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Fundamental physics in collective phenomena

- . LAAEUN =300 KEAUSE o
Supergeleiders /" la.ss causs/uw) TUBE 126L-2

- u.~3325
(2)

3 x 107 year

o 20 42 Wwe 200 500 W00 2000 5000
TR 1 SECLMNOE

“If this rate of decay continues indefinitely, we estimate that the
persistent current in this SC sample will die out after 3 x10°2 years.
In any practical sense then, the persistent current is persistent.”



JLLLEteEll  sample size and shape doesn’ t matter

I = 90U Il
n=1.0x10"1 cm2
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Topological protection
=> MObius strip against twists
=> QHE chiral edge states against backscattering




TOPOLOGICAL

QUBITS




Quantum bitks

| ‘ “analog” qubik
= + : (decoherence)
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N = odd
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E(even parity) = E(odd parity) = 0

parity qubit
with qubit states
stored non-locally



Topological Quantum Computing
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Ma jorana braiding
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Fusion



Electron-Hole annihilation

' Electkron




Majarav\a annthilation

~irst resulk:

2 x (% electron % % hole) = ©




Majoramx annithilatie

Second resulk:

2 x (1 electron % % hole) = electron + hole




Fusion Rules

Fusion by:
- Distance
- Interaction

oxo=1+y













Majorana island device
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S M Albrecht et al. Nature 531, 206—-209 (2016) doi:10.1038/nature17162
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Braiding



It takes two full rotations
to come back to initial state
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Proposals for braiding Majoranas

Position Tunnel coupling Coulomb coupling
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Alicea et. al, N. Phys (2011) Sau et. al, PRB (2011)

Aasen et. al, arxiv (2615)




Transmon as a charge parity sensor

Hyart et. al, PRB (2013)

e Readout via parity to charge conversion by changing E,/E.

» Operation + readout must be carried out before quasiparticle poisoning
disturbs parity

» Superconducting circuit elements must survive B > 0.5 T Majorana conditions
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Braiding protocol

Initialize

QL, Qr) =9 (0)
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Readout (Probabilistic)
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Readout (Deterministic!)



(a) Basic braiding operation

(b) Full protocols: Single and double braid
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PARITY CONSERVATION
OR

QUASI-PARTICLE
POISONING
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Lutchyn et al. numerical work

Oreg et al. advanced device proposals
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“Majorana “Majorana state Braldlng




Hyart, van Heck, Fulga, Burrello, Akhmerov & Beenakker, PRB (2013)
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On-chip cascade coolers
(Pekola, Helsinki
Giazotto, Pisa)
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QP-time ~
minute
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y Explicit demonstration of
parity conservatioin




Our best (QP) parity relaxation time:
~1 minute

Note: E, =50 ueV, =>f, = 25 GHz

ratio of 12 orders of magnitude
(between parity change over tunneling)

van Woerkom, Geresdi, LK, Nature Physics (2015)
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— transmission line resonator
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Hyart, van Heck, Fulga, Burrello, Akhmerov & Beenakker, PRB (2013)




Growth by Diana Car,
Sébastien Plissard and Erik Bakkers




Supercurrent through nanocross

=> Transparent epitaxial (!)
interface between wires

Plissard, Bakkers et al., Nature Nanotech. (2013)




