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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
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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 ?1

@ Mesoscopic capacitor [Feve et al., Science 316, 1169 (2007)]

Emits single electrons on-demand
=>» opens the way to all sorts of
interference experiments!
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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 ?1

@ Mesoscopic capacitor [Feve et al., Science 316, 1169 (2007)]

Emits single electrons on-demand
=>» opens the way to all sorts of
interference experiments!

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

e dip in the coincidence rate
=» bosonic statistics
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Hong-Ou-Mandel interference experiment

@ Setup U

e 2 single electron sources Jout

e counter-propagating
channels coupled at QPC

out
@ measure output currents
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Hong-Ou-Mandel interference experiment

@ Setup U

e 2 single electron sources Jout

e counter-propagating
channels coupled at QPC
OLIt
e measure output currents

()

N_

@ Zero-frequency cross-correlations of output currents

SRt = [ de’ [(13" (x. D', €)) = (13" (x. D) (R (', )]
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Hong-Ou-Mandel interference experiment

@ Setup )
: Iout

e 2 single electron sources

e counter-propagating -
channels coupled at QPC Y
-Iout

@ measure output currents

N_

@ Zero-frequency cross-correlations of output currents B
/dtdt (IR (x, ) IR (X, 1)) — (IR (x, £)) (I (X, t))]

out
RL -

@ Results at v = 1 for |5°ut

o flat background contribution
=> Hanbury-Brown and Twiss

ik

e HOM/Fermi/Pauli dip down to 0

Shom/2SupT

e signatures of injected object

0
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Beyond v = 1: interactions!

o Different possible types of interactions

e bt
o between counter-propagating L e, A

channels, near the QPC

B

(work in progress)
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Beyond v = 1: interactions!

o Different possible types of interactions

o between counter-propagating
channels, near the QPC

o between co-propagating
channels at filling v = 2

(go listen to talk by C. Wahl)
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Beyond v = 1: interactions!

o Different possible types of interactions

e between counter-propagating

channels, near the QPC N\
o between co-propagating

channels at filling v = 2

e strong interactions within a his talk
channel: Fractional QHE (this talk)

@ Formalism and methods

v=2
Fote (go listen to talk by C. Wahl)
e injection prepared state |p) prepared state |p)
o propagation bosonized H bosonized H
+ diagonalization
o tunneling perturbative expansion scattering matrix
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Beyond v = 1: interactions!

o Different possible types of interactions

o between counter-propagating

channels, near the QPC N\
o between co-propagating

channels at filling v = 2

(this talk)

e strong interactions within a
channel: Fractional QHE

@ Formalism and methods

FQHE
e injection prepared state |p)
e propagation bosonized H
e tunneling perturbative expansion
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1
2m+1

=>» edge quasi-particles with fractional statistics

@ Hall bar in the Laughlin series v =

@ Bosonization:

YRrL(x) = Ur . exp (—ivVvoRr L(x))

2ma

7
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2m+1

=>» edge quasi-particles with fractional statistics

@ Hall bar in the Laughlin series v =

@ Bosonization: Klein factor chiral bosonic field

YRrL(x) = 5% exp (—ivigRrL(x))

cutoff
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1
2m+1

=>» edge quasi-particles with fractional statistics

@ Hall bar in the Laughlin series v =

@ Bosonization: Klein factor chiral bosonic field

YRrL(x) = 5% exp (—ivigRrL(x))

cutoff

@ Hamiltonian

%/—> H=Hy+ Hr

T Ho = Z‘:/dx |:(8X¢R)2 + (3x¢>L)2]
«—/\—*—;r Hr = Z [rlbL(O)IZ)L(O)]E
e==+
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1
@ Hall bar in the Laughlin series v =
2m+1
=>» edge quasi-particles with fractional statistics

@ Bosonization: Klein factor

YRrL(x) = 5% exp (—ivigRrL(x))

@ Hamiltonian cutoff

%/—' H = Ho + Ht
' _ Mve /dX 0xdr)’ + (Ox1) ]
‘—/\_*T Hr = _Zi [F¢R( )% (0 )]

Problem!
Tunneling Hamiltonian is not quadratic =» perturbative expansion in [

chiral bosonic field
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Mimicking the source: injection

@ Experimental single electron source in the IQHE
@

Alle

o o discrete levels

e tunable dot

—o—|
@ transmission via V,

o control via Ve,
=> well described through Floquet scattering theory
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Mimicking the source: injection

@ Experimental single electron source in the IQHE

O 1en o discrete levels
Al = e tunable dot
transmission via V,

o control via Ve,
=> well described through Floquet scattering theory

@ Simplified model of injection: prepared state
e injection in the past at t = —Tp : lg) = OT (=Ty) 10)
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Mimicking the source: injection

@ Experimental single electron source in the IQHE
@

Alle

o discrete levels
e tunable dot

o |
o] ]
transmission via V,

o control via Ve,
=> well described through Floquet scattering theory

@ Simplified model of injection: prepared state ground-state
e injection in the past at t = —Tp : lg) = O (=Ty) [0)

preparation operator
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Mimicking the source: injection

@ Experimental single electron source in the IQHE
@

Alle

o discrete levels
e tunable dot

o |
o] ]
transmission via V,

o control via Vg,
=> well described through Floquet scattering theory

@ Simplified model of injection: prepared state ground-state
e injection in the past at t = — Ty : lg) = O (=Ty) [0)
e preparation operator Of = OE(’)I with preparation operator

O'T?’L N /dksﬂR,L(k) WL,L(/(; t= —TO)} b

e Exponential wave-packets

U f dkﬂo(k)¢z R L(X) _ {ei(ie-i—r)x/v,:
) V Ve

’ o 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 |¢)
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4-branch Keldysh contour

Problem!

Average not taken over the ground-state but over some prepared state |¢)

@ Interaction representation and Keldysh contour
e Usual case

Cre(t,t) = (0llr(t)/(t)[0)
= (01S(—o0, t)]Ir(t)S(t, t')IL(t')S(t', —00)|0)
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4-branch Keldysh contour

Problem!

Average not taken over the ground-state but over some prepared state |)

@ Interaction representation and Keldysh contour
e Usual case

Cre(t,t") = (Ollr(t)IL(t")|0) { n=+

- <0’TK7R(F)7/_(I“/+) §K 0) *OO—‘;D n=—

Tk exp (%’ T dt1I:IT(t1))
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4-branch Keldysh contour

Problem!

Average not taken over the ground-state but over some prepared state |)

@ Interaction representation and Keldysh contour
e Usual case

Cru(t, t') = (0lIr(t)1L(t')[0) g e+
_ <0’TK7R(t7)7L(t/+) S‘K |0> 7@ n=—
Tk exp (%’ T dt1I:IT(t1))
o Present case
Cru(t,t') = (plIR()IL(t)] )
= (0]S(—o00, — To)O(—To)S(—To, t)Ir(t)S(t, t')
X IL(t)S(t', = To)O'(— To) S(— To, —00)|0)
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4-branch Keldysh contour

Problem!

Average not taken over the ground-state but over some prepared state |)

@ Interaction representation and Keldysh contour
e Usual case

CRL(ta t/) = <0|/R(t)IL(tl)’O> [ n=+
— (0| TwTr(t )T (EF) Bk [0) D S
Tk exp (%’ fK dtlFlT(tl))
e Present case
Cre(t, t') = (plIr(t)IL(t")|)
= (0| Tk, O(— T3 (%)
x 1.(t%)0"(—Tg) Sk, [0)

TK4 exp (%’ fK4 dtlFlT(tl)>
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A few more technical details

@ Second order perturbation in tunneling Hr

(I O €)= o [ ddes Y (-1 3 rore

mmn2 €1,€2
x (T, Or (=T3) Ir (x*, %) OF (= T3) ¥k (0, /)" 45 (0, 852)%)r
X (T, OL (= Tg) I (x—, t) of (= T3) e (0, 7)™ 1, (0, £52)?).
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A few more technical details

@ Second order perturbation in tunneling Hr

(RO I, 1) = o / dtydty » (1) rare

mnn2 €1,€2
x (T, Or (= T3) Ir (xT, ) OF (= T3) vk (0, 67)7 9k (0, 82))r
< (Ti O (= Tg) I (x 7, £2) OF (= T3 ) vu (0, ") 4. (0, 82) )1

@ Current in terms of chiral bosonic fields

eV
Ir.L(x) = 2

2 ST Ox PR, L(x)
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A few more technical details

@ Second order perturbation in tunneling Hr

(I O €)= o [ ddes Y (-1 3 rore

mmn2 €1,€2
x (T, Or (=T3) Ir (x*, %) OF (= T3) ¥k (0, /)" 45 (0, 852)%)r
X (T, OL (= Tg) I (x—, t) of (= T3) e (0, 7)™ 1, (0, £52)?).

@ Current in terms of chiral bosonic fields
e (x)

Ir.L(x) = 2fx¢RL

@ Average of bosonic operators

N N N
Xn Xn>tn ntm Xn — X
(Tk, | I enORLbmI)y ) — exp [ E E anamG (af,fnm {tn —tmF L v '"})1
F

n=1 m=n+1

n=1

with o = (=1)™Sgn(tn — tm) + (1 = Gnun,)SEN (10 — 7m)

NMnMm — “"nTm
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Final expression

@ Current cross-correlations

Salct s, 1y = SPURL DO E)lg)  {ellnlt, D) (el ¢)le)

(ele) (ele) (ele)
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Final expression

@ Current cross-correlations

_ {ellrOH I (x T, t)]w)  (ellrR(xF )l {ell(x—
(ele)

L t)le)
(ele)

(ele)

@ Zero-frequency, finite temperature expression

Sri :/dtdt’SRL(er,x*;t, t')

2v
e*r\ 2 sinh (,(,3\/ )
R d — dyrdzgrdy,dz, | dt
¢ (27ra) / i Z Smh(ma E7_‘_v,:7—) YRAZRAY1GZ|
e=+1 VE Bve

2
. iTa . iTa v
. #rOR)PR(ze) sinh () o] (21) sinh (£2)
(27ra)"R_/\fR sinh ( ira ,n-.VRﬁ;FZR) (2ﬂ'a)"LNL sinh ( ima __ WZLB;;/L)
sinh (2 4 rYEER ) Y7 sinh (f2 - nw(f;arﬂ) VIR
VE VE VE s
X
sinh (lﬁ?;a ﬂ-%) sinh ( ”’i - w%)
o — vng t+6T)—y —6L v
sinh (ma +WM) sinh (ma _ 7rVF(i)
Bve Bve Bve Bve
X
sinh (E” +ﬂ%}:z"7&) sinh ('”
Jéréme Rech (CPT)

VE(t+7+8T)—y —6L
— T
BvF

Bvr )
Hong-Ou-Mandel in the FQHE
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Benchmarking against v =1

@ Vacuum contribution (no injection)

. 2v—1 Noise from Fermi sea at finite T
5w = 0) = (e*T)?I(v)? (27ra)

_227r(2) T [T. Martin, Les Houches LXXXI]
T<ave 14 VF
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Benchmarking against v =1

@ Vacuum contribution (no injection)

. 2v—1 Noise from Fermi sea at finite T
5w = 0) = (e*T)?I(v)? (27ra)

_227r(2) T [T. Martin, Les Houches LXXXI]
T<ave 14 VF

@ Hanbury-Brown and Twiss setup at v = 1: noise reduction!
2
el dk lor(K)?(1 — £)?
SrL = — () /— 1—2f
vE 27! )f S lor(k)P(1 —fi)
=> antibunching with thermal excitations [Bocquillon et al., PRL 108, 196803 (2012)]
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Benchmarking against v =1

@ Vacuum contribution (no injection)
Noise from Fermi sea at finite T

*\2 2 2v—1
S (w=0) = —% (;m) [T. Martin, Les Houches LXXXI]
T<ave 14 VF

@ Hanbury-Brown and Twiss setup at v = 1: noise reduction!
2
el dk or(K)P(1 — fi)?
SrL = — () /— 1—2f
vE 27! )f S lor(k)P(1 —fi)
antibunching with thermal excitations [Bocquillon et al., PRL 108, 196803 (2012)]

@ Hong-Ou-Mandel setup at v =1
. P 1 o well-defined dip reflecting
E & 1 indistinguishability

0.8 \ /
yood | e reaches 0 for synchronized injections

Srom/2SuBT

e in agreement with expected
exponential [Ol'khovskaya et al., PRL

101, 166802 (2008)]

- e=1TI=1/8

T H

== 1— exp(~2D|st])
0 -
—25 20 -15 -10 -5
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Injecting single electrons (v =1/3)

SHOI\I /QSHBT

SHOI\I /QSHBT

0.8

0.6

0.4

0.2 f

0.8

0.6

0.4

0.2 H

c=1T=1/85=5
— =1, =1/84 =500
< 1= cexp(—2Tt])

-25 =20 -15 -10 -5

—e=1/4T=1/4,8=5
—e=1/4,T =1/4,8 =500
- -~ 1—cexp(—2I5t|)

1 @ dip does not reach 0

1 @ contrast smaller for resolved
packets

@ shape is not simply given by
the wave-packet

@ weak temperature dependence

-25 =20 -15 -10 -5

Jéréme Rech (CPT)
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Injecting single quasi-particles

o At filling factor v = 1/3

presence of a dip

approaches 0 at 67 =0

Stom/2SusT

e striking temperature dep.

intriguing wave-packet
2 g (in)dependence

—c=1,0=1/8,8 =500
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Injecting single quasi-particles

o At filling factor v = 1/3

presence of a dip

s
>
[

approaches 0 at 67 =0

Stom/2SusT

e striking temperature dep.

o2l e=1/ar=1/4

intriguing wave-packet

ee=1T=1/8 L Y
soe=1/2,T=1/20 ‘ ) . )
%3 =2 -1 0 1 2 3 (|n)dependence
oT/8
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Injecting single quasi-particles

o At filling factor v = 1/3

1k

eoseenman,

om,

o

Stom/2SusT

02 = e=1/4T=1/4
ere=1T=1/8
“e=1/2,T=1/20

oT/B

@ Other filling fractions

1k

Srom/2SusT

=17 4

presence of a dip
approaches 0 at 67 =0
striking temperature dep.

intriguing wave-packet
(in)dependence

similar behavior Vv
surprisingly good fit

Srom =1—exp —21/7r|6T|
28HBT B

me Rech (CPT)

Hong-Ou-Mandel in the FQHE
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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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