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Majorana fermions, key aspects

@ Majorana fermions as quasiparticles Ordinary ~ Unconventional
in unconventional superconductors. A -

A. Kitaev, Phys.-Uspekhi, (2001)
Ty =T}

M. Z. Hasan & C. L. Kane, RMP (2010)

A key ingredient:

@ Particle-hole symmetry (+E).

Key properties:
@ Chargeless, {5, Tm} = 20n,m.

@ Non-Abelian anyons,
Un,n+1 = exp(—%Fnrn+1).

D. A. Ivanov, PRL (2001) { |0), [1) = af |0) }
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Envisioning braiding with vortices

@ Majorana fermions bind to vortex

COr€S. N. Read & D. Green, PRB (2000)

o Hybridization:

4 x £Agexp(—R/E),

llli (lI!A + I‘u/\//)

7

M. Cheng et al, PRL (2009)

@ Pinning force (MFM, STM,
lasers) depends on parity.

@ Limitations: poisoning time,
temperature, intrinsic TSC.

E. W. J. Straver et al, Appl. Phys. Lett. (2008)
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Proximity induced superconductivity

o Fu & Kane: topological insulator + conventional superconductor:
L. Fu & C. L. Kane, PRL (2008)
¥f Vortex Majoranas. Majorana —
M Magnetic gap. Superconductor ! \ /— Dirac fermions
i Superconducting gap.

VI A-M edge: :\:lg"et
chiral Majorana.

— Topological
Magnet insulator
down

i Mi—M, edge:
chiral Dirac fermion.
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© Beam-splitter interferometry
[HSR, S. H. Simon, PRB (2018)]
@ Protocol and key signatures
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Beam-splitter interferometry

@ Interferometry on a topological insulator surface.

@ Electron/hole transfer:

<we> _(7;e 7deh><'¢}e)
Uh drain The  Thn ¥ source ’
—_——

pe

intt+ikh 0
T(e)=s'(E) () R S(E)

S(E < Ag) = \2 (}

L. Fu & C. L. Kane, PRL (2009)

A. R. Akhmerov et al., PRL (2009)
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Differential conductance signature

dV ITt=0

2e? 2e?
e - e

nm eV(SL)
2 2Vm

n: # flux quanta, vp,: Majorana velocity, 6L =/h — kb, V: bias voltage.

Remarks: Our work:
@ A Zj interferometer. o Add vortex-edge coupling.
@ No oscillations for §L = 0. o Add surface-bulk scattering.
@ Assumptions: no dephasing. @ Spoiler alert: stringent size
limitations.
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© Beam-splitter interferometry

[HSR, S. H. Simon, PRB (2018)]

@ Vortex-edge coupling: lower size bound
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Vortex-edge coupling: one arm

Method:
@ Add tunnel coupling.

@ Equations of motion = phase acquired p. Fendley et ai, Ann. Phys. (2000)

6L = 2iA1(0)&o

0
& §1r )
E+iz— |
2v, (34
s D GrR=——T37 € &
E — 3y
Vm
&or §2r

o E > )\?/(2vp): Vortex-Majorana “not felt”.
e E < \?/(2vm): Vortex-Majorana “absorbed” by the edge.
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Vortex-edge coupling: both arms

0L = 2i[M1&1(0) + X22(0)] o

A &1 _ &1
’ ! <§2> drain a M(E) <§2> source

&or §or

o When \; = \o: U(E —0) = (_01 01> :

@ Cross-tunneling assisted by the vortex! This mechanism was
suggested to achieve braiding. v-r. zhou et al, arxiv:1811:03230
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Distorted conductance

dlsc _2e? 2<n7r eViL A2

av lr=o ~ n " +arctan [2vmeVD

2+2vm

@ Voltage range:
N2 /(2vm) < eV < min{Mp, Ao}

© Ao pexp(=R/E), £ = ve/Do.

@ Require R > €&.

- S L. eV [peV
5 10 15 20 &V keVl

@ BixSes: Ag~ 0.1 meV, £ ~1pum, u~ 100 meV by doping.
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© Beam-splitter interferometry

[HSR, S. H. Simon, PRB (2018)]

@ Surface-bulk scattering: upper size bound
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Scattering on a conducting lead

Motivation:
@ Most topological insulators are poor bulk insulators.
B. Skinner et al, J. Exp. Theor. Phys (2013)

@ Surface states not protected from surface-bulk scattering.

K. Saha & I. Garate, PRB (2014)

Scattering: ) ) . HH "
(&rymm2)" = A(E) (&1, m1,m2) ;

n —t1 O A
A(E <K Ao) =\t n 0] € SO(3) &1L &R

0 0 n S < D

o Low energy: rn = 1. J Lietal, PRB (2012)

o Drain current: Ip(V) = nlpo(V).
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From multiple leads to the continuum

@ Scattering onto a collection of leads: Ip(V) = Ipo(V) HJN:1 rn;.

o Continuum: limy_,oo /Y = exp(—¢/0s):

d/SC d/SCO _g/gs e2 Yy
=we 200 (11— /s
v~ av &t e

@ Estimate /5 with Fermi's golden rule:

I-ISHBlp(EF) =27 z|g[1(r|rllfk’|2|FS,k”;B,k/7n’|26(§B,n/,kl — EF)
K,n'
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Tuning of the chemical potential

e From numerics: Ege) = Ve /T3P ~ 0.1 mm.

e The Majorana scattering length: Egm) ~ (vm/v,:)4€(se).

Impose Egm) 2 &= vp/ve 2 0.4. Analytically: v, /ve = —'11_(57/;32)2-

L. Fu & C. L. Kane, PRL (2009)
Assume Mg > |u|. Then || < 0.1 meV.
Charge puddle fluctuations: dp =~ 10 — 20 meV!

X

<«
10 meV I 240 A

H. Beidenkopf et al, Nat. Phys. (2011)

(paw) 93
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Summary part |

@ Lower size bound: R = &.
@ Upper size bound: R < Egm). s

@ Well-studied topological insulators, e.g. BixSes,
Bir Tes, SbyTes, unsuited.

@ Possible future directions: iron based
su perconductors (|arge ga p) D. Wang et al, Science (2018)

o Putative topological Kondo insulator SmBg.

X. Zhang et al, PRX (2013)

R < (M
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© Finite temperature effects
[HSR, R. llan, T. Meng, S. H. Simon, F. Flicker, arXiv:1901.09933 — SciPost]
@ Vortex core states
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Vortex core states in chiral superconductors

@ Mean-field treatment:

o (1) =2 (1)

@ Quasiparticles:

Fom [ @r (urd0) + v ()
e Majorana solution ug = v§ in vortex core, A = A(r)e'#:
io— L [raqy ’
UO(r7 90) = NJl(kFr)ew = Jo dr'A(r )'

N. Read & D. Green, PRB (2000); M. Cheng et al, PRB (2010)
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Hybridization in a two-vortex system

@ Tower of bound states with spacing
e ~ AZ/EfF (the “minigap”).

C. Caroli P. D. Gennes, J. Matricon, Phys. Lett. (1964)
@ Two-vortex hybridization:

2A¢ cos (keR+ T) o
TR JkeR

M. Cheng et al, PRL (2009)

EQ 7 E+ =~

@ Q: What is the effect of thermal
occupation of the CdGM states?
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© Finite temperature effects

[HSR, R. llan, T. Meng, S. H. Simon, F. Flicker, arXiv:1901.09933 — SciPost]

@ The parity disparity

Henrik Schou Rgising Theory Seminar University of Oslo 2019



The projected partition function

@ Fermion parity conserved. p=+l
—_— | ——|——
@ Grand canonical ensemble: project unconstrained T
partition function,
——|—o— | ——
1 - EESCETTAEE 3
Zy 5[1:&:Htanh Bem/2)| Z
.. .-
4N I
M. T. Tuominen et al, PRL (1992)  B. Janké et al, PRB (1994)
En
P=-1
o Even parity, P = +1: N N il
Z+ — e§(60+€1+52) + eg(*€0*51+52) + e§(750+51752) + eg(sofelfsg)
—— ——
o Odd parity, P = —1: N I i
2 — o5 (—coteiter) + o5 (co—c1te2) 4 o3 (oter—e2) + e (~e0—e1-e) PR I I
-e-|-@-|----
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The parity disparity

@ The free energy: FL = —% log Z.

o “Parity disparity”: AF = F_ — F,.

@ Define gq, €1 = 0. — w1, €2 = 6. + wa. : = 5 R/¢

@ kT < d.:

AF ~¢ep — ;cosh <BW1 —; Wz) sinh(Beg)e A0+wa—ml/2)

0, K kpT < Ap:

AF ~e0(8/2)" ] em [ [ tanh (B21/2)

m=1 I>n
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Numerics

(Fe = (F1))/Ao
006

004!
0.02]

-0.02|
-0.04/

-0.06/

Labels: values of kg T /Ap.
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02 05 i 7 kpT/e

In black: AF =~ eo(8/2)" [17,—1€m-
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Summary part |l

m 2A
@ Below the minigap: ~ exp(—/3d;). : 0{; &
03
@ Above the minigap: AF ~ T7". 02
0.1
@ Spatial Fourier transform of AF. T
-0.1
@ Promising compounds: (Fy — (F1)) /Ao
(LiFe)OHFeSe with 6. ~ 11 K, -
Q. Liu et al, PRX (2018) 0.02
FeTeg.555€0.45 with 6. ~ 2 K. 0o <

-0.02

D. Wang et al, Science (2018) 004

-0.06
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Two recent experiments

Vortex cores in (LiFe)OHFeSe:

(a)
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Q. Liu et al, PRX (2018)
@ Nature of vortices?

o Large (mini)gap: Ag ~ 10 meV,
0c ~ 1 meV!

News flash:

Article ~ Published: 04 March 2019

Aharonov-Bohm interference of
fractional quantum Hall edge modes
J.Nakamura, S. Fallahi, H. Sahasrabudhe, R. Rahman, S. Liang, G. C. Gardner & M. J. Manfra ™

Nature Physics (2019) = Download Citation &

News & Views = Published: 04 March 2019

QUANTUM HALL EFFECT
Fractional oscillations

Steven H. Simon

Nature Physics (2019) = Download Citation ¥

An electrical interferometer device has detected
interference patterns that suggest anyons could be

conclusively demonstrated in the near future.
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Weak-coupling superconductivity in an anisotropic Hubbard model:

| u/ty

0.8

tL/t

BBy, BBy, MAA, B4, OB,

23
. J/I/O/l/{ 0 HSR, F. Flicker, T. Scaffidi, S. H. Simon, PRB (2018)

Future applications to the multiband superconductor SrpRuQO4 (work in
progress).
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Extra: smeared tunnel coupling

5L = 2i [ dx Mx)&(x)

M;
glR

E+ & [ dxA(x)e™ [ dx'A(x')e~*
CE— L [dxA(x)ek [ dx/A(x!)e ik

§1R STR
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Extra: scattering rate

rimp e2 2 kﬁ % k! d"l(g;)g(el:)
SB (er) = n3p 27r606rkﬁ Z"IGB Wfs,nuk\/I' fo 2 dk

" daldk;
lw@) | 2AT 0.0025
oo — € =0.105
0.0020
— €r=0.120
Majorana profile 0.04 — e 2 0.0015
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003F  — [ygn(d)|? 0.0010
_ 2
002 | Wenal2) | 0.0005
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