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Electronic quantum optics
Quantum optics analogs with electrons, i.e. the controlled preparation,

manipulation and measurement of single excitations in ballistic conductors

Ingredient list
Photons Beam Beam-splitter Coherent light source
↓ ↓ ↓ ↓

Electrons Chiral edge QHE Point contact ?!

Mesoscopic capacitor [Fève et al., Science 316, 1169 (2007)]
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FIG. 1: Single charge injection. A) Schematic of single charge injection. Starting from an antiresonant
situation where the Fermi energy lies between two energy levels of the dot (step 1), the dot potential is
increased by bringing one occupied level above the Fermi energy (step 2). One electron then escapes
the dot on the mean time . The dot potential is then brought back to its initial value (step 3)
where one electron can enter it, leaving a hole in the Fermi sea. Inset: The quantum RC circuit : one edge
channel is transmitted inside the submicrometer dot with transmission tuned by the QPC gate voltage

. The dot potential is varied by a radiofrequency excitation applied on a macroscopic gate located
on top of the dot. The electrostatic potential can also be tuned by due to the electrostatic coupling
between the dot and the QPC. B) Time-domain measurement of the average current (black curves) on
one period of the excitation signal (red curves) at for three values of the transmission .

Emits single electrons on-demand
Ù opens the way to all sorts of

interference experiments!

Hong-Ou-Mandel setup in quantum optics
pairs of identical photons
sent on a beam-splitter

dip in the coincidence rate
Ù bosonic statistics
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Hong-Ou-Mandel interference experiment
Setup
2 single electron sources
counter-propagating
channels coupled at QPC
measure output currents
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Zero-frequency cross-correlations of output currents
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Beyond ν = 1: interactions!

Different possible types of interactions

between counter-propagating
channels, near the QPC

between co-propagating
channels at filling ν = 2

strong interactions within a
channel: Fractional QHE

int
era

cti
ng

reg
ion

(work in progress)

(this talk)

Formalism and methods

injection

propagation

tunneling

FQHE

prepared state |ϕ〉

bosonized H

perturbative expansion

Bosonization Keldysh
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Model

Hall bar in the Laughlin series ν =
1

2m + 1
Ù edge quasi-particles with fractional statistics
Bosonization:

ψR,L(x) =
UR,L√
2πa

exp
(
−i
√
νφR,L(x)

)

Hamiltonian

Γ

H = H0 + HT

H0 =
~vF
4π

∫
dx
[
(∂xφR)2 + (∂xφL)2

]
HT =

∑
ε=±

[
Γψ†R(0)ψL(0)

]ε
Problem!
Tunneling Hamiltonian is not quadratic Ù perturbative expansion in Γ
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Mimicking the source: injection

Experimental single electron source in the IQHE
10
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FIG. 1: Single charge injection. A) Schematic of single charge injection. Starting from an antiresonant
situation where the Fermi energy lies between two energy levels of the dot (step 1), the dot potential is
increased by bringing one occupied level above the Fermi energy (step 2). One electron then escapes
the dot on the mean time . The dot potential is then brought back to its initial value (step 3)
where one electron can enter it, leaving a hole in the Fermi sea. Inset: The quantum RC circuit : one edge
channel is transmitted inside the submicrometer dot with transmission tuned by the QPC gate voltage

. The dot potential is varied by a radiofrequency excitation applied on a macroscopic gate located
on top of the dot. The electrostatic potential can also be tuned by due to the electrostatic coupling
between the dot and the QPC. B) Time-domain measurement of the average current (black curves) on
one period of the excitation signal (red curves) at for three values of the transmission .
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discrete levels
tunable dot
transmission via Vg

control via Vexc
Ù well described through Floquet scattering theory

Simplified model of injection: prepared state

injection in the past at t = −T0 : |ϕ〉 = O† (−T0) |0〉
preparation operator O† = O†RO

†
L with

O†R,L =

∫
dkϕR,L(k)

[
ψ†R,L(k; t = −T0)

]nR,L

∫
dkϕ(k)ψ†k

Exponential wave-packets

ϕR,L(x) =

√
2Γ

vF
e±(iε+Γ)x/vF

Versatile: any paquet or number of qp
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4-branch Keldysh contour

Problem!
Average not taken over the ground-state but over some prepared state |ϕ〉

Interaction representation and Keldysh contour

Usual case
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Usual case

CRL(t, t ′) = 〈0|IR(t)IL(t ′)|0〉
= 〈0|TK ĨR(t−)̃IL(t ′+) S̃K

TK exp
(
−i
~
∫

K dt1H̃T (t1)
)|0〉

−∞
η = +

η = −
t
•

t ′•
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× ĨL(t ′2)Õ†(−T 1
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A few more technical details

Second order perturbation in tunneling H̃T

〈IR(x+, t)IL(x−, t ′)〉 → −12~2

∫
dt1dt2

∑
η1η2

(−1)η1+η2
∑
ε1,ε2

Γε1 Γε2

× 〈TK4OR
(
−T 4

0
)

IR
(
x+, t3)O†R (−T 1

0
)
ψ†R (0, tη1

1 )
ε1 ψ†R (0, tη2

2 )
ε2〉R

× 〈TK4OL
(
−T 4

0
)

IL
(
x−, t ′2

)
O†L
(
−T 1

0
)
ψL (0, tη1

1 )
ε1 ψL (0, tη2

2 )
ε2〉L

Current in terms of chiral bosonic fields

IR,L(x) = ± e∗vF

2π
√
ν
∂xφR,L(x)

Average of bosonic operators

〈TK4

N∏
n=1

eαnφR,L(xn,tn)〉R,L = exp

[
N∑

n=1

N∑
m=n+1

αnαmG
(

σtntm
ηnηm

{
tn − tm ∓ xn − xm

vF

})]
with σtntm

ηnηm = δηnηm(−1)ηnSgn(tn − tm) + (1− δηnηm)Sgn(ηn − ηm)
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Final expression
Current cross-correlations

SRL(x+, x−; t, t′) =
〈ϕ|IR (x+, t)IL(x−, t′)|ϕ〉

〈ϕ|ϕ〉
−
〈ϕ|IR (x+, t)|ϕ〉

〈ϕ|ϕ〉
〈ϕ|IL(x−, t′)|ϕ〉

〈ϕ|ϕ〉

Zero-frequency, finite temperature expression

SRL =

∫
dtdt′SRL(x+, x−; t, t′)

= −Re

{( e∗Γ
2πa

)2
∫

dτ

[∑
ε=±1

(
sinh
(

iπa
βvF

)
sinh
(

iπa
βvF
− επ vF τ

βvF

))2ν]∫
dyRdzRdyLdzL

∫
dt

×
ϕR (yR )ϕ∗R (zR )

(2πa)nRNR

(
sinh
(

iπa
βvF

)
sinh
(

iπa
βvF
− π yR−zR

βvF

))νn2
R
ϕL(yL)ϕ∗L(zL)

(2πa)nLNL

(
sinh
(

iπa
βvF

)
sinh
(

iπa
βvF
− π zL−yL

βvF

))νn2
L

×

(
sinh
(

iπa
βvF

+ π
vF t+zR
βvF

)
sinh
(

iπa
βvF

+ π
vF (t+τ)+zR

βvF

))νnR
(

sinh
(

iπa
βvF
− π vF (t+τ)+yR

βvF

)
sinh
(

iπa
βvF
− π vF t+yR

βvF

) )νnR

×

(
sinh
(

iπa
βvF

+ π
vF (t+τ+δT )−zL−δL

βvF

)
sinh
(

iπa
βvF

+ π
vF (t+δT )−zL−δL

βvF

) )νnL
(

sinh
(

iπa
βvF
− π vF (t+δT )−yL−δL

βvF

)
sinh
(

iπa
βvF
− π vF (t+τ+δT )−yL−δL

βvF

))νnL
}
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Benchmarking against ν = 1
Vacuum contribution (no injection)

Svac(ω = 0) = − (e∗Γ)2Γ(ν)2

2π2avF Γ(2ν)

(
2πa
βvF

)2ν−1 Noise from Fermi sea at finite T
[T. Martin, Les Houches LXXXI]

Hanbury-Brown and Twiss setup at ν = 1: noise reduction!

SRL = −
(

eΓ

vF

)2 ∫ dk
2π (1− 2fk)

|ϕR(k)|2(1− fk)2∫ dk
2π |ϕR(k)|2(1− fk)

Ù antibunching with thermal excitations [Bocquillon et al., PRL 108, 196803 (2012)]

Hong-Ou-Mandel setup at ν = 1

−25 −20 −15 −10 −5 0 5 10 15 20 250

0.2

0.4

0.6

0.8

1

δT

S
H

O
M
/2
S

H
B

T

ε = 1,Γ = 1/8
1− exp(−2Γ|δt|)

well-defined dip reflecting
indistinguishability

reaches 0 for synchronized injections

in agreement with expected
exponential [Ol’khovskaya et al., PRL
101, 166802 (2008)]
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Injecting single electrons (ν = 1/3)
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T

ε = 1,Γ = 1/8, β = 5
ε = 1,Γ = 1/8, β = 500
1− c exp(−2Γ|δt|)
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1

δT

S
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M
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S

H
B

T

ε = 1/4,Γ = 1/4, β = 5
ε = 1/4,Γ = 1/4, β = 500
1− c exp(−2Γ|δt|)

dip does not reach 0
contrast smaller for resolved
packets
shape is not simply given by
the wave-packet
weak temperature dependence
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Injecting single quasi-particles
At filling factor ν = 1/3

−3 −2 −1 0 1 2 30

0.2

0.4

0.6

0.8

1

δT/β

S
H

O
M
/2
S

H
B

T

ε = 1,Γ = 1/8, β = 500

presence of a dip

approaches 0 at δT = 0

striking temperature dep.

intriguing wave-packet
(in)dependence

Other filling fractions

−2 −1.5 −1 −0.5 0 0.5 1 1.5 20

0.2

0.4

0.6

0.8

1

δT/β

S
H

O
M
/2
S

H
B

T

ν = 1/3
ν = 1/5
ν = 1/7

similar behavior ∀ν
surprisingly good fit

SHOM

2SHBT
= 1− exp

(
−2ν

π|δT |
β

)
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Conclusions

A general formalism for the computation of noise correlations for
electron quantum optics setups in the quantum Hall regime

When injecting electrons, the current cross-correlations show a dip,
with less than optimal contrast

When injecting single quasi-particles, an exponential dip appears, like
nothing seen in the IQHE
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