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Quantum Hall effect in a nutshell

Classical: Cyclotron orbits
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Quantum Hall effect in a nutshell

Quantum mechanical: Energy levels
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Quantum Hall effect in a nutshell

Quantum mechanical: Energy level§
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Quantum Hall effect in a nutshell

Hall conductance
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Quantum Hall effect in a nutshell
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Thermal Hall conductance
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Fractional quantum Hall effect
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Fewer electrons than flux quanta: many possible states
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Composite fermions
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Fractional quantum Hall effect
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One composite fermions per flux quantum

=)IOK

Composite fermions
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Fractional quantum Hall effect

k2 “. I—2

Any charge carrying edge state, fractional or integer,
carries an integer thermal conductance
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Topological superconductors

Pairing of spinless electrons Electrons in magnetic field
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Topological superconductors

Pairing |of spinless electrons

Electrons in
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Topological superconductors

Pairing of spinless electrons Electrons in magnetic field
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Topological superconductors
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N Majorana chiral Majoranas
propagating at the edge
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Kry = 5 KQ
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Topological superconductors
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Topological superconductors

Half-odd integer Kzy — Majorana zero modes

— vortex
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N Majorana chiral Majoranas NMajorana Majorana zero modes
propagating at the edge localized at a vortex
(absolutely stable) (stable mod 2)
NMajorana
Kry = 5 K0
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Half-filled Landau level
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Electrons at v = %




Half-filled Landau level

Composite fermions in zero flux
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Half-filled Landau level

Composite fermions in zero flux

A\ J

Composite fermions in zero
effective magnetic field — » form Fermi surface — » metallic state at v

move in straight lines
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Half-filled Landau level
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e Compressible state
e Hall conductance not quantized
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e Incompressible state
* Quantized Hall conductance
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Electrons at v=5/2
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Electrons at v=5/2
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Electrons at v=5/2
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Particle-hole symmetry at v=5/2
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Particle-hole symmetry at v=5/2
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Particle-hole transformation:

Pelectron  ""Majorana — —2 — NMajorana
\IjDiraC CF — io_yquiraC CF

e acts as time reversal on composite fermions
 may or may not be present

Pcomposite fermion + "!Majorana — N'Majorana

e always present in any composite fermion superconductor
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Electrons at v=>5 / 2

particle-hole

Pfaffian PH-Pfaffian Anti-Pfaffian

K=8 state -~ 113 state
particle-hole
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Input from experiment

PH-Pfaffian
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Electrons at v=5/2

experiment
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Input from theory

1. Exact Diagonalization and DMRG

Morf (1998), Rezayi, Haldane (2000), Peterson, Jolicoeur, Das Sarma (2008)
Feiguin, Rezayi, Nayak, Das Sarma (2008), Feiguin et al. (2009)

Storni, Morf, Das Sarma (2010), Wéjs, Toke Jain (2010), Rezayi, Simon (2011)
Papié, Haldane Rezayi (2012), Pakrouski ef al. (2015)

Zaletel Mong, Pollmann Rezayl (2015), Rezayi (2017).

Without particle-hole symmetry:

k ‘i ’f k ‘i 'f k ‘i 'f k ‘i ’f Pfaffian or rAnti-Pfaffian‘
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N = 12 particles

| <\IJCFL |\IIPH-Pfafﬁan> |2 ~ 0.91

(¥ crL|YMR-Ptaffian) \2 ~ 0.38

Mishmash, DFM, Alicea, Motrunich (2018)

1
9
UpH-Ptatian = PLLLPL | — ” | |(Zz — 2j)
A%
i J i<y

e almost zero overlap with Coulomb in 2™ LL

Zucker, Feldmann (2016)

e high overlap with gapless Composite Fermi Liquid

Balram, Barkeshli, Rudner (2018)
Mishmash, DFM, Alicea, Motrunich (2018)
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Electrons at v=5/2

numerics

experiment numerics

A

Anti-Pfaffian

Pfaffian PH-Pfaffian

Possible resolutions:

‘numerics are wrong’ ‘experiment is wrong’

e Incorrect Hamiltonian « Alternative interpretation possible?

« Finite size not representative

Can both be right?
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Electrons at v=5/2

Numerics: In clean system, Pfaffian or Antipfaffian

Away from v =5/2:

1. Introduces quasiparticles/quasiholes

2. Breaks PH-symmetry — favors Pfaffian or Antipfaffian

oz a9 ]

';7' Weak disorder:
1. Localizes quasiparticles

2. Filling factor position dependent v — v(x)

= 2
degenerate when PH-symmetric (v = 5/2)
: >
5/2 v
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Electrons at v=5/2
With disorder: Regions of Pfaffian and Antipfaftian

v <5/2
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Electrons at v=5/2
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5/2 v
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5/2 v
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Electrons at v=5/2
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Electrons at v=5/2
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5/2 v
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5/2 v
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tuning the filling factor within the oy, = 5/2 plateau,

7 5 3
plateaus with Ky, = -,3, =, 2, <

2 2 2

5/2
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Toy model in one dimension

n=1
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Toy model in one dimension

n=-—3
71 m
72 72
3 n3
V4 T4
5 Tl5
6 Tl6
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Toy model in one dimension

71 m
Y2 72
V3 n3
V4 T4
V5 Tl5
V6 Tl6
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Toy model in one dimension

71 m
Y2 72
V3 n3
V4 T4
V5 Tl5
V6 Tl6
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n=1

n=-—3
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One-dimensional
superconductor (BDI)
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Toy model in one dimension

1 0—-1-2-3

H = Zg T2 (—10z) + m7y| & - 1 —3

Continuous phase transition in clean system
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Two dimensions

With disorder, all translation
symmetry is lost — no distinction!

Continuous translation symmetry

Discrete translation symmetry
>

5/2 v
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Two dimensions

H =Y &l m.(=i0.) + 12(—i0,) + m7,] &
=l N——

motion along domain walls tunneling across domains

2nd order
transition

Discrete translation symmetry
: >
5/2 v
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A useful analogy

Integer quantum Hall Electrons at v=5/2

e Class A for electrons e Class D for comp. fermions
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A useful analogy

Integer quantum Hall Electrons at v=5/2
e Class A for electrons e Class D for comp. fermions
» Integer classification Electrons with full spin

(n = # of edge electrons) rotation symmetry: An = 2

e (Generic transition: An = 1

With spin-orbit scattering:
Two transitions with An =1

—

spin-orbit scattering

spin-degene'rate electrons
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A useful analogy

Integer quantum Hall Electrons at v=5/2
e Class A for electrons e Class D for comp. fermions
 Integer classification * Integer classification
(n = # of edge electrons) (n = # of edge Majoranas)
e Generic transition: An =1 e Generic transition: An =1
: 4
- 1,0,
2 < 2
2 g7 3
K 2
2 ! > I >
spin-degenerate electrons 5 /2 1%
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Strong disorder

» a localized phase (well defined N\ 1ajorana) not guaranteed

e depends on details of the disorder potential

thermal metal
\ ’/‘.fxy no t
quantized
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Related work

C. Wang, A. Vishwanath, B. Lian and J. Wang
B. Halperin, PRB 98, 045112 (2018) PRB 97 165124 (2018)
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General phase diagram
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From Abelian to non-Abelian

(a) No isolated Majorana modes in Abelian phase
(b) Transfer of Majorana mode at transition

(¢c) Isolated Majorana mode, i.e., non-Abelian phase
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Conclusions / Outlook

Weak disorder can resolve discrepancy !
between numerics and experiment.

o Are edge modes fully equilibrated?

disorder

o Microscopic treatment of disorder.

N |

Predict additional plateaus
in thermal Hall conductance

o Are different plateaus accessible?
o What about thermal metal?

o Is PH-Pfaffian possible in a clean PH-symmetric system

and what is its wave function?
Milovanovié (2017), Antonié, Vuéicevié, and Milovanovié¢ (2018)

o What interactions realize PH-Pfaffian in a clean system?
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