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Overview

- Motivation — Why look for topological superconductivity?

- Short intro to superconductors (SCs): spin-singlet vs spin-triplet
- Spinful p-wave SCs and the spinless limit: Kitaev's chain

- Majorana fermion guasiparticles and quantum computing

- 41t-periodic Majorana-Josephson effect
- Symmetry and topological classification of phases of matter

- Artificial and effective (intrinsic) p-wave superconductors

- Conclusions and outlook
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Flow towards topological superconductivity

Material Unconventional
Science superconductors

Anyonic
guasiparticle
excitations

Quantum Fault-tolerant
Computing Q-computing

I: Neither bosons nor fermions, allowed in two spatial dimensions <

Effectively 2D systems in the presence of interactions

Fractional quantum Hall systems and topological superconductors
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Classical vs Quantum computing

Candidate qubits:

Electron spin, photon polarization,
atomic levels, superconducting devices
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Classical vs Quantum computing

Candidate qubits:

Electron spin, photon polarization,
atomic levels, superconducting devices

t B field

Bloch sphere

Classical

spin-up |*>

Superposition of
guantum states

Laser Pulse

Quantum computing:

1. Single-qubit operations
2. Joint-qubit operations |$> spin-down




The Quantum-Computer Promise

Pattern
Medicine Recognition
Search

New Materials,
Devices,

Many-Body
Systems

uasiparticles o
Big-Data 2uasip Artificial
Intelligence
Chemical
° Reactions



The Quantum-Computer Status

Davide Castelvecchi Nature news 2017

Quantum computers ready
to leap out of the lab



The Quantum-Computer Status

Trapped ions

Monroe Maryland @ lonQ

Superconducting qubits
Martinis UCSB @ Google
Schoelkopf Yale @ Quantum Circuits
Rigetti and IBM

Majorana qubits

Marcus and Kouwenhoven @ Microsoft




Topological vs conventional qubits

= Conventional qubits are vulnerable to noise and decoherence

1. Superconducting qubits suffer from noise e.g. 1/f
2. Spin qubits in quantum dots couple to nuclear spins

= Topological qubits are in principle immune to decoherence & noise



Topological vs conventional qubits

= Conventional qubits are vulnerable to noise and decoherence

1. Superconducting qubits suffer from noise e.g. 1/f
2. Spin qubits in quantum dots couple to nuclear spins

= Topological qubits are in principle immune to decoherence & noise

= Topological qubits rely on many-body ground-state degeneracies

Kitaev, Annals of Phys. (2003) and Nayak et al., Rev. Mod. Phys. (2008)
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TQC and Anyon Braiding
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TQC and Anyon Braiding

(I

)

t>0

o

)

t=0

Ground state degeneracy due to zero-energy quasiparticles

Y1

V2

Spatial exchange

Topological quantum computing
only if quasiparticles are anyons

Non-Abelian exchange statistics

Y1 T2 Ising

Y2 = —71

anyons

Majorana fermion quasiparticles



TQC and Anyon Braiding
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t>0

00 ()L,

Ground state degeneracy due to zero-energy quasiparticles

Y1

V2

Spatial exchange

Logical qubit - Braiding




Majorana fermions
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Ettore Majorana 1937



Majorana fermions

Neutrino is the major
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Majorana fermions

Neutrino is the major
Majorana-particle candidate

rd Self-conjugate solutions of the Dirac equation

Al i

Ettore Majorana 1937

Hypothesis' test experiment

Neutrinoless
double beta decay




Majorana fermions @ zero energy
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Majorana fermions @ zero energy

Vs = ] Vs, Vs } =059 295 =1

Non-locality & protection

ab [0) = |1)

Ettore Majorana 1937

Y1



Majorana fermions @ zero energy

S N ST P PN

. V1 + 17y 2 _

aogp —
V2
Non-locality & protection

Ettore Majorana 1937

T _
ag [0) = |1)
71
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Majorana fermions @ zero energy

o=l et = by 22 =1

| o B Y1 -+ 7;72 2 0
.. an =
- ’ V2

Non-locality & protection

ag [0) = |1)

71
Braidi phase  10) — ¢740)
raiding - .
gate 1> ; 6—m/4 1>
2

MF topological quantum computing is hon-universal!




Superconducti

Based on the
Meissner effect

Levitating magnet
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Conventional superconductivity

Zero resistance below a critical temperature
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Conventional superconductivity

Bardeen — Cooper — Schrieffer theory 1957
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Conventional superconductivity

Bardeen — Cooper — Schrieffer theory 1957

*>—0—0—9 > >
e e
= © phonon
4@/0—@\@7
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e e

Effective attractive interaction for B T
electrons near the Fermi level V=-g Z wkﬁb—kﬁb—k’iwk’T

kK’
k, " - .
Spin-singlet Cooper pair (Yg+—_g)) 7 0

k. Only the particle number modulo 2
’ - aka fermion parity - is conserved
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Unconventional superconductivity

Additional symmetries are completely or partially broken

Spin-singlet Cooper pair (ferr—k) # 0

Heavy fermions & High-Tc Cu- or Fe-based: [fg ~ cosk; =& cos k,

Spin-triplet Cooper pair  ( fxag¥ka¥—ks) # 0

Ruthenates, Organic superconductors & Bechgard salts, UGe2

e e

Different Cooper-pair glue >
Collective excitations, e.g., —>
(ant)ferromagnetic spin fluctuations
> >




Mean-field decoupling in the Cooper channel

Assume the general case of a four-fermion interaction:

1
_ _ = E A _ - _
V= 9 - Vabcd ¢a % wc de ‘/bacd — Vabdc — Vabcd

Pl =< i) > +olyl— <ylvl >
- » deviation
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Assume the general case of a four-fermion interaction:
1
V= _5 Z Vabcd w; wl]; ¢c wd ‘/bacd — Vabdc — _Va,bcd
a,b,c,d

Apply mean-field theory -

it~ < il > +plyl— < iyl >
- » small




Mean-field decoupling in the Cooper channel

Assume the general case of a four-fermion interaction:
1
V= _5 Z Vabcd ??l wl]; ¢c ¢d ‘/bacd — Vabdc — _Vabcd
a,b,c,d

Apply mean-field theory -
il < iyl > +¢W < i) >

| » small
~ 5 Z Vived < @blwb >< Petpg >
a,b,c,d
1 1
2 Z Vabed < ¥ethg > wlwg 9 Z Vaabed < wlwg > Yetpd
a,b,c,d a,b,c,d
Cooper pair order parameter: Agp = Z Veabed < Wehg >

Aba:_Aab a;b,¢.d



Mean-field decoupling in the Cooper channel

Thus we obtain:

Z A abchdc + — Z (wTAabwb T ¢aAba¢b)

abcd a,b

with: Z Vabred V™ dert = 0a10bk

Add free fermion Hamiltonian: Hg = Zwlﬂo,abwb
a,b

with:
H()k,ab — Hoaba’



Mean-field decoupling in the Cooper channel

Thus we obtain:

Z A abchdc + — Z (wTAabwb T ¢aAba¢b)

abcd a,b

with: Z Vabred V™ dert = 0a10bk

Add free fermion Hamiltonian: Hg = Zwlﬂo,abwb
a,b

with:

H()k,ab — Hoaba’
Obtain Bogoliubov — de Gennes Hamiltonian:

. Hoaw Ag W
HMF:§Z(¢ wa)(—OAZZ _Hgbab>< T)




Mean-field decoupling in the Cooper channel

electrons

H A
HpBac = ( —AO* s ) holes Pauli matrices: T

= Hi'r, + Hy'il + A%ir, + ASir,
Charge-conjugation symmetry: = Hpqa= = —Hpac

Antiunitary operator: = = 7, <— complex conjugation



Mean-field decoupling in the Cooper channel
electrons

H A
HpBac = ( —AO* s ) holes Pauli matrices: T

= H)'r, + Hil + AVir, + ASir,
Charge-conjugation symmetry: ET”HBdgE = —HBac
Antiunitary operator: = = 7, <— complex conjugation

The above implies that for every solution:

U U
Hpdc ( UV > =L, ( UV ) there is another one satisfying:

_( u _( u o u, vr
Hpaa = Y = —F <= Y with = — v
v, g v, v, u



Spin- singlet vs triplet superconductivity

Assume the electron guantum numbers: wave vector & spin
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Ak,—k:—|—q - E :sz,kz’,q < w—k’+q,v¢k’,5 >
k/

' f

ACB _ _ABPa Finite center-of-mass
k,—k+q —ktqk momentum for the Cooper pair

Pair density wave
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Spin- singlet vs triplet superconductivity

Assume the electron guantum numbers: wave vector & spin

af _ afByo
Ak,—k:—|—q - E :Vk,kz’,q < w—k’+q,v¢k’,5 >
k/

' f

ACB _ _ABPa Finite center-of-mass
k,—k+q —ktqk momentum for the Cooper pair

Pair density wave
al B
Ak,—k = ALk

For zero Cooper pair momentum:
afl Ba
QA =A% D

Spin-singlet: Ay — —Aﬁc — ATfk ~ Agio, A_p = Ag

Spin-triplet: Azﬁ = —A?‘;‘c — —Ao‘i ~dy - oi0, d_jp = —dj



Basic types of spin-triplet superconductivity

Helical spin-triplet Time-reversal 7@ g
superconductivity in 3D symmetry — 10y

~2
Heac(p) = Ap-moo + (1= e )
T
AN

Akin to the massless Dirac Hamiltonian

Chiral spin-triplet superconductivity in 2D

X X X ﬁ2 Broken
HBdG(P) = A (pa:Ty _I_pyTa:) | o — Er ) 72 time-reversal
symmetry



1D p-wave superconductor in a magnetic field

X d al
-4
}J—% Assume that: d;, = dsink
o )

: ek—h o d. - o
HMF_ Z\Ij ( —Ek—hwa')\ljk

with: \If};: ( w,:T wlii Y_k| —w—m)

We neglect the spin-orbit coupling



1D p-wave superconductor in a magnetic field

1 5k—h o dk°0'
e =y S (T L )

Ey :::\/gz—l—h2—|—|dk|2 T 2\/|dk h‘2 (é‘kh—ldk X dj /2)

/

i(d x d*) - h e sin® k
Sigrist and Ueda RMP 1991
Hyart, Wright, Rosenow PRB 2014

Magnetization:
Mercaldo, Cuoco and PK PRB 2016

M ~id x d”



Landau approach @ zero temperature

The total energy of the system reads:
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Landau approach @ zero temperature

The total energy of the system reads:

e ZE e

By expanding up to quartic order in the order parameters:

1

Pldd) = (4 = xo ) P+ gldl* = #ld x

+gi(dx d*)-h+4'|d- h|’

Hyart, Wright, Rosenow
PRB 2014



Landau approach @ zero temperature

The total energy of the system reads:

e ZE .

By expanding up to quartic order in the order parameters:

1

Pdd) = (4 = xo ) P+ aldl* = 5ld x

+gi(dx d*)-h+4'|d- h|’

Hyart, Wright, Rosenow
PRB 2014

The d-vector reorganizes so to maximize: |h x d| and |d x d™|

Mercaldo, Cuoco and PK PRB 2016



Spinless limit
For a strong Zeeman field along the z axis one obtains:

d = d(—i,1,0)

l+o,
d-oio, ~ i J;U

bl ot
PPtk

Equal spin-pairing state ~ previously discussed in superfluid *He



Spinless Kitaev chain
A.Y. Kitaev, Phys.-Usp. 2001

chemical potential n.n. hopping p-wave SC
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Spinless Kitaev chain
A.Y. Kitaev, Phys.-Usp. 2001

chemical potential n.n. hopping p-wave SC

\ v 4

_ i i .
Hy =) (_“Tcmcm t E4CnpCniry T ByCnpCniay + h°c')

n

“v+ @& @ @ @ 0 0 0 O

nt ’Y’n’l‘ A/

Reality condition: %T = Vny and ’YnT = ’}/m




Spinless Kitaev chain

Topologically trivial phase

_ T i
Hy =) ( t%” T A%H + h-C-)

“r @& @® @ O O O 0 ¢

=~ 00000000



Spinless Kitaev chain

Topologically non-trivial phase

.I.
Hy =) ><fm+tcm Cugrr F Dyl n+1¢+hc)

“+ @& @& @ @ 0 0 O O

Ynt

;?J/’nT

. , . %

Kitaev's unpaired MFs



Spinless Kitaev chain: General case

chemical potential n.n. hopping p-wave SC

\ ' /

_ i i to
Hy =) (_“Tcmcm + L4Cn1Cntrr T BplnpCpgar + h-C°)

n

‘“r+ @& @& @& @& 0 0 O O

Solve Bogoliubov — de Gennes equation:

nt E : Uns Upg sT E Uns
p— » _|_
( Cjo ) ( Uns  Upg ) ( CLZT ) ( Uns >%T

S S



Spinless Kitaev chain: General case

chemical potential n.n. hopping p-wave SC

Yt \ l / PRt

f N |

Hy =), ( mm b Coyar + Ageyy n+/” h-C°)

‘. 6 e ® @ @ & ‘e 9

Solve Bogoliubov — de Gennes equation:

Cnt paay Uns U:s st = Uns \
()= (i i) ()= 2 (i )

nt s ns st S Uns

Ground-state: two-fold degenerate: 1,21 2¢4] > | e



Degenerate ground state

E4#£0
as|0) =0 0) = ag H as |vac)

S



Degenerate ground state

E4#£0
as|0) =0 0) = ag H as [vac)

71 Y2
@ the sweet spot:
Y1 Y2



as [0) =0

@ the sweet spot:

_ 2

Degenerate ground state

8h! Yo
Y1 + 12
apgp —



Degenerate ground state and braiding

:1—|—CJ{T (:I—I—(:Jr

Co _ _ 2
7 vac)  |1) =ag|0) = 7 vac)

[ [ 0 -1 71
ot 1)U = !
(3)7=(7 9 )(3)

0)



Degenerate ground state and braiding

1 T T T T
0) = — 3% jvac) 1) = a |0) = T2 vac)
V2 V2
S\ (0 —1 gal
o (3)o=(7 0 ) (%)
Similar to a rotation matrix: RZ = ( C?SH —sinf )
n sinff  cosf

{71,792} =0 (V271)? = (V272)* =1

{04,004} =0 ai’y =1



Braiding operator

/2 + O r S /2 L 0 -1 O
R, ((@)Ré _<1 0 ><0y>

- . . pm/2_ [ cos(m/2)  —sin(m/2)
Similar to a rotation matrix:  RL/~ = ( sin(r/2)  cos(m/2)



Braiding operator

Sr/2 1 O ST/2 0 —1 O
[R2]<0y>722 _<1 O><ay>

- . . pm/2_ [ cos(m/2)  —sin(m/2)
Similar to a rotation matrix:  RL/~ = ( sin(r/2)  cos(m/2)

RO — o—105:/h _ ,—ib0./2 RT/2 _

Z =<

e—iwaz/él

o, = —io'xo'y — —’L.Q’)/l”?g = —(azr)aO — aoag)



Braiding operator

sw/210 [ 0z \pw/2 (0 —1 o
w0 )= (0 ) (5

- . . pm/2_ [ cos(m/2)  —sin(m/2)
Similar to a rotation matrix:  RL/~ = ( sin(r/2)  cos(m/2)

R,Qé _ e—zeSZ/h _ 6—290z/2 Rg/2 _ 6—@'770;;/4
_ = — 27175 = —( T T)
Oy — =100y = —147Y17)2 — anao aogQ

(agao — aga)) |1) = +1]1)
(a}ao — agal)|0) = —10)

Fermion parity operator




Majorana fermion braiding

71 (a) Y2
gal S
T-junction (b) ’}‘2
Alicea et al.,

Yo Nat. Phys. 2011 \\

"1

(c)

V2 <

0) — eT7/410) .
1> %e—iw/él 1> ’TIE c (d) & "fll




Majorana fermion braiding

Y1

T-junction

Alicea et al.,
Nat. Phys. 2011

V2

P« + tpy superconductor

i/ o/

Majorana fermions become trapped
In superconducting vortices

Y1 (a) Y2
>
(b) V2

Y2 -

Y1
Yo (d) Y1
e €—Q



Majorana fermion braiding: effective

Inter-nanowire
Majorana Josephson couplings

H1o = J cos <901 ; SOZ) 1Y1Y2

Intra-nanowire
Majorana Capacitive couplings

Y-junction
van Heck et al., NJP 2012




Universal quantum gates

All qubit operations can be efficiently approximated by the set:

Hadamard gate: H = % ( 1 _11 )

i /4
Phase gate: Braiding = ( ‘ 0 —971'/4 >

[
\ 0

6’L'7T/8 0
Magic gate: /8 Gate = _in/8

o O =

Controlled NOT: cNOT =

Sl
)
o O = O



Majorana fermion braiding: non-universality

PHYSICAL REVIEW X 6, 031019 (2016)

Universal Geometric Path to a Robust Majorana Magic Gate

. - 123 «; 4 - . 1,2 . 3.5
Torsten Karzig, Yuval Oreg,” Gil Refael, ™ and Michael H. Freedman

The magic gate is not accessible in a protected manner

Other types of non-Abelian anyons are required with
the simplest being the so-called Fibonacci anyons

Fractional quantum Hall system v; FQH State (Zx); Anyons:
1/3; Laughlin state ; Abelian

X B, .A:yms 5/2;Moore-Read(Zs);Majorana

12/5;Read-Rezayi(Zs3);Fibonacci



Periodic table of topological systems

Symmelries: d

Class | G2 =2 mi|i1 2 3 4 5 6 7 8
A 0 0 O |- Z - Z - Z — T
Alll 0 0 i 7 - Z - Z - 7 -
Al 1 0 0 | — — — 2 — Zn Zn 7
BDI 1 1 1 |z - - = 22 — Zo Iy
D 0 1 0 |Zo Z — — — 2L — I
DII | —1 1 1 | Zy Z, Z — — — 20 ~—
Al | —1 0 0 | - Zo Zo, 7 — — — 27
CIll | —I ~1 1 |22 - Zo Zo Z - — —
C 0 —1 0 — 24 — 4p 4y Z - =
CI 1 —1 1 | = = 22 — Zp Zo 7 —

A. Altland and M. R. Zirnbauer PRB 1997: Kitaev AIP Conf Proc 2009:
Ryu et al. PRB 2008 and NJP 2010; Hasan and Kane RMP 2010



Topological classification principles

H = %/drﬁﬁ(r(ﬁ(ﬂ BdG Hamiltonian

AN

V() = (vl ] (), (), 91 ()

3 allowed symmetries per irreducible Hamiltonian subspace

Generalized time-reversal symmetry (antiunitary):

H(p,r),0] = 0= O~ "H(p,r)O = +H(p, )

Generalized charge-conjugation symmetry (antiunitary):

(H(p,r),Z} = 0= EYH(p,7)E = —H(p, )

Chiral symmetry (unitary): {H(p,r), O=} = {H(p,r), I} = 0



Bulk spinless Kitaev-chain model
B.Z.

) ( Cht Ot )

k

!

2
+2t, cos(ka) — pu, A, sin(ka) Cpor
A, sin(ka) —2t, cos(ka) + p, c]L_ﬂCT

T —

g(k) = (A4 sin(ka), 0, 2t4 cos(ka) — p+) BDI class

Winding 1 0g(k)
number © T of dk( (k) ok ’




Bulk spinless Kitaev-chain model

(a) Trivial g(k)
k
Yy vy vy vy v¥“y vy vyvyvyv vy v Yy vy vy vy Y Y Y v evny
(b) Single-Twist g(k)
| f‘ilk"‘?
y « ¢ | d r v k



Bulk spinless Kitaev-chain model

k+ dk

k
Sl w g‘|‘dg

\% w € 4,

|
= — d
@ 2T 14



Bulk spinless Kitaev-chain model

Malin contributions from: k£ = 0, g

exactly when the bulk energy gap closes

E(k=0)=+2t, =y, =0 < Fora single only

B(k=")= -2t —p, =0 4 onegapclosing
a

_ Sgn(QtT + ,MT) + SgH(QtT — MT) _ I+ Sgn(QtT — ,LLT)
/ 2 \ 2

T
k = k=0

a

w



Are there any alternative topological SCs?

Where should we look for them ?




Periodic table of topological systems

Symmetries: d

[

Class
A

< (1)
!
=} Ban)
t
B ] e
23
S ES
N
oy
]
o0

pl @}

Alll 0 0 1 Z7 - Z - Z - Z -
Al 1 0 0 — = = 24 — o Zn Z
BDI 1 1 1 7z - — = 2Z — Zy Z

D 0 1 0 |Z, Z - — — 2 — I

N
o
N
ol B
=

|

|

|
r
I

|

DIII | —1 1 1 ) 7,
All —1 0 0 | - Zy Z, Z - - - 2L
CIl | —I —1 27— 7o 7, 7 — -

|
3

f— B
|
-
]

:"'-"‘:":l [Re— 1
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Periodic table of topological systems

Symmetries: d

SERR)
= =]
!
B ] e
™
SIS
N
o)
]
oC

A

Class @
0
)

Alll 0 1 Z7 - Z - Z - Z -
Al 1 0 0 —  — — 27 — o Yn Z
BDI 1 1 1 7 - —WN—- 2Z - Zo 7

D 0 1 0 |Z, Z -1 — — 22 — I

N

o

ol S
[

|

|

|

12

]

|

DIII | —1 )

All | —1 0 0 | — Zop Zop Z — — — 27

CII | —1 1 T 22 - 7, Z», 7 — — —
(

C 0 _
CI 1 _

|
I
I
|
B
()

|
|
J
|
N | N
[
AN
“
BN
|




Symmetry classes supporting MFs

Vo= [ dr [0 al0)04 () 4 0] o)) + w0 (O1) + 1,0 ()0 1)

Class| 6 II]11d|2d|3d
BDI |[+I|+I{I[Z]0]0
D O |4+I1|0|Za| Z | O
DIIT | -1 [ |Zo|Zo| Z

Here we focus on 2D, quasi-1D and 1D systems




Microscopic model for engineered TSCs

H= [ar it [——ﬂ+v<> M(r) - | b

+ [ ar gt L B
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Classification of engineered TSCs

Case v(r) M(r) A(r) 2D quasi-1D 1D

I v X K=1 DIII DIII no MFs
I1 v X K=0 D D no MFs
11 X K=1 K=1 BDI BDI BDI
IV X K={0,1,0} K={I,0,0} D D D
V v K=1 K=1 D D BDI
VI v K={0,1,0} K=1{,0,0} D D D

| |

! PK, NJP 2013

Complex conjugation operator
{v(r), pzoy — Pyoz}

2

-Q(T)



Classification of engineered TSCs

Case v(r) M(r) A(r) 2D quasi-1D 1D
I v X K=1 DIII DIII no MFs
I1 v X K=0 D D no MFs
111 X K=1 K=1 BDI BDI BDI
IV X K={0,1,0} K={I,0,0} D D D
V v K=1 K=1 D D BDI
VI v K={0,1,0} K={I,0,0} D D D
PK, NJP 2013

Chiral symmetry: {#H,II} =0
Time-reversal symmetry: [H,0] =0

Charge-conjugation symmetry: {H,Z} =0



Classification of engineered TSCs

Case v(r) M(r) A(r) 2D quasi-1D 1D
I v X K=1 DIII DIII no MFs
11 v X K=0 D D no MFs
111 X K=1 K=1 BDI  BDI BDI
IV x K={0,1,00 K=1{I.0,0} D D D
V v K=1 K=1 D D BDI
VI v K={0,1,0} K={,0,0} D D D
PK, NJP 2013
Chiral symmetry: {H,II} =0 Il = 7,0,
Time-reversal symmetry: |[H,0]| =0 Broken
Charge-conjugation symmetry: {H,=} =0 = = T,0,K

A2
H = (p_x — ,LL) T, + Dy 70y + Mo, + AT,
2m



Topological superconductivity in nanowires

Kinetic term+chemical potential Spin-Orbit coupling Zeeman field SC gap
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Delft experiment
Mourik et al., Science 2012



1D nanowire: spin-orbit coupling (SOC)

It ! 1

(hk)? (hk)?

2m 2m

- vhko,

Broken inversion symmetry:
electric field



1D nanowire: SOC and transverse field

(hk)? (hk)?

2m 2m

- vhkoy, +Mo,

Zeeman field lifts
Kramers degeneracy



1D nanowire: adding a superconducting gap



1D nanowire: adding a superconducting gap

A gap opens A gap opens
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Topological superconductivity in nanowires

Sufficiently
high magnetic field

1\ — Topological
XY Superconductor
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edge quasiparticles

Delft experiment
Mourik et al., Science 2012



Topological superconductivity in nanowires

Topologically
non-trivial phase

Majorana \
fermions e

Zero-energy
guasiparticles

The bulk gap closing @
k=0
drives the topological phase transition

Delft experiment
Mourik et al., Science 2012



MF signatures in zero-bias anomaly peak
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Other nanowire experiments

MFs
or not
MFs?

Rokhinson, Liu and Furdyna, _ ) nm
Nat. Phys. 2012
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Lee et al., Nat.
Nanotech. 2014 Churchill et al., PRB 2013 A. D. K. Finck et al., PRL 2013
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Das et al. Nat. Phys. 2012
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Detecting MFs In topological SC islands

q 0 g (e’in) 02
-

Charging effects
Fu PRL 2010



Detecting MFs in a nanowire-Qdot system

M-T Deng et al., Science 2016
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Scalable devices and networks

200 nm

10 pm A
e

Krizek et al., Phys. Rev. Mat. 2018.




A twist: MFs in magnetic atomic chains

o N nanomagnets
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Proximity of SC+helical magnetism

Nadj-Perge et al., PRB 2013 Pientka et al., PRB 2013, 2014
Nakosai et al., PRB 2013 Kim et al., PRB 2014
Braunecker et al., PRL 2013 Poyhonen et al., PRB 2014
Klinovaja et al., PRL 2013 Li et al., Nat. Commun. 2016

Vazifeh & Franz, PRL 2013 Rontynen & Ojanen, PRB 2014



Helical magnetism and synthetic SOC

induced topological spiral order of
superconductivity magnetic moments

= /

Majorana
bound state

/

superconductor

Braunecker et al., PRL 2013

Electrons feel a helical Zeeman field

M cos(Qx)o, — M sin(Qz)o, = Me'@*74/2¢ =107y /2



Helical magnetism and synthetic SOC

induced topological spiral order of Majorana
superconductivity magnetic moments bound state
N /

A 3 Braunecker et al.,
PRL 2013
superconductor

Electrons feel a helical Zeeman field
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Effective spin-orbit coupling in momentum space
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MFs in STM-probed magnetic adatom chains

STM N
tip WL PR A I
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Nadj-Perge et al., PRB 2013




MFs in STM-probed magnetic adatom chains
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Nadj-Perge et al., PRB 2013
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MFs in STM-probed magnetic adatom chains

Nadj-Perge et al., PRB 2013

Ferromagnet

Nadj-Perge et al. Science 2014

FM STM tip
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Sun et al., PRL 2016
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Recent spin-resolved measurements
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Conclusions and Outlook

- Find functional p-wave superconductors
- Or Intrinsic topological magnetic superconductors due to textures
- Parafermions, Fibonacci anyons and universal Q-computing

- Topological phases and interactions beyond mean-field theory

- Majorana manipulations and braiding in nanowire systems

- Floquet and non-Hermitian topological systems



Thank you !!1!
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