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Electron Quantum Optics

Wave nature of electron - Interferometers, electron sources etc.

Guided propagation
along 1D chiral edge channels
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Particle Wigner transport dynamics

Is a natural choice!
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Wigner Modelling of Single-Electron Dynamics
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Motivation

Coherent dynamics of interest!

Letter | Published: 04 November 2019 N\ This talk:

Picosecond coherent electron motion|in a silicon Wigner modeling: oscillation/exit

single-electron source Impact of timing on wave packet shape
First step into single-electron sources

Gento Yamahata &J, Sungguen Ryu, Nathan Johnson, H.-S. Sim &, Akira Fujiwara & Masaya Kataoka

Nature Nanotechnology 14, 1019-1023 (2019) | Cite this article
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Confined States & Energy Quantization

Stationary Schrodinger equation

H (r)lljn (r) = €EnPn (r)

E
Hamiltonian l
1 1%
H(r) = 5 — (~ihV,)* + V(r) .
Eigenvalues Eigenfunctions R=1 y ?
€1 P4 (r) ]
€2 P, (1)
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Electron Quantum Superposition States

Set of Eigenfunctions represents electron state

()= ) aupy (e i :

Two energy levels considered: €; and ¢, g

Y(r,t) = a1yp1(rle Fit a,(r)e et

Yamahata et al., Nature Nanotechnology 14 (2019)




Electron Quantum Superposition States

Density matrix _
P, ) = W(r, 0P (", ) = (aghy (e + agp, (e 7).

(@395 et +agys(ryeit)

Time evolution probability density at given position based on
stationary densities n,; = |Y|? n, = |, |?of the two Eigenstates

n(x,t) = p(x, x,t) = |ag|* ny(x) + |az|* ny(x) + ®(x)cos(p(x) — A.t)

!

X=T=T7T

O (x)e!?™ = a; P, (x)azP;(x)
Probability density of electron quantum superposition state
oscillates with a period T = 2nt/A, with A, = (e, — €1)/h I



Wigner Dynamics

The Wigner Function f,,(x,p, t) is unitarily equivalent to
p(r,v,t) =¥(r, )P (r',t) after center-of-mass transform

r+r' , ,

and Fourier transform

! !

X X _i3p
fw(x,p,t)= fp x‘l'?;x_?,t e nds

The initial Wigner function f,,(x,p,0) att = 0 can be obtained
from p(r,7’,0)




Wigner Dynamics

Wigner dynamics f,,(x,p, t) in a potential V(r) is obtained from the
- Initial condition f,,(x,p,0) and
* Wigner transport equation

af w(x,p, t) P afw(x,p, t)

dt m 0x - f dp VW(x’p — D )fw(x:p ) t)

Yl = <2n1h>3 [Fer (V (x43) -V (x- 3))

Solved by Wigner signed-particle Ensemble Monte Carlo

ViennaWD: https://www.iue.tuwien.ac.at/software/viennawd/

y.


https://www.iue.tuwien.ac.at/software/viennawd/

Comparing Probability Density: Schrodinger vs Wigner

Schrodinger
n(x,t) = |a;]? ny(x) + |az|* ny(x) + ®(x)cos(Pp(x) — Act)

Wigner

ofwx,p,t) p Ofy(x,pt) _
_|_ =
Jt m ox

f dp,VW(x) D — p’)fw(x, pIJ t)

n(x, ) = f fu(p, 0 dp




Simulation Setup: Potential Profiles
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QD is localized by two potential barriers (Gaussians):

Height 0.5eV and centered at 25 nm and 75 nm




Simulation Setup: Potential Profiles
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The right barrier of the QD can be removed at a specific time
instant £; (opening time) !



Simulation Setup: Initial State

Probability density
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Coherent Oscillations in QD: Schrodinger vs Wigner

Probability density
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Coherent Evolution Outside of QD

Experiments consider different opening times t;:

- CASE | :t1=1OfS

- CASE Il ; t; = 400 fs
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Coherent Evolution Outside of QD — Case |l : t; = 10 fs

Probability density
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Right barrier opened right after start
Different opening times influence shape
Leading to separation/superposition.
Highest peak before right barrier

Two peaks manifest:

« Different velocities
* Right peak is faster




Coherent Evolution Outside of QD — Case Il : £; = 400 fs

Probability density
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Probability Current
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Meysr

Different opening times clearly result
in different probability current

Peak separation (different

velocities/energies) vs
much stronger localization/magnitude

y.



Summary

These are first steps

Particle Wigner approach ideal for studying electron dynamics

New tool to further optimize desigh and operation of single electron sources

Next steps

Determining ideal scenario and optimize: Is compressed even ideal?

Extended parameter study
Experimental verification

https://tinyurl.com/26j3uf5m
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