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A. Ptok (IFJ, Kraków)

S. Głodzik & A. Kobiałka (UMCS, Lublin)



Outline:



Outline:

• Majorana (quasi)particle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . / what is it ? /



Outline:

• Majorana (quasi)particle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . / what is it ? /

• Superconductivity in nanostructures:

⇒ electron pairing and in-gap states . . . . . . . . . . . . . . . . . . . . . / proximity effect /



Outline:

• Majorana (quasi)particle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . / what is it ? /

• Superconductivity in nanostructures:

⇒ electron pairing and in-gap states . . . . . . . . . . . . . . . . . . . . . / proximity effect /

• Topological superconductivity:

⇒ end/edge quasiparticles . . . . . . . . . . . . . . . . . . . . . . . . . / experimental evidence /



Outline:

• Majorana (quasi)particle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . / what is it ? /

• Superconductivity in nanostructures:

⇒ electron pairing and in-gap states . . . . . . . . . . . . . . . . . . . . . / proximity effect /

• Topological superconductivity:

⇒ end/edge quasiparticles . . . . . . . . . . . . . . . . . . . . . . . . . / experimental evidence /

• Major challenges:

⇒ novel materials, nonlocality, realization of quantum computing, ...
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Majorana fermions

• P. Dirac (1928)

iψ̇ = (~α·~p + βm) ψ
/ relativistic description of fermions /

particles (E >0), anti-particles (E <0)

• E. Majorana (1937)

He noticed that a particular choice of ~α and β yields a real-valued wavefunction !

Physical implication: particle = antiparticle or creation = annihilation

with the following features of such object: energyless , chargeless , ...

• Does it exist anywhere ?

Probably it doesn’t !
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⋆ Properties of solids are determined by the conduction electrons ,

which are the ordinary Dirac fermions

⋆ Many-body effects, however, can induce variety of emergent phenomena,

e.g. phonons, polaritons, spinons, holons etc.

/ ’More is different’ P.W. Anderson (1972) /

⋆ So, how about Majorana quasiparticles ?

⋆ Formaly, any usual fermion can be majoranized ...
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j

}

= δi,j
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• Normal fermions (e.g. electrons) obey the anticommutation relations

{
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j
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= δi,j

{ĉi, ĉj} = 0 =
{

ĉ†
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i,j – any quantum numbers

• c
(†)
j can be recast in terms of Majorana operators

γ̂j,1 ≡
(

ĉj + ĉ†
j

)

/
√

2

iγ̂j,2 ≡
(

ĉj − ĉ†
j

)

/
√

2
γ̂i,n correspond to neutral objects

• Exotic properties (cd)

γ̂i,n γ̂i,n = 1/2

γ̂†
i,n γ̂i,n = 1/2

no Pauli principle !

half ‘occupied’ & half ‘empty’
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Exotics of Majorana quasiparticles

• particle = antiparticle γ̂†
i,n = γ̂i,n

⇒ chargeless & energyless

• spatially nonlocal

⇒ they always exist in pairs, even though (infinitely) far apart

• fractional (anyon) statistics γ̂†
i,n γ̂i,n = 1/2

⇒ half-empty & half-filled entities

• topologically protected

⇒ immune to decoherence ... yet be cautious about that !
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Various candidates – for Majorana quasiparticles

• vortex states in p-wave superconductors

Volovik (1999)

• quantum nanowires attached to superconductor

Alicea (2010); Oreg et al (2010); Lutchyn et al (2010); Stanescu & Tewari (2013)

• Shockley states on electrostatic line defects

Tworzydło & Beenakker (2010)

• edge states of 2D and 3D topological insulators

Hasan & Kane (2010); Qi & Zhang (2011); Franz & Molenkamp (2013)

• magnetic atoms chain on superconducting substrate

Choy et al (2011); Martin & Morpugo (2012); Nadj-Perge et al (2013)
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Experimental evidence – for Majorana quasiparticles

InSb nanowire between a metal (gold) and a superconductor (Nb-Ti-N)

dI/dV measured at 70 mK for varying magnetic field B indicated:

⇒ a zero-bias enhancement due to Majorana state

V. Mourik, ..., and L.P. Kouwenhoven, Science 336, 1003 (2012).

/ Kavli Institute of Nanoscience, Delft Univ., Netherlands /



Experimental evidence – for Majorana quasiparticles

InSb nanowire between a metal (gold) and a superconductor (Nb-Ti-N)

H. Zhang, ..., and L.P. Kouwenhoven, arXiv:1603.04069 (2016).

/ Kavli Institute of Nanoscience, Delft Univ., Netherlands /



Experimental evidence – for Majorana quasiparticles

A chain of iron atoms deposited on a surface of superconducting lead

STM measurements provided evidence for:

⇒ Majorana bound states at the edges of a chain.

S. Nadj-Perge, ..., and A. Yazdani, Science 346, 602 (2014).

/ Princeton University, Princeton (NJ), USA /



Experimental evidence – for Majorana quasiparticles

Self-assembled Fe chain on superconducting Pb(110) surface

AFM combined with STM provided evidence for:

⇒ Majorana bound states at the edges of a chain.

R. Pawlak, M. Kisiel et al, npj Quantum Information 2, 16035 (2016).

/ University of Basel, Switzerland /



How can we understand this zero-energy state ?
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Ĥ = t
∑

i

(

ĉ†
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This toy-model can be exactly solved in Majorana basis. For ∆ = t one obtains:

t1 ≡ |µ|

t2 ≡ 2t
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Kitaev toy model / Phys. Usp. 44, 131 (2001) /

⋆ In the special case ∆ = t and |µ| < 2t

operators γ̂1,1 and γ̂2,N are decoupled from all the rest. This implies

zero-energy modes appearing at the ends of chain

⋆ Similar ideas have been considered for 1D Heisenberg chain o f 1/2 spins

F.D.M. Haldane, Phys. Rev. Lett. 50 , 1153 (1983) Nobel Prize, 2016



3. Superconductivity in nanosystems



Pairing in nanosystems

Any material brought in a contact with some bulk superconductor
absorbs the Cooper pairs

Cooper pairs leak into non-superconducting region on a spatia l length ξN .
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Let’s consider a single magnetic impurity in NbSe 2 (Tc ≈ 7 K)

⇒ characterized by a triangular lattice,

⇒ with in-plane spin orbit interactions.



Specific example (bound states at quantum impurities)

Low energy (subgap) spectrum reveals:

⇒ two bound (Yu-Shiba-Rusinov) quasiparticle states,

⇒ which cross each other at Jc ≈ 2t.



Specific example (bound states at quantum impurities)

Crossing of the YSR quasiparticles signifies:
⇒ the quantum phase transition,

⇒ reversal of the magnetic polarizations.
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Particle/hole branches of the YSR quasiparticles:

⇒ reveal quantum oscillations (shifted in phase by π),

⇒ spread onto several lattice constants from magnetic impurity.

A. Ptok, Sz. Głodzik, & T. Domański, Phys. Rev. B 96, 184425 (2017).



Subgap states of multilevel quantum impurities

STM
tip

d
d

I/
  

V

V
subgap
structure

a) b)

a) STM scheme and b) differential conductance for multilevel

quantum impurity adsorbed on surface of bulk superconducto r.

R. Žitko, O. Bodensiek, and T. Pruschke, Phys. Rev. B 83, 054512 (2011).
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Let us consider:

Swave superconductor

1D nanowire

1D quantum wire deposited on s-wave superconductor

D. Chevallier, P. Simon, and C. Bena, Phys. Rev. B 88, 165401 (2013).



Andreev vs Majorana states – ’A story of mutation’

Electronic spectrum comprises a series of Andreev states.

D. Chevallier, P. Simon, and C. Bena, Phys. Rev. B 88, 165401 (2013).



Andreev vs Majorana states – ’A story of mutation’

Spin-orbit + Zeeman interactions induce the Majorana edge modes.

D. Chevallier, P. Simon, and C. Bena, Phys. Rev. B 88, 165401 (2013).



More detailed picture – oscillations & polarization

Spatial profiles of the Majorana qps

T. Domański et al, arXiv:1712.03172 (2017).
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1. Novel structures – for realization of Majorana qps

a) wire-like device constructed lithographically

H.J. Suominen et al, Phys. Rev. Lett. 119, 176805 (2017).

/ University of Copenhagen, Denmark /



1. Novel structures – for realization of Majorana qps

b) chiral Majorana modes at the edges of magnetic atoms cluster

G.C. Ménard et al, Nature Comm. 8, 2040 (2017).

/ Univ. Pierre & Marie Curie, Paris, France /

Delocalized (dispersive) modes !



1. Novel structures – for realization of Majorana qps

c) zero-energy mode on ferromagnetic topological insulator

G.P. Mazur et al, arXiv:1709.04000 (2017).

/ PAS & MagTop, Warsaw, Poland /



2. Nonlocality of Majorana qps – / leakage on other objects /

Science 354, 1557 (2016).



Leakage of Majoranas (on side-attached normal wire)

Coalescence of Andreev states to Majorana quasiparticles.

A. Ptok, A. Kobiałka, & T. Domański, Phys. Rev. B 96, 195430 (2017).



2. Nonlocality of Majorana qps ( recent experimental data)

Non-locality measured via the side-coupled quantum dot

M.T. Deng et al, arXiv:1712.03536 (2017).

/ Univ. of Copenhagen, Denmark &

Univ. Autonoma de Madrid, Spain /



2. Nonlocality of Majorana qps ( recent experimental data)

Non-locality probed via the side-coupled quantum dot

M.T. Deng et al, arXiv:1712.03536 (2017).

/ Univ. of Copenhagen, Denmark &

Univ. Autonoma de Madrid, Spain /
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2. Nonlocality of Majorana qps ( further ideas )

Entangled pair of the Majorana quasiparticles can lead to further non-
local effects, signified e.g. by interference or charge teleportation.
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3. Practical use – Majorana qubits & quantum computing

Some recent theoretical ideas for quantum operations

/ Delft University, Netherlands /

T.E. O’Brien, P. Rożek, A.R. Akhmerov, arXiv:1712.02353 (2017).

However any experimental realization is missing !
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Summary: – unique features of Majorana qps

• particle = antiparticle γ̂†
i,n = γ̂i,n

⇒ chargeless & zero-energy objects

• spatially nonlocal

⇒ exist always in pairs (even far away from each other)

• fractional (anyon-type) γ̂†
i,n γ̂i,n = 1/2

⇒ half-empty & half-filled entities

• topologically protected

⇒ immune to decoherence/disorder ... talk by Maciek Ma śka !
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• novel SQUID devices

⇒ due to fractionality

• quantum teleportation

⇒ due to ideal entanglement

• fault-tollerant qubits

⇒ due to topological protection


