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Qutline

Part 1: Fractionalized Majorana zero modes from
hybrid superconductor / quantum Hall devices.

Majorana Fermions in1D top. superconductors

Parafermionic zero modes in Fractionalized 1D
superconductors.

Twist defects

Part 2: Fibonacci anyons from a 2D fractionalized
superconductor.



Proposed non-Abelian systems
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Topological 1D superconductor
N

Semiconductor
wire

0 “Majorana Fermion” zero modes at the edges of the system.

7 Two degenerate ground states, separated by an energy gap from
the rest of the spectrum:

Odd & Even number of electrons.
0 Ground state degeneracy is “topological”:

no local measurement can distinguish between the two

ground states!



Majorana Fermion zero modes




Topological 1D superconductor

-
Recent experimental realizations:
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Non — Abelian statistics
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2D vortices: Ivanov, Read & Green,...
1D wire network: Alicea et.al (2010)



* Ising anyons braid matrices are not universal for
quantum computation purposes.

In one dimension?

No Go Theorem (Fidkowski ; Turner, Pollman, Berg, 2010)

Gapped, local Hamiltonians of fermions (or
bosons) in 1D, at best give Majorana fermions.



Beyond Majorana Fermions
-

0 Start with a topological phase which supports
abelian anoyns

11 For example, a Laughlin quantum Hall state: [v =1/m]
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Fractionalized 1D superconductor
N

Backscattering
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Fractionalized 1D superconductor
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Fractionalized 1D superconductor
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Effective Edge State Model
-
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Fractionalized Majorana zero modes
N

01 Fractionalized Majorana zero modes:

[[H,)(]-I = O] [)(j)(k = eiﬂ/mSign(j_k)XkX]J

“Parafermions”
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Ground state degeneracy
N

, N
2m Degenerate ground states [q.dlm L 2m ]

per superconducting domain:

[Q = q/m, q = 0,1,277’2] [S =S/39S = 0919°°92m]

X

L, Berg, Refael, Stern (2012)
Clarke, Alicea, Shtengel (201 3)
Meng (201 3)



Fractional Josephson effect
N

H =ty )(;,U + he.=tcos(S + 0p/ 2m)




Braiding
-
g) 3

H(t) = 2/1] D XioX o +he. @
y 1

H(T) = H(0) S,

S;

6 o, °

o] 0L

[ B T B [ N
1 g 2 s 3 1 o 2 s 3




Braiding Properties

ex ii 2| = ex izn eX z'z—ﬂn2

1 Two types of particles:

Abelian charges
0=0,1,..m

Non abelian particle:
XxX=0+1+...+m

2
U = exp(z’—”qz)
m




Point particles vs. line objects
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Twist defects in topological phases

End of “branch cuts” in a top. phase that
interchange anyon types

Barkeshli & Qi, arXiv:1302.2673

Controllable non-Abelian systems
New type of non-Abelian statistics

Defects in Abelian phases are not QC universal.

Defects in non-Abelian phases?
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Parafermion chain

- Quasi-particle tunneling:  7,u
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Parafermion chain

Spin unpolarized v =2/3 quantum Hall state
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0 Z, Parafermion chain: Quantum critical point: 7 =u

Z, “Parafermion” conformal field theory
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From 1D to 2D

From Luttinger liquid to non-Abelian quantum Hall states

Jeffrey C.Y. Teo* and C.L. Kane
Department of Physics and Astronomy, University of Pennsylvania, Philadelphia, PA 1910/

: / P Moore-Read
/ ~Z; Read-Rezayi

Inspired by Teo & Kane, we consider a system of coupled
parafermions chains, to construct a superconducting
analog of the Z3 Read-Rezayi state.



Coupled Parafermion chains
N

-1 Tune every chain to the critical point:
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Fibonacci phase

1 From bulk-edge correspondence:

Fibonacci anyons: éexe=1+¢ N
1 Ground state degeneracy: 1,1,2,3,5,8,... < (1+ \/g)
2
O O O O
O O O O
O O O O




Defect-enriched non-Abelian statistics

Defects can support universal TQC, even when

the underlying topological phase is not universal:
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Summary
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Summary

New paradigm for realizing non-abelian systems:
defects in two-dimensional topological phases.

Can be implemented by coupling to
superconductors.

Implementation of universal defects?

2D Fractionalized superconductor with “Fibonacci”
anyons from lattices of interacting defects.

How can we trap /manipulate Fib. Anyons?

Is the fine tuning of the lattice model essential?



Summary




Thank you.
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HOW'S YOUR
QUANTUM COMPUTER
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What are the properties
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The Braid Group
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Exchange statistics

Non-Abelian anyons

Topological quantum computing

Overview of physical realizations
Majorana fermions in a 1D superconductor

Fractionalized superconductors in 1D and 2D



Exchange statistics
N

Wavefunction transformation under exchange of two
identical particles:

[ Z/J(l'l,l'z,...l‘N) —> 1//'(1‘2,1’1,...1‘]\,) ]




Particle types
-

1 Bosons / Fermions
y =y ==y |
All particles in 3D

Bose-Einstein Metal
Condensate




Particle types
-

1 Bosons / Fermions
y =y ==y |
All particles in 3D

Bose-Einstein Metal
Condensate




Particle types

Bosons / Fermions
y sy =y |
All particles in 3D

“Any-ons”

“Emergent” particles mmmm)p Abelian anyons

in 2D wew'=elﬁw
~

* Exchanges commute

Non-Abehqn * Most acessible
cmyons quantum Hall states
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Non-Abelian Anyons
=

1 Key Properties:

o Degeneracy increases
with number of anyons

“quantum [dimHGS : AN] Em ———

dimension”

Robust to perturbations!

1 Non-Abelian statistics:

VU =Unt :




Non-Abelian Anyons

T e
o1 Non-Abelian statistics:

V=Y, U,

Transformation depends only on the topology
of the path
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Non-Abelian Anyons
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Non-Abelian Anyons

T e
o1 Non-Abelian statistics:

V=Y, U,

Transformation depends only on the topology
of the path




Topological quantum computation

A. Kitaev, Ann. Phys. 303, 2 (2003)
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- Still not universal for QC.....

Can we do better?




Ground state degeneracy

S, Spins, Charges
S, = qg/m,qg=0,1,..2m-1
Q,
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Proposed non-Abelian systems

7 Fractional quantum Hall effect at v =5/2
Willet, Eisentein et al. (1987)
Moore and Read (1992)
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Proposed non-Abelian systems
=

0 ptip superconductors
Read and Green (2001)

vortex

Jang et al., Science 331, 186 (2001)



Proposed non-Abelian systems

0 “Engineered” p+ip superconductors
Fu & Kane (2008), Sau et al. (2010), Lee (2009),
Alicea (2010)
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Anyons, anyone?

1 Topological 1D superconductors
Fu & Kane (2009)

Quantum Spin
Hall effect
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I D spinless SC
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Topological 1D superconductor
N

1 1D Semiconductor wire coupled to a bulk
superconductor:

Semiconductor
wire



Topological 1D superconductor

Semiconductor
wire



NEW NON-ABELIAN STATES FROM
HYBRID QUANTUM HALL-

SUPERCONDUCTOR SYSTEMS

EPQHS-5, July 2014
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71 Fractionalized superconductors in 1D and 2D



Bulk-edge correspondence

0
Quantum Hall effect: Edge states < >
X
cdge modes—— \_ ,

(Described by a
conformal field theory)



Pros and Cons

O

rmalized conductance
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tnergy gap induced by
external SC and not by
interactions.
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Control:
Anyons can be “easily”

localized and manipulated

0 Challenges of Ising
anyons

Exchange statistics is not
rich enough to yield
universal quantum
computation:
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Proposed non-Abelian systems
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