy+gupB =30 |
V2 \/(U — Uy + gupB — 6)% + (Qsin ) (4.17)
S_ = —sgn(T, S, =sgn(Q)7_.

The mixing of the singlet and the triplet is minimal when 2 =0 or § =0
and it is maximal when 0 = 7/2.

Single occupancy sector

We next discuss the single occupancy sector of the QD which is spanned
by the basis states

|1,0,0,0), 0,1,0,0), 10,0,1,0), 10,0,0,1). (4.18)

The matrix representation of Hp in terms of these basis states is given by

H](Dl) _ (4.19)
2V, — 6 —gupB 0 i) cos B 1§2sin 0
1 0 2V, — o0+ gupB 1§2sin 0 —idcosf
2 —1$2cos 0 —iQ)sin @ 2Vy+ 0 — gupB 0
—i{2sin 6 1§2 cos 0 2V, + 0+ gupB

Here, the top left 2 x 2 block acts on the subspace of orbital b, while the
bottom right 2 x 2 block acts on the subspace of orbital a. The off-diagonal
blocks contain the SOI which couples the a orbital to the b orbital. The

spectrum of H](Dl) is depicted in Fig. 4.1(d) of the main text and is given
by

1
Eg\l) =V, + 5 (0a1 + 0x2 — 6x3 — Oxa) (4.20)

2
X \/<Qsm 0)> + (guBB + (631 — Oxg — Oxg + Org) \/52 + (QCOSQ)Z) .
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Here, 0, for A\, N = 1,...,4, is the Kronecker delta. The eigenstates of
HS) are of the form

B At
B
‘E§1)> =] = By =7 (idvdl, + Bad, ) 100) . (421)
iAy, ’
We now determine the coefficients A,, and B,, for the different relative
angles 6 between Zeeman field and SOI axis.

Zeeman field and SOI axis are orthogonal (§ = 7/2)

For § = 7/2, the SOI is proportional to ¢” so that we expect the eigen-
states of H](Dl) to be linear combinations of opposite spins in different or-
bitals. Indeed, we find that the only coefficients which are non-zero are
given by

Bi = A gupB 49
e \/_ \/ (gupB +0)2 + Q2
B A sgn gupB + 6
i =—Ay = ;
B+ 062+ 02
" Vo (4.22)
guB =4
Ag = —B ,
o \/_ \/ (gupB — 6)2 + Q2
sgn(<2 gupB — 9
Ao =B = \/ JnsB — 02 + 2

The remaining coefficients are vanishing, By) = A1y = Ayy = Byy = Ay, =
BgT = B4¢ = A4T = 0.

Zeeman field and SOI axis are parallel (¢ = 0, 7)

In the case of § = 0,7, the SOI is proportional to o*. Consequently, we

expect the eigenstates of H](DZ) to be mixtures of same spins in different
orbitals. For § = 0, we find that the non-vanishing coefficients are given
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by

sgn(2) )

V2 V2627

1 )
H A VSR Y/ eI 2

The remaining coefficients are all zero, Byt = Ay = Ay = Bop = A3, =
B3y = By, = Ay = 0. For § = 7, we find find that

sgn () J
BuzAuz—BSTZAM:—gﬁ \/1_—/Qz—+52’
(4.24)
1 )
Ay = =B = oy =By = 5 U+

As before, the remaining coefficients vanish, By = Ay = Ay = By =
Agi = Bgi = B4¢ = A4¢ = 0.

By = Az = =By = An =

(4.23)

Zeeman field and SOI axis are non-orthogonal and non-parallel
©#£0, /2, ™)

We assume that €2 # 0; for 2 = 0 we note that H](Dl) is already diagonal.
When 6 # 0, 7/2, m, the SOI is proportional to both ¢* and ¢*. This
means that the SOI mixes states of all spin species in all orbitals. We find
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that the components of the respective eigenstates are given by

. gupB + \/52 + (Qcosh)? — \/<g,uBB + \/52 + (2 cos 9)2) + (sin6)
B — —
ol Ny Qsind
2
. gupB — \/52 (Qcos ) \/(ngB \/(52 + (Qcosb) ) + (Qsin )
Bor — —
21 Ny Qsinf
2
. gupB — \/(52 (Qcosh)® + \/(guBB \/52 + (2 cosb) ) + (Qsin 6)?
Bay = E 1sinf
2
. gupB + \/52 + (Qcos )’ + \/< upB + \/52 + (Qcos@)z> + (Qsinf)?
Bu = E ()sinf
1 Acos b 1 Qcos b
By = — ;. By =—+—
N16+\/52+(Q0089)2 N45+\/52+(QCOSG)2
1 Qcosf 1 (2cos b
By = — , Bs =+
N25—\/(52+(QCOSQ)2 N36—\/52+(QCOS<9)2
1 1
Ax = F)\BATBM ;o An Ny

(4.25)

where N, is a normalization factors which we choose so that the con-
dition \/ A2 + A2 nt B3 3t B = 1 is satisfied. The normalization also

ensures that when § — 0,7/ 2, 7 the expressions above reproduce the the
corresponding limiting cases.

4.B An s-wave Superconductor ¢, Josephson
junction

This second section of the appendix gives a more detailed discussion of
the SC JJ described by Hg in the main text.
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Effective tunneling Hamiltonian

We begin with a derivation of the effective tunneling Hamiltonian Hg".
Compared to the main text, we allow for a slightly more general tunnel-
ing Hamiltonian with spin-dependent tunneling amplitudes,

Hse =YYty cl | dro+ He. (4.26)

nt ks

Because it is only the relative phase between the two superconductors
which is a physical quantity, we assume that ¢, = 0 while ¢, = ¢. We
now briefly discuss the different tunneling processes which can occur
in the system. Therefore, we rewrite Hg; in terms of the quasiparticle
operators,

Hs, =

Z Z tmeiw QkaY;I_T,k’ﬂdTT + tmew/%k%,kﬂdﬁ + t2TT“k7§,kﬂdTT
2 (4.27)

+ torUkYosy ey + tir e’ 2Uk71r7k¢dm — t1r € 0y sy
+ tzriuk’Y;,kwa — tor vk Y2,k dr) + Hec.,

where we have assumed that {x = £_x. We see that there are two types of
tunneling processes: On the one hand, there are processes in which we
destroy an electron on the dot and create a quasiparticle on one of the SC
leads (or vice versa). Here, electrons and quasiparticles carry the same
type of spin or pseudospin. On the other hand, there are processes in
which we use the superconducting condensate to simultaneously create
(or destroy) an electron on the dot and a quasiparticle on the SC leads.
In this case, electron and quasiparticle always carry the opposite type of
spin or pseudospin. Because of our convention for the superconducting
phases, whenever we destroy (create) an electron on the dot and destroy
or create a quasiparticle on SC 7 = 1 we pick up a phase of e*¥/2 (¢~¥/?)
during the tunneling process.

We now derive the effective tunneling Hamiltonian H¢Y using the
projection method [158]. Up to fourth order in the tunneling amplitudes
we find that

HSY = PsHs (E®) — Hp — Hsy) ' (1 — Ps)Hsy Ps
o B 3 (4.28)
+ Ps Hs [(E, — Hp — Hgcp)” (1 — Ps)Hsy| Fs,
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where Ps = |0, E® 02) (01, E®. 02| is the projector on the E™ state on
the dot and the ground states of the SC leads. It acts within the reduced

Hilbert space of the states EY E&l) on the dot and the full Hilbert space
of the SC leads. Evaluating Eq. (4.28) yields an expression as given by
Eq. (6) in the main text with v = S and

Eg = gstuytan, By (Axstirtorr + Bistiartaar)
E§ = gstutan Axi BY; (hrattany — tavttaay) (4.29)

We point out that unlike Eq. (8) in the main text, this results holds also for
spin-dependent tunneling amplitudes. The coupling constant is given by

gs = (4.30)

UkUqUk Vg

2 > 0.
; (EY + BEq — EPYEP + B+ Eq— E?)EY + B — E?)

We give a complete table of the tunneling sequences (up to hermitian
conjugation) contributing to the Cooper pair transport in Fig. 4.3 and
Fig.4.4. Here, we note that the sum of the processes in each row of Fig. 4.3
and Fig. 4.4 is o< (S, T_ — S_T,)?. This factor is unity because the states

EY) are orthonormal, see Eq. (4.17). This explains why the singlet-triplet
mixing does not enter the effective tunneling Hamiltonian. We omit the
presentation of Es since it is not relevant to compute the Josephson cur-
rent. The phase shifts ¢2(f) and Josephson currents Is(6) at s = 0 are
plotted in Fig. 4.9.

Finally, we highlight that it is sufficient to consider a parabolic nor-
mal state dispersion for the topologically trivial superconducting phase,
i.e. to neglect the effects of SOI. To see this, recall that in the topologically
superconducting phase of the nanowires the chemical potential needs to
be carefully tuned inside of the gap opened by the magnetic field while
for typical experiments in the trivial superconducting phase the chemical
potential lies well above the gap opened by the magnetic field. In the lat-
ter case, the small linear correction of the SOI to the parabolic dispersion
of the nanowire becomes practically irrelevant. Hence, we do not expect
that the SOI axis in the wire has any measurable effect on the anomalous
phase offset in the trivial superconducting phase of the wire, i.e. we ex-
pect a trivial phase offset in the case when Zeeman field and SOI axis
on the dot are orthogonal. This also means that a wire SOI axis that is
misaligned with respect to the dot SOI axis will not effect the phase shift
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Figure 4.5: Phase shift ¢} as a function of the magnitude of the external
magnetic field B at § = /2 for A = 1,4. For A = 2,3 the phase shift
is independent of B and given by % = 7/2. For the SC JJ] we do not
observe a phase shift when 6 = 7/2, p2 = 0. We see that the phase shift
is peaked at B = B® when the singlet triplet mixing is maximal and it
saturates at m/2 when B > B®. Note however that our perturbative
approach is not valid when B < B?, because additional energy levels
would have to be taken into account.

of the supercurrent. This argument was also verified by recent experi-
ments, see Ref. [26], which were carried out in the trivial superconduct-
ing phase at around 100-200mT. In these experiments the gates applied
to the quantum dot inevitably cause its SOI axis to deviate from the in-
trinsic wire SOI axis, while at the same time no non-trivial phase offset
was measured when Zeeman field and dot SOI axis are orthogonal.
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4.C A Topological Superconductor ¢
Josephson junction

Effective tunneling Hamiltonian

We devote this third part of the appendix to the derivation and discus-
sion of the effective tunneling Hamiltonian H¢f, for the TS JJ. Here, the
lowest order contribution comes at ¢*. This is, roughly, due to the remark-
able property of MBSs being their own antiparticle: it takes two steps in
a sequence of intermediate states to transfer a non-local fermion from the
left to the right TS (or vice versa) and to return to the ground state of the
quantum dot. This will ensure an enhancement in critical current, for
sufficiently small tunneling, and a 47 periodicity of the supercurrent as a
function of the phase difference. Also we note that our arguments apply
to the effective Hamiltonian containing amplitudes, while a real trans-
port process would be described eventually by probabilities (amplitudes
squared).

We now begin with derivation of the effective Hamiltonian for the TS
JJ. In general, the tunnel coupling between the SC leads and the QD is
described by the tunneling Hamiltonian,

7=y / Az da’ Ty (2, 2') €9/20) (2)dy(2') + Hec. (4.31)
n s

Here, U! () is the creation operator of an electron with spin s at position
z in SC lead 1 and d,(2’) is the annihilation of an electron with spin s at
position 2’ in the QD. Furthermore, fms(x, ') is the tunneling matrix ele-
ment. If the leads are topological superconducting leads, we can rewrite
the electron operators in the TSs in terms of quasiparticle operators [154],

Ul () = thys ()0 + U ()T + .. (4.32)

Here, as in the main text, I';, is the zero-energy MBS which is localized
at the boundary of the TS 7 that is spatially closest to the QD, while I'}
is the zero-energy MBS that is localized at the opposite end. The corre-
sponding MBS wavefunctions are given by v, () and ¢, (), respectively.
Moreover, “+...” refers to the contributions of finite-energy quasiparti-
cles, which we neglect as we are interested only in energies much smaller
than the energy gap. Similarly, assuming for simplicity that the QD con-
sists of only two orbitals a and b, we can expand the electron operator in
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the QD according to
ds(z') = Z &rs(2)drs, (4.33)
T=a,b

where d; is the annihilation operator of an electron with spin s in orbital
7 of the QD and &,4(2') is the corresponding wavefunction. Now, we
insert the expansions given in Eq. (4.32) and Eq. (4.33) into Eq. (4.31).
Assuming that the wavefunctions of the MBSs I} have zero overlap with
the QD wavefunctions, this yields the tunneling Hamiltonian given in
Eq. (3) of the main text,

Hy— Hrgy = Y > tyr€? Tyd,, + He, (4.34)

nTt S

where we have defined new tunneling amplitudes

byrs = /dx da’ 1,5 (@, 2" )by (2)rs(2). (4.35)

For simplicity, we will assume that the tunneling ampitudes ¢, are
real. We now derive an effective Hamiltonian considering the tunneling
amplitudes as small perturbations. Once more, we emphasize that the
lowest order processes which contribute to the Josephson current are of
second order in the tunneling amplitudes. In particular these processes
do not mix the total fermion parity of the TS leads. Because of that, we
focus on the odd parity subspace of the TSs. The results for the even par-
ity subspace of the TSs are identical. The effective tunneling Hamiltonian
up to second order in the tunneling amplitudes is given by,

Hff = PrsHrs(E®) — Hp — Hysy) ™' (1 — Prs)Hrs, Prs, (4.36)

where Prs = |1, E® ., 0,) (11, E®, 05| + 01, E®, 1,)(0,, E® | 1,| is the pro-
jector on the E® state on the dot and the ground states of the TS leads.
It acts within the reduced Hilbert space of the states EY, Ef\l) on the dot
and the odd parity ground state subspace of the TS leads. In particular,
0, (1,) denotes the ground state in which the non-local fermionic mode in
TS 7 is unoccupied (occupied). When evaluating Eq. (4.36) we find that
the result is of the form as given in the main text by Eq. (6) with v = TS
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and
Efs = g1s [BnT- (AxiT- + By S-) (frartosr — tivytoat) (4.37)

+ B S_T- (tpytaar — tiartasy)]
Efs = —g1s [(AnT- + By S_)? tuprton + BiT (52 trpytan, + T t1artoar)
—BxpS— (A T- + B S-) (tasrtany + tington)]

where we have introduced the coefficient

2
g15 = ———7x > 0. (4.38)
EV — g®

There are also processes which do not transport a non-local fermion across
the JJ and thus lead to a contribution FErs which is independent of the
superconducting phase difference. In these processes each TS interacts
seperately with the QD. In particular this means that the action of the
effective tunneling Hamiltonian on the two odd parity ground states
of the TS is identical. Consequently, this contribution is proportional
to the identity operator and is not relevant when computing the zero-
temperature Josephson current. For the case when 6 = 7/2 we have listed
all the intermediate tunneling sequences which contribute to the Joseph-
son current in Fig. 4.6. The phase shift ¢94(6 = 7/2) for A = 1, 4 is plotted
as a function of the external Zeeman field in Fig. 4.5. The phase shifts
©%(0) and Josephson currents I1s(#) at ¢1s = 0 are plotted in Fig. 4.9.
Lastly, one might think that also finite energy quasiparticles contribute
to the effective Hamiltonian. This is indeed true. However, the finite en-
ergy quasiparticle sequences of intermediate states which contribute to
the Josephson current are of fourth order in the tunneling amplitudes and
suppressed by the superconducting gap. Compared to that the Majorana
bound state contributions are of second order in tunneling amplitudes.
For this reason, we neglect finite energy quasiparticle contributions for
the TS-Dot-TS junction when working in the weak tunnel coupling limit.

4.D Critical angle

The effective Hamiltonians for the SC JJ and the TS JJ are valid in the
weak tunnel coupling limit. For the SC JJ this limit is defined by

Tvptyty < BV — E® Qsin(8), A (4.39)
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Figure 4.7: Estimate of the critical angle 6. when A\ = 4 by analyzing the
conditions for the weak coupling limit as a function of 6. The system
parameters are chosen as in the main text and appendix. In the left panel
we plot 7vpt2/(Qsin 6) (red dashed) and 7vpt2/|ES"Y — E®)| (red solid). In
the right panel we plot ¢/({2sin #) (blue dashed) and ¢/ |E£1) — E(_z)\ (blue
solid). We find that §. = 0.3. This choice of critical angle also works for
A=1,23.

and for the TS J] by
t,r < B — E® Qsin(6) (4.40)
nr A - : :

These conditions fix a critical angle 6. > 0 so that our perturbative ap-
proach is valid when 6 € [f,, 7 — 6 ]. In this section we want to deter-
mine this critical angle for the system parameters which we have cho-
sen in Fig. 4.2 of the main text. To get a sense of scales, we consider
an InAs nanowire QD JJ with SC leads of length L = 1 ym. We as-
sume that the effective mass of the electrons in the wire is given by m =
0.05m, where m, is the bare electron mass. Furthermore, we expect that
the Fermi energy of the leads is given by Er = 0.1 meV and the in-
duced superconducting gap by A = 0.1 meV. The density of states at
the Fermi level of the nanowires in the normal metal state is given by

vp =L 2/‘1_?\/;157 For the order of magnitude of the tunnel coupling be-
tween dot and leads we assume that t = 0.01 meV. Furthermore, we fix
V, so that E)(\l)(ﬂ‘/ 2) — E®(x/2) ~ 0.1 meV. This means that depend-
ing on the choice of A we have that (V|,_,, Vil,_,, Vil\_ys Volioy) =
(0.89 meV, 0.20 meV, —0.12 meV, —0.80 meV). We can now graphically
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Figure 4.8: Magnitude of the critical current |/5(6)| for different choices
of \. The system parameters are chosen as in the main text and appendix.

find an estimate for ¢, see Fig. 4.7. A choice of critical angle that works
forall Ais given by 6. = 0.3 .

4.E Critical currents

Critical current of the SCJ]J

In this section of appendix we compute the critical current Is .. First, we
need to find an approximate value for the coefficient gs. To this end, we
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notice that it can be rewritten as

hwe

AQ hwe

5 v(Ey) dE, /

() dEy (\/E% XN A7) o

X ( {(Eﬂ)) —~ EP) 4+ \/E} + A?} {(Eﬁ)’ ~EPY+ /B3 + A?}

-1

{(Ef) ~ED) B2+ A4 (B3 A21 ) (4.41)

gs =

—hwe

where v(E) = Y, 0(E — E) is the density of state of the leads in the
normal state at energy F and w, is a cut-off frequency which is typically
of the order of the Debye frequency of the crystal. For simplicity, we now
assume that v(E) ~ vp for |[E| > A and v(E) = 0 for |E| < A. This yields

A 2 —A Fuwe —A Fuwe
gsz( Vi) </ dE1+/ dE1> </ dE2—|—/ dE2>
2 —hwe A —hwe A
—1
x <\/Ef+A2\/E§+A2)
X ([(ES]) ~E®) + \/Ef+A2] [(ngj ~E®) + \/E§+A2}

-1
[(E(f) — EY 4\ /E2+ A? + |/ E2 +A2} ) .

Defining ¢, = (Egl) — B¢ )) /A allows us to rewrite this expression as

(4.42)

4o mlL?

___ 4.43
w2 thEF ( )

gs ~
where we have introduced the dimensionless factor
[e.e] o0 —1
a= / da:/ dy (\/1 +224y/1 +y2) (4.44)
1 1 .
X [(\/1+x2+\/1+y2+§_ —§+> (\/1+x2—|—£_) <\/1+y2+§_”
and we have assumed that 7w, > A which ensures that the Cooper po-

tential of the BCS theory is a good approximation to the actual electron
pairing potential. We note that « is a function of the relative orientation
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of SOI axis and Zeeman field, @ = «(#). For the system parameters cho-
sen in the main text we find that & ~ 10~!. In total the critical current is
then given by

. 8a melL?

ST T2 WAER (EQ)” + (E¢)’sgn(E3). (4.45)

We have plotted () in Fig. 4.8. For the case when § = 7/2 and A = 2,3
we have I = 0 because Byis)y = 0. Moreover, there exists a significant
difference in magnitude of the critical currents for the cases when A = 1,4
which are most relevant for our experimental proposal in the main text.
We can understand this because Is.|,_, / Isc|,_, « (Bi+/Bsy)* = 107
The virtual state Efl) only contains a small amount of B;; due to the SOI,

while E{" consists mostly of By, hence By > By4. The conclusion is
that the absence or presence of a phase shift can most easily be measured

when virtual tunneling occurs via the Efll) state.

Critical current of the TS JJ
For the TS JJ we find that the critical current is given by

4KTs€

[fg= — 5
™ hED - 59)

B+ (Basgn(E). (446)

We plot 1{4(#) in Fig. 4.8. Again we see a significant difference in magni-
tude when comparing the most relevant cases of A = 1 and A = 4. This
can be explained in the same way as for the SC JJ. However, this time we
have for example at 0 = 7/2, Its.|,_, / Its.c|y_, X (Bit/Bs)* =~ 1072
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Figure 4.9: Phase shift ¢©?(6) (top row) and Josephson current I,(6) at
¢s = 0 (bottom row) for A = 1, 2, 3. The system parameters are chosen as
in the main text. The jumps in the Josephson current /rs(f) correspond
to a change of the ground state of the junction.
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CHAPTER

Universal Quantum Computation
with Hybrid Spin-Majorana
Qubits

Adapted from:

Silas Hoffman, Constantin Schrade, Jelena Klinovaja, Daniel Loss,
“Universal Quantum Computation with Hybrid Spin-Majorana Qubits”,
Phys. Rev. B 94, 045316 (2016).

We theoretically propose a set of universal quantum gates acting on
a hybrid qubit formed by coupling a quantum dot spin qubit and Majo-
rana fermion qubit. First, we consider a quantum dot tunnel-coupled to
two topological superconductors. The effective spin-Majorana exchange
facilitates a hybrid CNOT gate for which either qubit can be the control
or target. The second setup is a modular scalable network of topological
superconductors and quantum dots. As a result of the exchange interac-
tion between adjacent spin qubits, a CNOT gate is implemented that acts
on neighboring Majorana qubits, and eliminates the necessity of inter-
qubit braiding. In both setups the spin-Majorana exchange interaction
allows for a phase gate, acting on either the spin or the Majorana qubit,
and for a SWAP or hybrid SWAP gate which is sufficient for universal
quantum computation without projective measurements.
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5.1 Introduction

Quantum dots are promising, scalable, settings to store and manipulate
quantum information using spin states [159,160]. However, the quantum
data stored is susceptible to decoherence by the environment wherein
quantum information is lost [161].

An alternative proposal to such traditional quantum bits are topo-
logical quantum computers [128] which make use of degenerate ground
states of topological matter, whose edge states obey non-Abelian statis-
tics upon exchange [162], to encode qubits. The information stored in
these nonlocal degrees of freedom are tolerant to local system noise and
can be manipulated by braiding [164-167]. There are several proposed
realizations of such topological qubits [128], the most successful one to
date being those composed of Majorana fermions (MFs) due to their im-
mediate experimental accessibility [6-8, 10, 12,168-170]. Several theo-
retical setups to realize MFs have been proposed: semiconducting - su-
perconducting nanowires [3,4], topological insulators [2], topological su-
perconductors (TSCs) [171], and magnetic adatoms on top of s-wave
superconductors [5,89-91,172]. However, MFs do not generate a univer-
sal set of topological gate operations necessary for quantum computa-
tion [173,174].

The additional non-topological gates needed to achieve universality
with MF qubits can be implemented by fusing anyons [173], using mag-
netic flux [177], or quantum information transfer with spins in quantum
dots [176,178]. The principle drawback of these schemes is twofold:
(1) after preparing the system state, a projective measurement must be
made, which should be perfect [173] and which is typically time inten-
sive [160]; (2) braiding between two topological qubits is required to per-
form universal quantum computation, which necessitates a long distance
topologically nontrivial interaction between them. Scalable networks of
qubits have been proposed by using MFs as elements of plaquettes for
surface codes [103-105], such schemes, however, do not take advantage
of the MF braid statistics. In this work using a hybrid qubit composed
of a coupled spin and MF qubit [Fig. 5.1(a)], we can coherently transfer
information between the qubit components, thereby keeping the gate op-
eration time on MF qubits potentially as short as possible. Furthermore,
when the spins on two such hybrid qubits are allowed to interact, univer-
sal quantum computation can be achieved by applying gate operations
directly to MF qubits using fixed spin qubits as a control for the interac-
tion, thus eliminating the need for large tunnel-connected wire networks.
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Figure 5.1: (a) Setup of two TSCs (red bars) furnishing two MFs (X’s) on
the left TSC, 7/ and +,;, and two MFs on the right TSC, 4/ and ~, in contact
with a nontopological SC (grey); the MFs on each TSC can overlap caus-
ing a splitting . Between the two TSCs is a quantum dot (blue disc) with
two single electron levels of up, €;, and down, ¢, spin. The MFs are cou-
pled to the dot through the tunneling elements ¢, and ¢, where v labels
the right (r) and left (/) TSCs. (b) MaSH network of TSCs where a grid
of hybrid qubits (red and grey crosses) are long-distance coupled by tun-
ably connecting the spin-1/2 quantum dots, with strength 7, via floating
gates (solid yellow lines), e.¢. hybrid qubit (1) is coupled to hybrid qubit
(2). Braiding of MFs utilizes the T-junctions of the TSCs on each hybrid
qubit; for instance hybrid qubit (3). Note that the T-junctions are isolated
units without tunnel-connection to each other.

Making use of such a coupling, we propose a scalable modular network
of Majorana and spin hybrid (MaSH) qubits [Fig. 5.1(b)].

In the following, we derive the effective coupling between the spin
and MF qubits which is used to perform a phase gate on the MF qubit
and a SWAP gate between the spin and MF qubits. Extending the sys-
tem to a network of MaSH qubits, long-distance coupled by the spins,
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we demonstrate the necessary operations to obtain universal quantum
computing. Because MFs can be realized in many different setups, we
have considered a rather general coupling between spin and MF qubits
which provides a proof of principle for a wide class of physical systems.

5.2 Setup

We consider a single level quantum dot placed between two topological
superconductors [Fig. 5.1(a)], which can be realized as any of the pre-
viously mentioned setups. The chemical potential and Coloumb repul-
sion, U, on the dot are assumed to be tuned to favor single occupancy (or
more generally a spin-1/2 groundstate). The two opposite spin levels of
the dot ¢/, are non-degenerate in the presence of a magnetic field. The
Hamiltonian of the quantum dot is

Hp = Z (Ead:rrda + Unanc_f/Z) ) (51)
o=T,1

where d! (d,) creates (annihilates) an electron with spin ¢ and n,, = d,d,,.
The right (r) and left () TSCs, modeled as a Kitaev chain [1], are tuned to
the topological regime, furnishing MFs at opposite ends. As the separa-
tion between MFs can be comparable with the MF localization length, we
include a phenomenological splitting of § between MFs in the same TSC
but neglect splitting between MFs on opposite TSCs [87,88]. Neglecting
also quasiparticle excitations [179-181] , we consider the MF states on the
TSC, which is a good approximation when the tunneling is much smaller
than the superconducting gap; the Hamiltonian of the TSC is

Hy =Y o7, (5.2)

v=r,l

where 7, (7,) is the MF at the left (right) end of the vth TSC and we have
set the chemical potential of the superconductors to zero.

The overlap of the electron wavefunctions on the dot and MF wave-
functions in the TSC is described by the tunneling Hamiltonian [1,182],

Hy =Y _di(it,y, +t,7) + He. | (5.3)

where ¢, (t,) is the matrix element for an electron on the dot tunneling
into the left (right) MF in the vth TSC . We assume our Kitaev chains
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to have a single spin species oriented perpendicular to the axis of quan-
tization on the dot and the tunneling elements to be spin independent.
A spin dependent tunneling, or equivalently choosing a different axis
of spin polarization on the TSC, changes the direction of the effective
magnetic field on the dot [183], which should not qualitatively affect our
results.

Each pair of MFs in the TSCs are conveniently described as a single
Dirac fermion f, = (v, + i7,)/2; the MF and tunneling Hamiltonians are
rewritten as

Hy =Y 62fif, - 1),

Hy =Y ity fid, — it} f,de + He. (5.4)

respectively, where ¢, = ¢, & /. The value of f f, = 0,1 determines the
parity of the vth TSC, which can be even or odd, respectively. The total
parity of the MF qubit is defined as the sum of the parities of the TSCs
modulo two. The terms proportional to ¢, (¢, ) correspond to removing
(adding) a Cooper pair from the condensate and adding (removing) one
electron to the dot and one to the vth TSC; the terms proportional to ¢,
or t;_ correspond to the transfer of electrons between the dot and the
vth TSC [182]. The full model Hamiltonian of our hybrid qubit system is
H = Hp + Hy + Hr.

5.3 Effective Hamiltonian

If the coupling between the dot and the TSCs is weak compared to the
difference in energies of the dot electrons and MFs, we obtain an effective
Hamiltonian Hy = H, + H, + H. by applying a Schrieffer-Wolff transfor-
mation [83,154,184,185] to H (see also Appendix 5.A),

[t \2 L vl ot

Hs 5 ( fyf U+25f fu) (5.5)
_§ : v+trv+

HO N o,V ( f” U:_ 26foV) 7

A Al
- _ * 4 T
;ty_m ( _25+€U+25)f fl+He.

g



CHAPTER 5. UNIVERSAL QUANTUM COMPUTATION WITH
HYBRID SPIN-MAJORANA QUBITS 101

(a)

Figure 5.2: Schematic of the MF qubit formed by a left and right TSC
(red bars) tunnel coupled by a quantum dot (blue disc) with spin-1/2
groundstate and some of the processes that result from the coupling be-
tween spin and MF qubit dictated by Hy. The odd parity of the TSCs is
indicated by a straight line (white) between the MFs (white crosses), i.e.,
f1f, = 1. The four MF states give rise to two types of MF qubits: (a) The
degenerate odd parity states of the MF qubit (even total system parity)
with one fermion on the left TSC (left panel) and one on the right TSC
(right panel); (b) The degenerate even parity states of the MF qubit (odd
total system parity) with no fermions on either TSC (left panel) and with
one fermion on each TSC (right panel). (c-d) The virtual processes de-
scribed by #,; the remaining undepicted processes are similar but take
place on the one, three, and four total electron state. (e-f) The transfer of
an electron from one TSC to the other due to #,. (g-h) The processes de-
termined by . that map the system between the two states in the even
parity sector of the MF qubit. The other processes resulting from #, and
H. are obtained by exchanging the right and left TSCs (or initial and final
states) in panels (c-h).

We have taken U the largest energy scale, i.e., U — oo, and defined the
operators A, = n, + did, and B, = A, + Al. In this limit, the dot
is always singly-occupied which fixes the MF qubit to be in an even-
[Fig.5.2(a)] or odd-parity [Fig.5.2(b)] subspace of the full Hilbert space.
Here, H, results from hopping between the dot and a single TSC. The
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term proportional to |¢,_|* corresponds to the process of the electron on
the dot hopping to the vth TSC then back to the dot [Fig. 5.2(c)], while the
term proportional to |¢, |* corresponds to the process of the electron on
the dot combining with the electron on the vth TSC into a Cooper pair,
and breaking a Cooper pair adding one electron to the dot and one to the
same TSC [Fig. 5.2(d)]; both processes can happen in either parity sub-
space. The Hamiltonian H, (H.) results from hopping between the dot
and both TSCs, which couple states in the odd (even) parity subspace
exclusively. The term proportional to t;_t,_ corresponds to transferring
an electron from the dot to the even parity TSC then from the odd parity
TSC to the quantum dot [Fig. 5.2(e)]. The condensing of the electron on
the dot and with the electron from the odd parity TSC into a Cooper pair
and then breaking apart a Cooper pair, putting one electron on the op-
posite TSC and the other electron on the dot [Fig. 5.2(f)], is described by
t;. t,+. The term proportional to t;_t,, acts on the zero total electron state
by transferring the dot electron to the vth TSC then taking two electrons
from the condensate, filling the state in the latter TSC and transferring
the other onto the dot [Fig. 5.2(g)]. The latter term, ¢, t,_, acting on the
three total electron state, condenses the dot electron with one of the TSC
electrons while the other TSC electron tunnels onto the dot [Fig. 5.2(h)].

In order to create a MF qubit, one must have a superposition of same
parity states. In the two TSC system, we restrict to the even total parity
or odd MF qubit parity subspace, i.e., one electron on the dot and one
electron on either the right (|r) = fi|0)) or left (|I) = £/|0)) TSC with |0)
being the vacuum. In first quantized notation, the effective Hamiltonian
is

Hr = Z STk (5.6)
Kk,A=0,...,3

-----

where o,; (1)) act on the spin of the dot (odd parity sector of TCSs de-
fined such that ns|r) = +|r) and n3|l) = —|I)). For x (\) € {1,2,3}
these are the standard Pauli matrices, while o, (1) is the identity ma-
trix. The anisotropic exchange constant J, is a function of 9§, €,, and ¢,4.
(Appendix 5.B).

54 Quantum gates

In general, when the interaction between qubits is entangling, i.e., J,.» # 0
for k, A # 0, a SWAP gate between the qubits can be implemented. How-
ever, a simple setup that yields a so-called hybrid SWAP (hSWAP) gate
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Figure 5.3: Schematic of the hybrid swap (hRSWAP) gate obtained as fol-
lows: apply the hCNOT gate using, say, the spin qubit (5Q) as the control
and the MF qubit (MQ) as the target qubit, apply the hCNOT gate revers-
ing the roles of the qubits, apply the hCNOT gate with the control and
target qubits as in the first operation. Starting with the initial state |z, y)
such that z, y € {0, 1}, where we identify 0 (1) with the ||) (|1)) and |I)
(|r)) state of the spin and MF qubit, respectively, applying the pictured
gate sequence one obtains |z,y) — (—1)%|z,y ® x) = (=1)Y|y,y & =) —
|y, x); this results in coherent swap of states between the spin and MF
qubit.

(Fig. 5.3) consists of two semi-infinite TSCs with no magnetic field on the
dot. The first condition implies that the outer MF wave functions do not
overlap with that of the inner MFs (§ = 0) or the quantum dot (t; = ¢, =
0), while the second implies the spin states on the dot are degenerate, ¢, =
€, = €, for which Hy becomes (1 + 1) [([t1]? + |t:|*) + 2Re(t.t])m] /€o-
When t; =t/ = t, Hy further reduces to [159,186] (see Appendix 5.B)

Hice = 2[t[*(1+ 01)(1 +m)/eo (5.7)

which can be used to perform a hybrid controlled phase (hCP) gate [187].
Although in the following we focus on the manipulation of the MF qubit
using the spin qubit, owing to the symmetry of the Hamiltonian between
spin and MF operations, i.e., under the exchange o; « 1, one could
equally use the MF qubit to manipulate the spin qubit.

After a single-qubit unitary rotation by a Hadamard gate, which can
be implemented by applying a magnetic field to the spin qubit and by
braiding [173] MFs [Fig. 5.4(a)], Hncp transforms into

Hyonor = 2t (1+ o) (1 +n;)/eo (5.8)

where (i,j) = (1,3) or (3,1). Pulsing the coupling ¢ between the dot
and TSCs for the duration 7 so that |7 H%nor = 7(1 + ;) (1 + ;) /4, one
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obtains the hybrid CNOT (hCNOT) gate,

UkijCNOT =1 —0i—n—om;)/2, (5.9)

(see Appendix 5.C) from which an hSWAP gate can be coded as Unswap =
UitnorUienorUidnor- Applying the hSWAP gate to the two qubits ex-
changes the relative weights of the up and down spin states of the spin
qubit with the right and left parity states of the MF qubit (Fig. 5.3), re-
spectively. To implement a 7/8 gate, one may hSWAP the quantum state
of the MF qubit onto the spin qubit, perform a /8 gate on the spin qubit,
and hSWAP the states back; this requires no preparation or projective
measurement. Alternatively, one can fix the spin qubit by a magnetic
field along the z axis and pulse H{}or- This generates a phase gate for
any value of phase according to the duration of the pulse [Fig. 5.4(b)].
These three gates are sufficient for universal quantum computation of
the hybrid qubit. We note that, according to Eq. (5.7), the lower bound
on operation time of this gate is of the order he,/|t|> which can be quite
small even within the limits of validity of our Schrieffer-Wolff transfor-
mation.

5.5 MaSH network

We consider a network of MaSH qubits formed by crossing one TSC in
the topological phase with one in the trivial phase and defining the spin-
1/2 quantum dots at their intersection [Fig. 5.1(b)]. The MaSH qubit el-
ements are connected via floating gates [188] whose ends are placed off
center from quantum dots. One can perform braiding of MFs by first
moving the quantum dot to an unused topologically trivial arm of the
hybrid qubit so it does not participate in the operation then performing
braiding as usual [29]: move (as a concrete example) the left TSC to the
other topologically trivially arm, shifting the right (left) TSC to where the
left (right) was and finally returning the quantum dot to the position be-
tween the two. Because the coupling of quantum dots through floating
gates is very sensitive to the relative position of the two [188], the hybrid
qubits are engaged when the spin qubit components are near the respec-
tive edges of the connective floating gate. This induces an isotropic inter-
action given by Jo¥) - 1), where (i, j) refers to two neighboring hybrid
qubits, say i = 1 and j = 2. If J > |t|, there is an effective interaction
between the MF qubits modulated by the relative direction of the spin
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Fixing the direction of the spin qubits along the z axis and applying #!?)

for a specified time (see Appendix 5.D), one obtains the gate U ](\}2 =

explim(1— 771 771 ) /4], which directly couples the two MF qubits. A CNOT
gate [Fig. 5.4(c)], using MF qubit (1) as the target and qubit (2) as the con-
trol, can be implemented using the sequence

Uéﬁ& — g@pyu Q)H(DH(Q)R(DR@)H(U, (5.11)

where H® and R are the Hadamard and (—/4)-phase gates, respec-
tively, acting on the ith MF qubit (see Appendix 5.C). Therefore, using
this CNOT gate, the Hadamard and 7/8 gate in the MaSH setup, one
can implement the necessary gates to realize universal quantum com-
putation by fixing the spin qubits as a control and storing all quantum
information in the MF qubits. As noted before, owing to the symmetry
of the setup, the role of the spin and the MF qubits can be interchanged
and the MF qubits can be used as control qubits.

One may also use the spin qubit to read out parity of the MF qubit
by applying the hSWAP gate and measuring the spin on the dot. Alter-
natively, one can prepare the system so the initial state of the spin qubit
is spin up and the MF qubit is in a superposition of eigenvalues of 7,
i) = 1) (al+) + Bl—-)) where m|%) = %[£) = (Ir) £ [))/v/2. Rewrit-
ing the effective exchange Hamiltonian in terms of projection operators,
P = (1+mn)/2, we find that Eq. (1) becomes

(1+00) [([t* + [t:]?) + 2Ret ] (P —P-)] /eo (5.12)

after taking 6 = t; = t, = 0 and ¢ = ¢, = €. The time evolved initial
state is

[i(7)) = [ae™*™ cos(w.7)[+) + Be™ T cos(w-7)|=)] 1)
+ i[ae™ 7 sin(w, 7)|+) + Be T sin(w_T)|=)]| 1), (5.13)

where wy = [t,. & |*/hico. In the simplest case when ¢, = t; = t, the prob-
ability to find the spin in the down state is P(| |)) = |a|* sin®(4/t|?7/he)
and the probability to find the spin in the up state is P(|1)) = 1 — P(|})).
Coupling the spin and MF qubit for a time 7hey/8|t|?, the probability for
the quantum dot to be in a spin up (down) state is equal to probability
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of finding the initial system in the |—) (|+)) state, from which one can
deduce the superposition of MF parity states.

Finally, this network can serve as a platform for the surface code with
the well-known error threshold of 1.1% [189, 190]. For this we assess
the fidelities of our gates and show that they can be made to satisfy this
threshold by tuning the tunneling amplitude ¢ and dot level energy ¢,
appropriately. Indeed, since Hr in eq. (5.6) differs from the exact H5"*
by a term of order [¢*/€3, to leading order in our small expansion pa-
rameter t/¢;, the hCNOT gate constructed from the full Hamiltonian,
Urlnor = explit(Hyenor + €)/B], is not an exact hCNOT-gate, where
€ ~ [t|*/€} is the leading order correction term. Because 7 is of order
heo/|t|?, we may expand in € to find Uplyor = Upenor(1+ i fy dT'é(7')/R),
where (1) = Ul 618Ut nor- The fidelity of an hCNOT-gate is [188]

F(Uyénor) = I{jﬂgn |<VU|Uﬁ‘7cTNOTUﬁZéNOT|V‘7>|2

2 T g
~l- h H;}%X{/O dr'Im(vo|Updhoré () [vo)} (5.14)

where the minimum (maximum) is taken over v = r,[l and o =1, |. Thus,
the increase in infidelity 1 — F' is of order 7¢/h ~ |t|?/e; which can be
made controllably small as to satisfy the surface code error threshold,
ie,1— F <1.1%. Similarly, we can bound the infidelity for the 7/8 and

USZL, gates below 1.1% by tuning the ratio [t|2/e2 sufficiently small.

5.6 Outlook and conclusions

Although there are several systems in which our setup could be imple-
mented, perhaps the most natural scenario is in nanowires because (1)
signatures of MFs in nanowires with proximity-induced superconduc-
tivity were identified experimentally [6-8, 23,168-170]; (2) single elec-
tron quantum dots and electrical implementation of single qubit quan-
tum gates were realized in semiconducting nanowires [156,191,192] also
on top of superconductors [23,26,193].

For a single hybrid qubit setup, we envision one nanowire on top of
a conventional s-wave superconductor in which one electrically tunes
the left and right ends of the wire into the topological regime while a
quantum dot is electrically defined between them. The length of the
topological section in the wires can be changed, thereby independently
controlling the overlap between the MFs (§). Similarly, one may set the
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Figure 5.4: Implementation of the necessary gates for universal quan-
tum computation: (a) Hadamard and 7 /4 phase gate as a result of braid-
ing, (b) /8 phase gate obtained by coupling the MF qubit and the fixed
spin qubit, and (c) CNOT gate obtained through an effective coupling of
two MF qubits facilitated by a long-range interaction between the corre-
sponding spin qubits.

size of the quantum dot so that the Coulomb repulsion is large as well
as applying a gate voltage to ensure the dot is in a spin-1/2 groundstate
and fix the dot energy level (¢,) relative to the chemical potential of the
wires. One can likewise control the tunneling between quantum dot and
wire (¢, and ) by either adjusting the distance between the two or tun-
ing the barrier height that separates them. To assemble a MaSH network,
one composes individual hybrid qubits from two crossed nanowires then
connects them with floating gates. Voltage controls, in addition to the
previously mentioned tunneling elements, braiding operations and the
position of the quantum dot and thus the effective coupling between spin
qubits (7).

By coupling spin and Majorana qubits, we have constructed the nec-
essary gates for universal quantum computation of spin-Majorana hy-
brid qubits. Forming a MaSH network, a universal set of gates can be
implemented directly on the MF qubits while using the spin qubits only
as a control. Thanks to the modular nature of this setup and the construc-
tion of the CNOT gate, it is unnecessary to engineer a large scale coher-
ent network of TSCs. The necessary experimental techniques to realize
a single spin-MF hybrid qubit or a network of such qubits are available.
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Our results demonstrate that one can harness universal quantum com-
putation from both single and multiple element spin-MF hybrid qubit
systems.

5.A Effective Hamiltonian

In this section we perform a Schrieffer-Wolff transformation on the tun-
neling Hamiltonian beginning with a Hamiltonian that couples two Ki-
taev chains to a quantum dot,

H = Hy + Hp+ Hr,
HM :izév7;7ua

Hp = Zeodzdg—FUngn(—,/l

Hr = Z dr (it + ty,) + (L, — ity dy (5.15)

o,V

where v labels the left (I) and right (r) chains. We rewrite the Majorana
fermions as f, = (7, +iv,)/2 so that fIf, = (1 +iv,v,)/2 and 0,7, Vr, =
6,(2f1f, — 1). The logical values of the qubit are written in terms of the
parity of the left and right TSCs.

Writing 7/, = f, + fJ and v, = (f, — fI)/i the tunneling Hamiltonian
is transformed into

HT—ZdT [it, (f + £5) =ity (fo = FD) + (=it (fo = f1) =ity (F + f))do
_Z (0 — ) fldy —i(tr + 1) fudy +i(t, —t,)dL f, +i(t), +t,)d} £

= Z it;—fida - it;-&-fuda - itl/—d:ryfu + itu—kdlfi ) (516)

where t,. = t,, £ t,. Using a Schrieffer-Wolff transformation, one may
show that the operators A, — Al and B, — B] eliminate the tunneling
Hamiltonian, Hy = —[A, — Al + B, — B, Hy + Hp], to first order in t,.+
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where
1 Un;
A, =i(t5 —t" — g Td, 17
i, ”);LU—% (60—25V)(60+U—25y)}f" 6-17)

1 Ung
. _ o id
Z . 20': |:€o' — 2(51/ (Eo' - 251/)(60 + U - 25V):| fl/ 7

1 Ung;
B —i(t* 1% _ ?
o= +e) za: LU 26, (e +26,)(cs + U+ 25»} fvde

. 1 Una-
s ZU: L,, +20, (5 +20,)(e, +U + 25,,)} Jutla -

We must now calculate [A,, Hr] and [B,, Hr]. The following commu-
tation relations will be useful

iy, Hy] =0 [fidy t* fidy =t fudo — topdl fu + tiudb £l (5.18)
op
= ZZ 6,u,utiudpdo - t—u(apafjf,u - 5zxud;rrdp) + t—&-u(spafjfl )
op
[fz/dpa HT] = iZ[fudpa t*—uflda - t*-t,-ufuda - tfudj;fu + t+,ud:f7fm
o
= ZZ _t*_uéuudpda - t—u(spafufu + t+u<5pafuf): - 5uydjrdp) :
op
Note that [Un,fid,, Hr| = Un,|fid,, Hr| + [Un,, Hr] fid, and
[nﬁa HT] = iZ[nﬁa t;_f;rda - t:i—i-fuda - tV—dIer + tu—i—djrfzj] (519)

=03 ) Spapfl — ) Opadsfy — tu-Opdl fy + tuOpdl £
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Taking the large on-site charging limit, U — oo, we find

S [A,, Hy] = —zZtV_[( = f%)[fdp,HT] (5.20)

. [n@HT}f;rdﬂ
€, — 20,

t
- _Z‘Z - = [n,(fld,, Hr] — [ns, Hylfld,]

X [nﬁ<tiu5uud d __t—ﬂ( pafop _'5uudldp)4_t+u5pafjjj)
'_(tiuéﬁadﬁjﬁ t+u690dpjp t—Méﬁadljb +_t+ﬂéﬁ0dif1>fidﬂ]7

S (Bt =i Y| ( Y Uy 1

- . €+ 251, €, + 20,

g Hilfod,
€, + 20,

*

. £
=12 g, el ] = (g, Hlfud)

:_Zep+25

opuv

X [np(_tiué;wdpdo —tOpo fufu + t+u(5pcrfvf;i - %dldp))
— (t2 050 dp f} = 1000 dp fu =t 0podl fru + t4u0p0dl f1) fud,| -

Notice that, for O = I3 form, [Odp, Hr] = —anTOdp. The only term that
survives from Hy is proportional to d, so that this term has no spin flip
processes:

—n,Hrfld, (5.21)
= i(t—unpdlfu - t—l—ud;r;fl)f;rdp = i(t—ufuf;r - t—&-,uf,if;r)npa
—-np}ijLdp
= _i(_t-i-unpd;[)f; + t—ud;fu)fudp = _i(_t-&-#fgfv + t—ufufu)np
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Therefore, these terms do not involve spin flips and

_ np t [, Hrlfld,
EV:A”’HT Zzt”— K — 26, —25 ) fody, Hrl = €, — 26,

i3 e g )~ . 10150

x [(tfufufi ~ b I dogy = (£,3r s
E Baolsfu — o f + 0ol £1) ffd}

[t 5apnpf,uf tJru(SCTPnPf,ZfJ

=2

opuv

6,,—25

— (—t_pypodl fu + tmﬁadlf,i)fidp] )

, 1 n; [ns, Hrl f,d
B, Hr| = * d,, H e mmllJvep
2 1Byt Z;t” Kep+2csy ¢, + 20, ) vy, Hr] = ¢, + 20,

v

. t
=12 gy, el ] = g Hlfud)

:_Z€p+25

opuv
X L—t+u gpnpfﬁj; +‘t— Upnpfﬁjl
——(t* 5po-dpfJr tiuépod fﬁ _'tfuéﬁadth +_t+uéﬁgdlj2)deP]

:_Z€p+25

opuy

X [ - t-i-u(sapnpfgfl/ + t—uéaﬂnPfoV

— (—t— Ol fu + s uOpedl f1) fud, | - (5.22)

Let us consider processes when only one TSC is involved in then tunnel-
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ing, 1 = v [Fig. 2(a), (b)]:

t *
Z[AmHT] = Z _—%[f wWOoplpfuf — (050 ds [l — 11,0505

v oppv €p

— t_u0pd fu + t+u5ﬁodlfbﬂdﬁ}

-3 o [l = (Hdy — ),

- Z —5 [t_npfyfj +t_d;fyfjd,,}
t;i * *
> B, Hyl = - Z | By = (Dl ] — S0

—t_u0pedl £+ t+u5ﬁadzf£)fudp]

= f * g £t toet
_ Z o [ tnpfLfo = (- d ]+ todbf1) 1o, |

- Z +25 [t+nprf,,+t+d fif.d ] , (5.23)

pv

where the final inequalities for each term is due to the single occupancy
of the dot. Summing these together, with their Hermitian conjugate, we
get

_ ‘tu+’2 T ’ v— ‘2 + T +
Hs —;( o +25, fofv+ =%, ——ff) <2n,,+dﬁdp+dpdﬁ> . (5.24)
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Processes involving multiple TSCs, ;1 = 7, are calculated from

Z[Aw Hp| =

v

-y !

oppv

£
Z €, — 20,

*

[t—uéopnpfufj - t+u50PnPf,LJ[fj

— (0505} — 10505 1 — t—u0p0dl fu + tw%gdf,fj)fjdp]

*
v—

[t—uéapnpfpjj _'t+uéUﬂnPfjjj

— (b bl o+ teuGodl S 11,

_EV—"‘
€

opuy

—(t*
_Ze

— (=t ulpodl fu + twé,;adif/j)fydp} :

t*
P + 251/

5ﬁodﬁf2

L+ 20,

+p 0podpfu —

[ — t+u(50pnpf;f,, + tfp,éo'pnpfp«fl/

tuOpodl fu + tiudpdl £1) £,

[ - t—l—uéapnpf::fl/ + t—u(sopnpfﬂf’/

(5.25)

Because we will have to add the Hermitian conjugates of these terms,

notice that

t*
>.- 5 &tu_npfyf,,
L pv
_Z the , fof
pv €P+2517 ety
v t
Z _25 y-dSd, [, 13
L pv
o+ t et
; 257 I/+d d .f fu

B Z — 25
t
- ZV €p —i—+2§l,

‘2

——25

t
:pzyep Jr2(5

tyrdid, fifs,

te-nufu f,
tu+npfjfbv
tu—deprfL7

(5.26)
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so that the contribution from the transfer of the fermions [Fig. 2(c), (d)] is

1 L
H=3 (g ) e ti I

+ L t: fifs
l/ U l/n
¢, +20, ¢, +25,) T g

1 1
to t,fuf}
(ep—25—+eﬁ—25y> vtoid

1 1
5t | did
+ (6p+25— +Eﬁ+26y v+ +fzxf] PP

(ot didy iy
Z( o5, T e, —2, | -t S

(n,, +did, n,+did,

+

+ t +t1/+f;rfl7 . (527)

€, + 205 €y + 20,

Next notice that

* T *
<_Z t deTfjd) = _Z tVJr = deI/fl/ pa

pv pv
tr ' t: t
vt tv— . p—tvt+ gt et et
_ fod, | = =S = gt 2
( Z€+25 dyfy fod ) ;Eﬁ%y ol fody (528)
so that terms acting the even parity sector [Fig. 2(e), (f)] are
n,+did, mn,+dd;
_ tf tV— 14 4 P PP s
[pzy vt <ep+25,, + €, — 20, Jof

n,+d.d, n,+dd,
tf ty P et ? £ £ T I °
oty ( €, — 20 + €, + 20, Juls

(5.29)

Summing up the results we have the tunneling Hamiltonian to second
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orderin t,:
Hr =Hs +He + Ho,

HS_;(U+25ff” - — 20, f”f (2"“+d6d"+d0d"’>’

Ng + dgdg ne +dids \ t
Ho = [Z ( €5 — 205 + € — 20, ) to—tv—fulv

ov

Ny +did,  n, +did;
cWo o oWao 1 tl, Tl_/
+ < €U+260 + Eo'+25y > v+ +f1/f ]7

ne +d.d, n, +dtd,
tx: ty_ ogYo o oWo f
;”Jr <€U—|—25V +ea—25,,>ff

s did, n, +did,
bty (” T lodo | ot o )fifi]. (5.30)

€5 — 205 €5 + 20,

When the splitting is equal in both TSCs ¢, = J, we obtain Eq. (1) in the
main text,

Hr =Hs+Ho + He,

L P U o
H Z( fl/f a+26f fl/ <2na+d6da+dad6) )

€x + 20

ng +did, ng +did,
_ +* tz/ o Yo o cWo Ti[
; - *( -2 e 12 )f”f”

st did, n,+dds
Lt (" T 0oty | Mot )fyfy]. (5.31)

H, Z( e g locler f*ﬁ) (205 + dydo + dyds)

€x + 20 €y — 20

5.B Full exchange Hamiltonian

The full interaction between the MF qubit and the spin qubit can be writ-
ten down as the exchange Hamiltonian

Z in)\ OxMx, (532)

,,,,,
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in which

B, By, Bs By
B, B, Bs B,

Jix = 0 0 0 o0 , (5.33)
Bs Bg B; Bg
where
Bi = (Cos + Coy) (T +T4) + (Co— +C2) (T +Ty),
By =(Css +C_ )Ty +Tp) = (Com+C_ )T +T),
By =i[(Cos +C )T = Tu) + (€4 +C )T =T )]
By=(Ciy +C )T =Ty) = (Cr—+C_ )T, =T,
By = (Cos —Cy)(Tr + T) + (Com = C) (I + Ty,
Bs=(Ciy —C )T +T0) = (Cyo —C )T 4T,
Br=i[(Cor = C)(Tir = Ty) + (Co =€) =Ty
By = (Cir =C )T = T) = (C4— = C)(T = T'y).. (5.34)

Here, 'y, = |t,+|? and ., = thstur and C,p, = 1/(e, + 2pd) o1, with a o
and p independent denominator,

C (€0 — 2p0) (€3 + A% — 46?) — 2¢9A?
or [(€0 — A)2 —462][(ep + A)? — 46?]
oA[2ey(eg — 2p0) — (€2 + A% — 46%)]
[(e0 — &) — 46%][(e0 + A)? — 462]

(5.35)

where we have written ¢, = ¢y + o A.

We consider the limit that the length of the TSCs is infinite and the dot
is placed between them, so that ¢, = ¢, = 0 and 6 = 0, thus t,, = £t/ and
t4; = t;. When the difference in phase between ¢, and ¢, is ¢, we find that
Ty = |5 T = |t Ty = £41™, and Ty = +t/t,e7*?. The exchange
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interaction becomes
By = D(t2 + 7).
By = 2Dt t;cos ¢
B; =0,
By =0,
Bs =D (|t,]* +t7),
Bg = 2D t't;cos ¢,

B7:0a
Bs =0, (5.36)
where
Dt — B B -t
C+++C+ +C ++C+ G%_AQ,
_ A
D :C+++C+_ _C__|_ _C__|_ — 2—A2 (537)
60_

When A = 0 and ¢/, = ¢; = ¢, this reduces to Eq. (2) in the main text.

5.C Hybrid CNOT gate

Let us introduce the hCP gate U/, = explin(1l — 03)(1 — n3)/4] = (1 +
o3 + 13 — o3n3)/2 and relate it to the one used in the main text, Uycp =
explim(1 + o3)(1 + n3)/4] = (1 — 035 — 13 — o313)/2. Note that Ujp re-
duces to the ‘canonical form” of the conditional phase gate for identical
qubit types. Next, we note that U/, = UncpRsq(—7)Rug(—m), where
Rso(¢) = expligos/2] and Ry(¢) = expligns/2] are the phase gates
on the spin and MF qubit, respectively. Then, we get the correspond-
ing hybrid CNOT gate Ujthor = (1 4+ 03 +m1 — o3m1)/2 from Ujcp by
a Hadamard operation Hy o = (m + 13)/ V2 (which takes 73 into 7,),
U ior = HuoUlcpHug, and thus

U}I13ClNOT = HMQUﬁCPRSQ(—W)RMQ(—W)HMQ

(5.38)
= UptnorRso(—m) HygRug(—m) Hug,

where Ul or = (1 — 03 — n1 — 03m1)/2 (used in the main text). Thus, we
can get the ‘canonical form” of the CNOT gate, U3k o, from Udlyor by
simple single-qubit unitary operations. And similarly for Updyor. Note
that the phase gate R;o(—) can be obtained by braiding since it is the
square of the 7/4 phase gate.
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5.D Effective interaction between Majorana
fermion qubits

In this section we derive an effective Hamiltonian for the interaction
of neighboring hybrid qubits, labeled (1) and (2), in a MaSH network
[Fig. 1(b)]. We assume that adjacent spin qubits couple via an isotropic
exchange interaction of the form

HD = 7 Hnagmgm @ 4 40 >U§2>] (5.39)

and that the MF qubits couple to the spin qubits via

91t
Hpcp = L " [1 o 4 4o 4 o @ 0977%2)} . (5.40)
0

according to Eq. (2) in the main text. When J > 2|t|?/¢,, we can make

a Schrieffer-Wolff transformation on H%), using Hpcp as a perturbation,
which gives an effective coupling between two hybrid qubits up to sec-
ond order in |t|? /e,

Mg = Hso +Hirg - (5.41)
where e
(12 _ . ¢ —er
HMQ = — sli%i % /0 dre [HhCP(T), Hhcp] . (5.42)
Here, Hncp(7) is the time-evolution of Hycp under the unperturbed Hamil-
(12)

tonian H5',

1 ,(12) _a,(12)
HhCP(T) _ @ZHSQ T/hHhC e z’HSQ T/h
_ [ezw50§ )U§ )'reuuja< >Ug )TGZWJU(1>O'<2)T:|

X HhCP |: 71&)\70’5 ) ( ) ZUJJU(I)O'( >T€ ’LUJ 0'( >O'(2)T:| (5.43)

2
_ 2l {1+n()+n§2)
€0

(1 (2) (1) (2)
+€21w]02 oy T622w503 o3 [051) +U§1)77§1) _‘_0_§2) _|_0_§2)17§2):| }’

with wy = J/h. Evaluating the commutator in Eq. (5.42)

t]?

[Hncp(7), Huep| = 42( ” ) cos(2w7T) sin(2w 77)

[ (@ 4 50 >g<2>} [1_779)%2)}

(5.44)
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and using the integral

o° 1
61_i>1(r)1+ i dr e sin(2ws7) cos(2wyT) = S (5.45)
we find
az _ 1t T ) o2 4 ol ol? 1), ()
HMQ = - [ + 03 } [1—771 m ] , (5.46)
e

an effective exchange coupling between adjacent MF qubits which is mod-

ulated by the corresponding spin qubits. Applying this interaction for a

time 7y = wheeJ /|t|*, we obtain the gate U](V}QQ) = explim(1l — 7751)7752))/4].

5.E Inner-outer Majorana basis

Instead of forming Dirac fermions in the same TSC, one can instead form
a full fermion from the MFs closest together (inner fermion) and a fermion
from the MFs furthest apart (outer fermion),

gr = (7 +im)/2,
g1 = (’VII + Z"YT)/Qv (547)

respectively. The MFs are, in turn, written as

N =g+,
Y= (95— g)/i. (5.48)

The tunneling Hamiltonian can then be written as
Hy =Y ity dl (g, + g}) — it d} (95 — gb) — it} (95 — g)do — it}(9, + g})d,
= Zidi[(tu —tro)gy + (b, + 1)) gl] — il(ts + 1) g, + (85 — 15)g}]ds

:Z—zt _dig, +it;_gld, +it, dl gl — it g,d, (5.49)

where we have defined #,_ = t, — t, and t,, = t, + t,. Furthermore,
we redefine the MF coupling in the TSC so that Hy, = Z 0,(2g5g, — 1)
where 4, (3;) now parameterizes the overlap between the inner (outer)
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MFs. With this redefinition, we see that the transformed Hamiltonian is,
term by term, identical to Eq. (2). Upon performing the same Schrieffer-
Wolff transformation we find

Hy =Hs +H, +H,,

Y |t | |, |
i = L2 W, I Ll P, (2n0+dgdg+dgd;,),
Z (eg + 25,,9 g €5 — 2(51,9 g

o,V

- o+ did,  ng+dids s s

€g — 25; € — 25u

ne+did,  ne+dids\ s
+ + toitui 9,95 |

o,V

€s + 25,; €s + 2&,

. - (n,+dld, n,+dd,
He - - t; tz/— U~ + - vYv
[; i ( €g+2617 60—25,/ )gg

o - (ne+did, n,+dids
+ 1 T, | L T | ghgh 5.50
+(ea—25; €U+25y>gg] ( )

When the outer MFs are totally uncoupled to the system, ¢, = ¢; = 0, then
t;+ = 0 so that

72 T2

('tr—ﬂgigr + |t"—‘|~grg1> <2ng +did, + dj,da) . (5.51)
€s 1+ 20, €5 — 20,

One can immediately see that the effective magnetic field is, in general,

different when the state is occupied versus unoccupied.

One can use this basis as more transparent construction of parity.
When the MFs on the same topological superconductor are well sepa-
rated, § =t} = ¢, = 0, the tunneling Hamiltonian in the new basis is given
by 2 (&4 29 9- + [t,—[*9,9]) (1 + 01) /0. When the parity of the junction
between the TSCs is one (zero), i.e. the complex fermion state formed
by the inner MFs is occupied (unoccupied), there is an effective magnetic
field on the dot proportional to |t,_|?/ey (|t,+|?/€0)- The Rabi oscillations
between the spin up and down eigenstates, which can be detected, are
therefore sensitive to the parity of the junction between two TSCs. The
parity can be measured because the MF qubit is in a fixed parity sub-
space, i.e. if the fermion is not shared by the nearest MFs then the it must
be shared between the outer MFs. If the parity is unrestricted, one must
measure both MFs on both the left and right TSCs to determine the state
of the MF qubit.
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