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What is a Majorana Fermion!?

(2hy" 0, — me)P =0

» Since the "Y matrices are in general complex,
the solutions of Dirac’s equation are complex.
This Is expected since electrons are
electrically charged and this requires
complex spinors.

e Majorana’s question (1937): does the Dirac
equation necessarily involve complex
solutions?
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What is a Majorana Fermion!?

ICMM CsIC -

(2hy" 0, — me)W =0

Majorana’s answer: No, it Weyl matrices are purely
imaginary (Majorana representation)
— "

’71 — 10, ® 1 eNeutral particle equals its own antiparticle.

e\ery relevant in high-energy physics (neutrinos, dark
72 — 10, ® 1 matter, etc).

eMany experimental efforts to search for Majorana
,73 — iOy R o, neutrinos are underway. To date their detection remains an

experimental challenge.
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What is a Majorana Fermion!?

ICMM cCsicC -

More rigorously, the particle and antiparticle are charge conjugate solutions of
the Dirac equation coupled to the electromagnetic field.

0, — 10, + €A,
0, — 10, —eA,
RELEVANT FOR US: in the most general case, it is sufficient to

demand in any representation that there exists a matrix such that
both charge conjugate solutions are equal

U = CU* = ¥

0 —i0
C=my©ay= 1o, Oy

charge conjugation operator
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What is a Majorana Fermion!?

ICMM CsIC -

Dirac equation in Weyl representation (chiral spinors where the spin of a
particle points in the same direction as its momentum)

—m 10y — op Y,
10y + op —m (IFD

= 0,

In the Dirac equation, the mass term mixes left and right chiralities
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What is a Majorana Fermion!?
ICMM cCsicC -

Dirac equation in Weyl representation (chiral spinors where the spin of a
particle points in the same direction as its momentum)

—m 10y — op Yr, —0
10y + op —m (IFD ’

Impose charge conjugation \IJ — q:j

(10, ~ o) :

—

—
=

In the Majorana equation, chiralities become decoupled and the mass term
mixes particles and antiparticles (technically, this implies that the equation
IS not gauge invariant, hence Majorana particles cannot be coupled to the
electromagnetic field and are thus necessarily charge neutral).
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Majorana Fermions in Condensed Matter

ICMM  CsicC -

perspective

NATURE PHYSICS | VOL 5 | SEPTEMBER 2009 | www.nature.com/naturephysics

Majorana returns |
www.sciencemag.org SCIENCE VOL 332 8 APRIL2011

Frank Wilczek Published by AAAS

Search for Majorana Fermions
Nearing Success at Last?

Researchers think they are on the verge of discovering weird new particles that borrow
a trick from superconductors and could give a big boost to quantum computers

-‘-'A-h.
Physics Physics 3, 24 (2010)

. . ..‘-'AII;
Viewpoint Phys|cs Physics 4, 67 (2011)
Race for Majorana fermions
Marcel Franz VleWpOlnt
Department of Physics and Astronomy, University of British Columbia, Va
Published March 15, 2010 Majorana fermions inch closer to reality

The race for realizing Majorana fermions—elusive particles th ' Taylor L. Hughes
we still await ideal materials to work with. University of Illinois at Urbana-Champaign, 1110 W. Green St., Urbana, IL 61801, USA

Published August 22, 2011
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Majorana Fermions in Condensed Matter

ALL PROPOSALS ARE BASED
ON SYSTEMS INVOLVING
SUPERCONDUCTORS, WHY?

CSIC icmm ¢~
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Majorana Fermions in Condensed Matter

|

The ground state (zero energy)
IS composed of pairs of
electrons of opposite spin
(Cooper pairs)

A - —

2A
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Majorana Fermions in Condensed Matter

Very important: quasiparticle excitations in
a superconductor are electron-hole
quantum superpositions

WT ~ uc! + ve

_%

2A

N ) EXCELENCIA
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Superconductor\\ // Superconductor

Normal

A o Subgap States

E ------.‘-----------./

| = - e e e e e e e m e = s
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Majorana Fermions in Superconductors

Superconducting BCS mean-field pairing for a generic Hamiltonian

H = /erH £)checore + (Alr)cl,cl, + He))

Ctr
~ Cl.r
Four-component Nambu spinor W(r) — ij‘-
—Clr
ol
T,r

Bogoliubov-DeGennes (BdG) hamiltonian, which is a redundant description to treat
electrons and holes at the same footing

1 . .
H = 5 dI'\IJT(I')HBdg(I')\IJ(I'),

CSIC icmm i
, SEVERO
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Majorana Fermions in Superconductors

Bogoliubov-DeGennes (BdG) hamiltonian, which is a redundant description to treat
electrons and holes at the same footing

1 . .
H = 5 dr¥T (r)Hpae (r)U(r),

Electron sector

Hpag(r) =

hole sector (time-reversed
version of the electron)

C s l C icmm EXCELENCIA
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Majorana Fermions in Superconductors

The redundancy is resolved by observing that the BdG Hamiltonian
has particle-hole (charge conjugation) symmetry.

0 —0Y
oYY
C=r170 _(iay 0 >

Charge conjugation operator

A 4
CHpa(r)C" = —Hpag(r)

For each eigenstate at positive energy there is an equivalent
particle-hole conjugate eigenstate at negative energy

CSIC icmm ? g
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Majorana Fermions in Superconductors

Bogoliubov-DeGennes (BdG) hamiltonian, which is a redundant description to treat
electrons and holes at the same footing

Hpac(r)®,(r) = E®,(r),

(I)n(r) — [u’nT(r)v uni(r)a UTLT(P)v U,w(I‘)]T

Stationary solutions

D 4

1
_ - E : T
o= [ @ W) = [ el @)cns + s (Fery vy, + v (el

CsIC icmm ¢ gz
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Majorana Fermions in Superconductors
1
H = 9 § :Enfy;rfyn
T
= / drd (r) ¥ (r) = / drfucs o (v)eeq + 1, (Ve — v (0)ch | + 05 (1)l ]

Redundancy in the BdG Hamiltonian

Same excitation

| T

- Negative energy
\ E,=-E, |

CSIC icmm ? g
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Majorana Fermions in Superconductors

b, (r)

&
S
H

— e ———— E————

* These symmetries originate from the Nambu spinor whose form is in
turn dictated by the structure of the second quantized BdG
Hamiltonian. BdG theory has Majorana character built in!

br) = o) = (YW
iV (r)
 Note however that this Majorana property is fultilled by the

entire field operator not by the eigenmodes of well defined
energy (which is what we typically probe in an experiment).
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Majorana Zero Modes

L _ ———

Standard BdG emgenmode

'CPE (r) = C®y (r)

77];1, — Tn

Fopy, = — by =

|
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Majorana Zero Modes

Yo =1 / dr[ug 4 (¥)ex,p + ug | (F)er,, — uo,(F)ey | — uoq(r)e) 4]

Which is clearly self-conjugate

CSIC icmm ¢
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Majorana Zero Modes

" () EXCELENCIA
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Majorana Zero Modes

Non-degenerate zero modes correspond
to charge neutral superposritions of
electrons and holes=Majorana zero modes

i @) EXCELENCIA
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Majorana Zero Modes

Very important:. don’t forget
spin!!!

ﬂyT ~ uc$ + UC|

_%

B = Qf--meefrmmmemaaeae. 2\

N ) EXCELENCIA
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Majorana Zero Modes
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Majorana Fermions in Superconductors

1
Y~ 5(4 +¢1)

~, S ) EXCELENCIA
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Majorana Fermions in Superconductors

In condensed matter settings, spin degeneracy is a problem: we
need spinless superconductors such as p-wave (early
proposals). Intrinsic p-wave superconductors very scarce in
nature: SrRuO4, (Matsumoto and Sigrist 1999), 5/2 fractional
QHE (Read & Green, 2000), Kitaev 2001, etc

g N ) EXCELENCIA
« I « SEVERO
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Majorana Zero Modes ,

DIRAC FERMI MAJORANA

B P () EXCELENCIA
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From Majorana fermions to Majorana zero modes

Seminal result in field theory (Jackiw and Rossi, 1981): the Majorana
equation in two dimensions has non-propagating solutions, namely
zero modes, if the mass term has a vortex profile.

() ()= ()
‘ _ By

Vortex in 2D

For an introduction see: “Fractional and
Majorana fermions”, Jackiw, arXiv1104.4486

CSIC icmm 2
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From Majorana fermions to Majorana zero modes
ICMM  CsicC -

Dirac equation in Weyl representation (chiral spinors where the spin of a
particle points in the same direction as its momentum)

—m 10y — op Yr, —0
10y + op —m (IFD ’

Impose charge conjugation \IJ — q:j

(10, ~ o) :

—

—
=

In the Majorana equation, chiralities become decoupled and the mass term
mixes particles and antiparticles (technically, this implies that the equation
IS not gauge invariant, hence Majorana particles cannot be coupled to the
electromagnetic field and are thus necessarily charge neutral).

i EXCELENCIA
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CONSEJIC SUPERIOR DE INVESTIGACIONES CIENTIFICAS nstituto de Ciencia de Matenales de Madrid OCHOA



From Majorana fermions to Majorana zero modes

This is a generalisation of another seminal result by Jackiw and Rebbi (Phys. Rev. D 13, 3398,
1976) which demonstrates the existence of zero energy bound states in the one dimensional
Dirac equation at points where the mass term changes sign.

[—ihcOyo, + m(z)c?o,)Y(z) = Ev(x)

|w(aj)|eromode m > O

For an introduction see: “Fractional and
Majorana fermions”, Jackiw, arXiv1104.4486
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Iwo-dimensional chiral p+ip topological superconductor

® [he simplest nontrivial time-reversal breaking superconductor In
2D is the spinless p+ip superconductor

°+p° . .
H _ - eryfy % _ZA(px — ’pr)
BdG — A % : p2+p°
1A (pz + ipy) am ]
Low momentum
) 4
. —H _iA(pa: — Z.py)
HBdG — iA*(px 4+ ipy) 0

N. Read and D. Green, "Paired states of fermions in two dimensions with breaking of parity and
time-reversal symmetries and the fractional quantum Hall effect". Phys. Rev. B 61, 10267 (2000)

Ramoén Aguado ICMM-CSIC CSI C Icmm
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Iwo-dimensional chiral p+ip topological superconductor

® [he simplest nontrivial time-reversal breaking superconductor In
2D is the spinless p+ip superconductor

- —H _iA(px — ipy)
7BdG = ZA*(px =+ ipy) %!

HBdg(py — O) — Apgﬂ'y = ,uTZ

One-dimensional massive Dirac Hamiltonian (with Pauli matrices defined in electron-hole space). As
discussed by Jackiw and Rebbi (Phys. Rev. D 13, 3398, 1976), this one-dimensional Dirac Hamiltonian
contains zero energy bound states at interfaces where the mass term changes sign (which is our case as
we cross the =0 critical point)

S EXCELENCIA
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Iwo-dimensional chiral p+ip topological superconductor

® [he simplest nontrivial time-reversal breaking superconductor In
2D is the spinless p+ip superconductor

7 _ — () —iA(—10y — ipy)
BdG 1 A* (105 + ipy)) u(x)
[ —pp <0, forx<O0
,u(x)—i o >0, for x >0

B(x) ~ exp [— /Ox dx'“(f)] G)

N~ /dxexp —/Ox daz’u(zl)_ c(x) + ¢ (),

Zero enerqy bound states EXCELENCIA



Iwo-dimensional chiral p+ip topological superconductor

® [he simplest nontrivial time-reversal breaking superconductor In
2D is the spinless p+ip superconductor

Majorana zero modes
bound to vortices

Conduction Band

p< 0 Insulator n=0
trivial (a)
\v/\v/\\/k)/\v/\v/\‘/ EF

Quantum Hall

o State n=1
. Valence Band
. — 1 ——

Image from J. Alicea, “New directions in the pursuit of Majorana fermions in solid state systems”
Rep. Prog. Phys. 75, 076501(2012).

CsIC icmm ¢ gz
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First proposals more than 20-30 years old!

Two-dimensional p-wave
superconductor

.,

™ S

<

PN
il - /4
Y,

Majorana zero modes bound
to h/2e vortex

<

N. Read and D. Green, "Paired states of fermions in two
dimensions with breaking of parity and time-reversal
symmetries and the fractional quantum Hall effect". Phys. Rev.
B 61, 10267 (2000)
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The Kitaev model ‘

‘ ConsE 0 SUrERION OE INVESIGATIONES ClENTINCAS %

Kitaev, Phys.-Usp., 44, 131, 2001

N N—-1

—p (C Cj _) i [_ t(cjejrn +¢juacs) + Alejejrn + C;+10T)} ’
7=1 7=1

|d spinless chain with p-wave pairing

‘—‘—‘—t‘—‘_‘—‘

\/_\/_\/_A\/_\/—\/‘_\/

I T I
a C Cj+1 CN

CSIC icmm ¢ g
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The Kitaev model

Ramoén Aguado ICMM-CSIC

Kitaev, Phys.-Usp., 44, 131, 2001
_t

ConsE 0 SUrERION OE INVESIGATIONES ClENTINCAS

o - & 6 __ 6 6
\/_\/_\/_A\/_\/‘_\/_\/

M >
/

Decomposition In terms of Majorana operators

1 , 1 .
cj:—( ;-4—|—7/y35), c;r-:—(’yf—zfyf).

2 2
{”72477;3} = 20;;04B, 7 27;, 732 :7;2 =1

i EXCELENCIA
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The Kitaev model |

‘ CONSEX) SUMERION DE INVESTIGATIONES CIENTINCAS

Kitaev, Phys.-Usp., 44, 131, 2001
_t
\/_\/_\/_A\/_\)_-\J_kj

A .
C—VQ @ Y, :Cj_|_Cj-, nyB:z(cT—cj)

‘CSIC icmm ¢
. . ¢ SEVERO
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The Kitaevy model

Kitaev, Phys.-Usp., 44, 131, 2001

P N 27N AL ~ N ~

PN AN N
b—® - - - ¢ L ___d i e L e

A_B
1_|_w—7j 73 1}7

T_s—lt_ 'cmm EXCELENCIA
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The Kitaevy model

Kitaev, Phys.-Usp., 44, 131, 2001

Despite its innocent-looking form, this model is rather nontrivial:

* Majorana operators on the same site are now decoupled

on neighbouring sites are now coupled.

. . * long range coupling is established since Majorana operators
V5 Vi1

* The Majorana operators at the end of chain seem to have

disappeared from the problem...

0 pu =70

Ramoén Aguado ICMM-CSIC
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The Kitaev model

Kitaev, Phys.-Usp., 44, 131, 2001

ILL:
‘ E--- D O---D G---D G- ---D

/ZJse fermions across nearest neighbor bonds

Ly 5 . 4 N-1
= (A . 1

1 .:
T B : A J
4= 5(%' N Wm) -

p—t

H,7i'] = [H,v§] = 0.

GAPPED SPECTRUM+ZERO-ENERGY MAJORANAS AT
THE END OF THE WIRE (DECOUPLED FROM THE
BULK OF THE CHAIN)!I

< ) EXCELENCIA
I . SEVERO
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One-dimensional topological superconductor

Kitaev, Phys.-Usp., 44, 131, 2001

ILL _— — 2 . 25t Trivial Phase

L)
a
N
C S l C Icmm EXCELENCIA
% SEVERO
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One-dimensional topological superconductor

Kitaev, Phys.-Usp., 44, 131, 2001

p=—2t Gap closes

C s l C icmm EXCELENCIA
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One-dimensional topological superconductor

Kitaev, Phys.-Usp., 44, 131, 2001

/’L _ — ]_ . 75t Topological Phase

C s l C icmm EXCELENCIA
. SEVERO
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One-dimensional topological superconductor

Kitaev, Phys.-Usp., 44, 131, 2001

10— N R
(a)10000nm (isolated)
0.5~
The system is topologically
non-trivial (topological
‘ superconductor) for
I 00 P )
| | < 2t
-0.5+
0.0 1.0 2.0 3.0 4.0

C s l C i cmm EEEEEEEEEE
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i MAJORANA STATES T

1 =N Y2 = Y2

Arbitrarily far apart, the only limitation is the physical sample length

< >

Two Majorana quasiparticles at the ends of a one dimensional topological superconductor
form a single electronic excitation which can be arbitrarily delocalized.

—imy2 = (1 -2c'¢)

P ") EXCELENCIA
I . SEVERO
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Statistics under exchange

— (U

Bosons

CSIC 1Cmm @ sme
p SEVERO
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Statistics under exchange

— —|W

Fermions

CSIC 1Cmm @ sme
p SEVERO
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Statistics under exchange

ConsE X0 SUMERION DE INVESTIGATIONES CIENTINCAS

./

- E—

. Phase factors: the order of the exchange is irrelevant
-  Example 1/3 fractional QHE

A

J. Leinaas, J. Myrheim, Jan, "On the theory of identical particles" /| Nuovo Cimento B. 37, 1, 1977
Frank Wilczek, “Quantum Mechanics of Fractional-Spin Particles”, Phys. Rev. Lett. 49, 957, 1982

C s l C icmm EXCELENCIA
% SEVERO
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Statistics under exchange

‘ ConsE 0 SUrERION OE INVESIGATIONES ClENTINCAS

/

. Braid matrix: the order of the exc at
After the exchange, the ground state |

—
(

=

y

y

,/'I
f
i
|
| I
i
‘: I :‘ o % I

N

non-Abelian Ons

CSsIC icmm ¢
% SEVERO
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Fermionic ground state degeneracy

M
./
/Y1 M
Fermionic parity operator
Wiy PAyop

P:1—2ﬁ:1—20Tc:—i71*y2

Majorana zero modes encode ground state degeneracy _

A

Majorana zero mode is “half” a Fermion

1 . -
C — _(,71 _|_ 272) A Gap to higher energy

2 excited states

1
IOV |
¢t =5 —in) 0) —|1) = c'|0)

Locally indistinguishable ground states

Two fermionic parity ground states

b ) EXCELENCIA
Ramon Aguado ICMM-CSIC CS]C; Icmm . SEVERO
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Majorana zero modes as building blocks of topological qubits

M
N/
71 = 1 | 1 |
® v, ca==(m1+iv2) c==(y3+1ivs)
a3 2 %
N/ P 1 . o )
0 V4 cL = 5(% —1Y2) €= 5(73 — 174)
Two fermionic parity ground states
0,0) even ||0,1) = ¢1,]0,0) oda
1,1) = ¢!, ¢k ]0,0) [|1,0) = ¢4, ]0,0)
| 1) =10,0) 1) =11,0)
) =11L1) 1) =10,1)




Majorana zero modes as building blocks of topological qubits

VN
N/
Y1
./
a3
. —
\//74

We can define a Majorana qubit by
fixing the parity (even or odd) of the
total number of fermions and
construct the three Pauli matrices
using four Majorana zero modes.

Oy = —17Y273
Oy = _7:'71’73

T = _7’71 Y2,

Two fermionic parity ground states

‘0,0> Even
1,1) = clych]0,0)
1) =0,0)
1) =1,1)

0,1) = c}L]0,0) odd
1,0) = ¢'4|0,0)

1) =11,0)
1) =10,1)

The qubit stores quantum information non-locally
(through the spatially separated Majorana zero
modes) which gives rise to the concept of
topologically protected (fault-tolerant) quantum
computation (inmune to local errors/decoherence)

= EXCELENCIA
I SEVERO
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Non-Abelian braiding of Majorana zero modes ‘

‘ ConsE 0 SUrERION OE INVESIGATIONES ClENTINCAS

U12 — 6 7’4,7/1/7/2

-

,72 C’YQ
Y1 — =2 Uia|n) = 3172 |p)
Y2 — V1

Exchanging two Majorana zero modes generates occupancy dependent phase factors

(1 + 4)|0) U12\1>:i(1—i)|1>

1
Uis10) = —
12/0) NG >
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CONSEJO SUPERIOR DE INVESTIGACIONES CIENTIFICAS



Non-Abelian braiding of Majorana zero modes

Majorana zero modes encode ground state degeneracy
C Two fermionic parity ground states
Y2 : o, |O7 O> Even | (), 1> — Cé 0, O> Odd
= 1,1) = clyel]0,0) |[1,0) = ¢4]0,0)
./
73 ®n, 1) =10,0) 1) =11,0)

=111 1) =10,1)

Ulz\nh nz) = 6%(1—2”’1) |’fl1, 7”&2>

Usyg|ng, no) = 6%(1_2n2>|n1,n2>,

Occupation-dependent phase factors
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Non-Abelian braiding of Majorana zero modes

1
C Usz|ni, na) \ﬁ[|n1,n2>+Z(
Y1 4 v
= Us3|0,0) = —
V3 - \/_
\/’74

* Majorana exchange produces a superposition state of U23 ‘ ]_ ]_> —_—
different number states. : \/§
* Whenever two exchanges involve the same Majorana
zero mode, the braid operators do not conmute.

* The final state of the system after exchanging several
pairs of Majorana zero modes depends on the order of
the exchange operations, much like braiding cords in a
necklace, hence the name non-Abelian "braiding”
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Non-Abelian braiding of Majorana zero modes |
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TO BEAT BACTERIA, STOP MUTATIONS = GLOBALIZATION AND POVERTY

HowtoSave e Non-Abelian anyons and topological quantum
SCIENTIF IC e o computation, Chetan Nayak, Steven H. Simon, Ady
AM ERICA@]’ Stern, Michael Freedman, and Sankar Das Sarma,
BIZARRE PARTICLES .. Rev. Mod. PhyS 80, 1083, 2008

AND SPACETIME BRAIDS
SOLVE IMPOSSIBLE PROBL

COMPUTING WITH Bl e Non-Abelian states of matter, Ady
] ' Stern,Nature 464, 187, 2010

| e Majorana zero modes and topological quantum
i trick o computation, Sankar Das Sarma, Michael

Evolving Intelligence
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puggedin g+ i - Information, (2015) 15001.
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Physical realisations for engineering p-wave topological superconductors

Experimental
relevance
Experimentalists
listen
Non-Abelian
t even anyons,

late 1980°s @

Conceptual novelty

Jason Alicea and Ady Stern, “Designer non-Abelian anyon platforms: from Majorana to Fibonacci”,

Physica. Scripta. 2015, 014006, 2015 .



Physical realisations for engineering p-wave topological superconductors

Challenging experimentally:

eclectrons are spin-degenerate so we must freeze out halt of
the degrees of freedom to have an effective spinless system.
e p-wave superconductors are very rare in nature.

Clever proposals that overcome these challenges have the
same three main ingredients:

e — — Allows to use
1.Instead of using mtrmsm superconduchwty use | standard

~the superconducting proximity effect. T materials!!
2 Time-reversal symmetry breaking
3.Spin-orbit coupling.

_— - - - — —_— —_—

CsIC icmm ¢ g
, SEVERO
Ramon Aguado ICMM-CSIC e Wl B OCHOA




SINGLET/DOUBLET PHASE DIAGRAM

A

SINGLET PHASE (EVEN FERMION PARITY)

BCS-like singlet
U<<A i5)=ul0)— o] 1)

> Kondo-like YSR
U N A singlets

L
DOUBLET PHASE .
(ODD FERMION PARITY) \‘

D) =11),11)
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Spin-resolved Andreev levels and parity crossings
in hybrid superconductor-semiconductor
nanostructures

Eduardo J. H. Lee', Xiaocheng Jiang?, Manuel Houzet', Ramon Aguado?, Charles M. Lieber?
and Silvano De Franceschi'™




ZERO BIAS ANOMALIES IN CONDUCTANCE

Mourik et al, Science 336, 1003,2012 (Kouwenhoven, Delft)

it TR b

= Ti/Au == Ti/AIV
mm InAs Al
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NAGGING DEBATE ABOUT MAJORANAS IN HYBRID NANOWIRES

MAJORANA INTERPRETATION

Das et al, Nature Physics
8,887 (2012)

100

RESEARCH ARTICLE

TOPOLOGICAL MATTER

Flux-induced topological superconductivity in
full-shell nanowires

S. Vaitiekénas', G. W. Winkler?, B. van Heck?, T. Karzig?, M.-T. Deng’, K. Flensberg?, L. I. Glazman®,
C. Nayak?, P. Krogstrup, R. M. Lutchyn?*, C. M. Marcus'*

-2@0 -(Do 0 cDO 2cDO

~nanowires induced by flux-tunable Andreev states

nature
nanotechnology

Spin-resolved Andreev levels and parity crossings
in hybrid superconductor-semiconductor
nanostructures

Eduardo J. H. Lee', Xiaocheng Jiang?, Manuel Houzet!, Ramén Aguado3, Charles M. Lieber? :ﬁ::
and Silvano De Franceschi'*

/4

MESOSCOPIC PHYSICS

Nontopological zero-bias peaks in full-shell

Marco Valentini’*, Fernando Pefiaranda?, Andrea Hofmann't, Matthias Brauns'f, Robert Hauschild,
Peter Krogstrup®, Pablo San-Jose?, Elsa Prada®*, Ramén Aguado®*, Georgios Katsaros'*
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NATURE REVIEWS | PHYSICS  volume 2, pages 575-594 (2020)

-

From Andreev to Majorana bound
states in hybrid superconductor—
semiconductor nanowires

Elsa Prada®'®, Pablo San-Jose®?, Michiel W. A. de Moor?, Attila Geresdi?,
Eduardo J. H. Lee’, Jelena Klinovaja*, Daniel Loss*, Jesper Nygard®?>, Ramoén Aguado?
and Leo P. Kouwenhoven>°

Qé Subt Bulk topol Spatial Overlap of Spatial extension of 7z . . Non-Abelian
= ubtype uic topology Majorana components Majorana components ero energy pianing braiding
Standard: SO=0, Vz=0 trivial complete spread across | o ction/ no no
normal region
c trivial tial spread across junction /
. SO=0, Vz<Vz rivia partia normal region no no
9]
/M . trivial tial spread across junction/ only vs. Vz,
< strong SO, Vz<Vz rvia patha normal region rest fine-tuned 1o
coupled multiband + trivial hich spread across _
short-range inhomogeneity Hvia ' inhomogeneity approximate 1o
Shiba state trivial complete localized to impurity no no
o exponentially )
§ Long (L»&wm, VZz>V2°) nontrivial suppressed localized to edges yes yes
= c trivial tial localized to edges but no
Short (L=&m, Vz>Vz) nontrivia patha overlapping (Majorana oscillations) 1o
¢ Smoothly confined S trivial tial localized to smooth ed yes
"-‘g‘ g moothly confine rivia partia ocalized to smooth edge yes (parametric)
g § Smooth S'S/NS junction localized t h
» g | (nontopological MBS/ps-MBS/ trivial partial ocalizec to smoo yes yes
N . junction (parametric)
quasi-MBS/EP-MBS)
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Realization of aminimal Kitaev chainin
coupled quantumdots

Tom Dvir'?*™, Guanzhong Wang'?4, Nick van Loo"?**, Chun-Xiao Liu"?, Grzegorz P. Mazur'?,
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— s Parity qubits and poor man’s Majorana bound states in double quantum dots

Martin Leijnse and Karsten Flensberg

Degenerate even and odd ground states with zero energy excitations
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TWO-SITE KITAEV CHAIN USING A DOUBLE QUANTUM DOT SYSTEM k e——

Hy = ,LthJ{Cl + [LgC%CQ -+ (tC.{CQ + Acico + HC)
ttttt pled d A-coupled Many bOdy baS|S
|00) + [11)
\/E

|00) [11)

— e | 10),101),{00), [11)

1951 L 0 0
bt a0 Hi = L ob2 O .
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Analogy between a local spin qubit and a nonlocal
charge qubit based on DQDs in the language of

the large gap superconducting Anderson model DOU bl et
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