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Summary (quantum optics with edge states)

Part 3 : Introduction to electrons optics

o Electron optics principles
0 Single electron sources
0 Mesoscopic capacitor : average current and noise

Part 4 : Quantum optics experiments

o0 Partitioning single electrons
0 Colliding indistinguishable electrons
0 Decoherence and charge fractionalization

Electron quantum optics in ballistic chiral conductors,
Bocquillon et al., Annalen der Physik 526, 1 (2014)
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Basic tools for optics

What do we need to realize an interferometer ?

mirrors

VAN

y
sciur'f? M detector
AN /!

beam splitters

L

ballistic 1D propagation
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Mach-Zehnder inteferometry with a biased contact
(two-path interferometer)

Y. Ji et al., Nature 422, 415 (2003) @

Coherent source = biased contact

154"

« Natural source » not noisy

Coherence length = contrast

L,=20pum at 20mK 1 o Vye 24
Ty & 200 ps for vp = 10° ms~1 00 75 %0 45 30
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l_m Optics basic experiments

Coherence properties of light / mirror)} {k . \

Wavelike description encoded in the y

first order coherence of the Detector :

electromagnetic field Source 1: o / (1())
E TEET T beam- O\AA

G (t,t+71) x (E(t)E(t + 1) ) / splitter

Measur'ed by e.g. Mach-Zehnder \ Source 2: | Mach- Zehnder‘

interferometry interferometer:

Statistical properties of light / 1,(0) (Ei) 0 (t)l(t\»
Detector 1: g

Corpuscular description encoded in
intensity corrrelations

Source 1: ‘
: ’)Q\‘—’ —— O L (1)

Detector 2 :
Hanbury-Brown and Twiss
Source 2 - ~nn  interferometer

GOt +1) < (L (Ot + 7))

Measured by Hanbury-Brown and
Twiss (HBT) interferometry \
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lm Electron optics in edge channels : formalism

Electron field operator

1 . 1//+(X)‘ F> ®
— iex/(hvp)
Y(x) \/Ej de a(e)e l >
X

Chiral, 1D, propagation
P(x,t) = P(x — vpt) P) o EY(x) P o E7(x)
Charge density and electrical currrent

L;(x,t) = evp YT(x, Y (x,t) Ln(x,t) <« E¥(x,t)E~(x, t)
GW(e e") = (aT(e)a(e))

Vacuum is the Fermi sea ! transport subtracts the Fermi sea

GD(x,x") = G-V (x,x) + AGD (x, x") G-V (e €)= 0(e —ep) 8(e — €")
[(x) = evpAGD (x, x)
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lm Electron optics in edge channels : formalism

Electron field operator

W) = J;TF [ e agepetesrame v (X)|F) e

A\ 4

I
I
X

Chiral, 1D, propagation
Px, t) = P(x — vgt) P) o ET(x) P o E7(x)

g/\ — I
Charge density and electrical currrent g ;
1,(x,t) = evp YT (x, )W (x, t) Lyn(%,1) & E*(x, )E~(x, £) el
GW(e e") = (aT(e)a(e)) | -

& ¢

Vacuum is the Fermi sea ! transport subtracts the Fermi sea
GD(x,x") = G-V (x,x) + AGD (x, x") G-V (e €)= 0(e —ep) 8(e — €")

[(x) = evpAGD (x, x)
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l.m Stationary versus single electron emitters

Stationary emitters : 4 ) &\ £=¢
AGD (x,x") = AGDV (x — x") @_ 000700
AGD (g, € x 8(e —€) \: ® I§/ >g
control of the populations (no of f — diagonal element in AG !)
Single electron state, wave packet ¢(x), « a Landau QP » 4-/_/\\_,
1
WHolIF) = —— [ dx oW IF)
hUF
& \ E=¢
AW (x,x) = ¢" (X (x) ' =12 1 &
AGD(g,€") = ¢ (e)p(€) d e se e € | ' /
G
electrons (e > 0) holes (e < 0)

acces to the coherence (fragile of f — diagonal terms in AG)
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Triggerred electron emitters (2DEGs)

J. Pekola et al., Rev. Mod. Phys. 85, 1421 (20]3)

Electron pumps

M.D. Blumenthal et al., Nature Physics 3, 343 (2007)
F. Hohls et al., Phys. Rev. Lett. 109, 056802 (2012)
J. Fletcher et al., Phys. Rev. Lett. 111, 216807 (2013)

Electrons flying on SAW (flying Q-dot) o

R. McNeil et al., Nature 477 (7365), 439 (2011) B, - SAW o
S. Hermelin et al., Nature 477 (7365), 435 (2011) iy

Lorentzian voltage pulse (Levitons)

D. A. Ivanov, et al., Phys. Rev B 56, 6839 (1997)
J. Dubois et al., Nature 502, 659 (2013)

Mesoscopic capacitor (electron/hole, energy resolved)

G. Feve et al., Science 316, 1169 (2007)
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Mesoscopic capacitor : A single eletron/hole emitter
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Cartoon of single charge injection

............................................... QPC 2D Gas

transmission D
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Cartoon of single charge injection

£l QPC 2D Gas

E5| . OL -

transmission D Y

[
®
o]

v
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Cartoon of single charge injection

— 1=DA
/

emission QPC 2D Gas

B *— Dot
= ot

transmission D Y

[
®
o]

v

typically 100 ps
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Cartoon of single charge injection

QPC 2D Gas

| e Dot
Sl e —

[
®
o]

____ e . |
transmission D Y
___e®
777777
—1
C 2e\‘/‘exc
()
h t
'Z' ~ ___
DA
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Cartoon of single charge injection

QPC 2D Gas

transmission D Y

_ e
777777
—l
C 2eVeXC
A ___________
°
h "t
T~ ——0 (o)
DA
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Statistical averaging

Energy scale (1 Kelvin= 86 peV = 20.8 GHz) : A = 2 Kelvin

Energy scale : 7= h/DA = 50 — =500 ps

777777
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Single electron current pulses

Measuring single electron current pulses ?

Use a slow 32 MHz clock and a 16Hz fast averaging card (Acquiris)

2eV,., = A

eXC

O 5 10 15 20 25 30 O 5 10 15 20 25 30
Time (ns)
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Cartoon or reality ?

Quantization of the AC current ?

Use homodyne detection at large clock frequency : (I,,) = ®*%0/ i

2eV,,.
g
------- 0 _ e I
e e e ol | — — : e e e B e |
-y . ;
o B
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Cartoon or reality ?

Subnanosecond control of the emission time

Use homodyne detection at large clock frequency : (I,,) = ®*%0/ i

{1
1,04 ]
H
Q - = tanh(T/47) =
g 3 : — T(NSs) 0.1 °»
0,54 - N e © 1=T/2=0.33ns -
0.0 0,01

© .0350 -0345 -0,340 -0335 -0330
V. (V)
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l.m Short time current correlations

Single electron emission is characterized by current correlator

QZ
IOIE)) =60 —1)

AC noise correlations . N /\

(81(t)81(t")) = (IDI (")) — TONI(E"))

4-
2 o —(t'-t)/T  Af
where  (IONI()) =% “— Lo
3{ il _
, ]! —— p=0.02 =15xT/2
Whence the AC noise spectrum —~ 1 il — p=0.06 =0.5xT/2
& 2] | — p=0.1 =0.3xT/2
) —— p=05 1w=0.05x T/2
c ( ) 262 ((,()T)z \/= 1
T, W) = |
1 T 1+ (wT1)? o1
Experiment — S;;(t, w = 21f) O(') ' "1 5 X a4 & &
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Cartoon or reality ?

Single electron source, beyond average current, average noise

= =jitter limit - =shot noise limit
LY T ]

- A - .

1,0-

Qe

0,04

4tanh(T/4T)x 7

01 1 (T2)
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l.m Beyond current and noise, 2 particle interference

average current : {I(t)) = e |p(t)|?

current noise : (I(t)I(t + 1)) = e?|p(t)|? 6(1)

sensitive to wave packet envelop : |@(t)|?

TA

How to access wave coherence ? p(t,t") = p(t)@*(t") 1

Asses decoherence: p(t,t') = (t)*(t')D(t —t)
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Lm Part 4 (quantum optics with edge states)

Part 3 : Introduction to electrons optics

o Electron optics principles
0 Single electron sources
0 Mesoscopic capacitor : average current and noise

Part 4 : Quantum optics experiments

o0 Partitioning single electrons
0 Colliding indistinguishable electrons
0 Decoherence and charge fractionalization
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Hanbury-Brown and Twiss partioning
(classical AC source)

Input channel 1 noise

Q=N.—N, (860:°)=0 S;3(w=0)=0

AC source is noise free at DC /\
3 2

DC noise correlations at outputs

(6Q36Q,) = —e*T(1 —T) x ({N,) + (Np)) beam splitter

Measures the average number of electron-hole pairs

Low frequency noise spectrum

S33(w = 0) = =S34(w = 0) = 4e*f T(1 = T) X (Nesn)

Enough to measure noise at output 3
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Thermal crossover

S; = 2el tanh™?!

2k6,

PIB=f(Vbias), T=1/2, nu=3, B=2,75T

—1 000 —500 0 500 1000
7e-09 | . o I A L [ . A [ . L1 7e-09
6e-09 | [ 6e-09
5e-09 | 5e-09
4e-09 | [ 4e-09
~
N
9
g 3e-09 | 3e-09
£
>
r
o
o
2609 | [ 2e-09
te-09 | [ 1e-09
0 | Y

R T T S R S T R e e T e B e
-1 000 500 0 500 1000
Ve (BV)

Thermal noise

PIB (Vrms”™2)

partition

2e—-09

‘ Titre
1 1

noise : S;x T(1 —T)

1,5e-09

1le-09

5e-10

Y

partition noise

T T T
2e-05 4e-05

V(V)
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Partitioning single electrons : Experiment ?

HBT noise is smaller than classical prediction, why ?2?2??

Sinus
0 0,2 0,4 0,6 0,8
I L L L I 1 1 L I L 1 1 I L L 1 I 1
1,2- _
] classical
1- T [
n i
e
- f/
0,84 / >
- J'ffo O “““h,““@
U.ﬁ—_ f"}f H"‘"Q Ov
0,44 i =
1
I
1 0
0,2- p
11
010
r rr r 1 ¥ 111 ¢ ¥ r [ © r ¥F]
0 0,2 0,4 0,6 0,8

Dot Transmission

Square
0 0,2 0,4 0,6 0.8 1
I 1 I '] L I 1 | '] I L 1 1 I '] 7

J J L
1,2- S FL,2

] =7

1 P - -1

- f/':-""""-ﬁ""'--.g -
0,8 VG ~ e 0,8

7 oo L TTm—m—— L

17 O i
0,64 Eir ] -0,6

1 7 I
044 [ -0,4

1 1
0,2- Eﬁl 0,2

11 I

11 [

0-4h -0
I T T T I T T T | T T T I T T T I T
0 0,2 0,4 0,6 0.8 1

Dot transmission
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The explanation :

Antibunching with thermal excitations emitted by auxiliary entry 4 Il

(Ne) + (Np) [ =

SNypr = — > o f de[on.(e) + én(e)]f(e) = 1
O é 0,24 70‘6?

(Nen) = | de Snen@

1 05 0 05 1
Hole energy ¢ [A] Electron energy ¢ [A]
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l_m Two indistinguishable particles interference

DL NS NS
S NN

Splitter scattering matrix : ) = [1 ] )

atb* |0,0)gp = 5 (c* +d*)(c* — d*)|0,0)q
bosons (destructive 2 — part. interference) : a*b* |0,0)qp =

fermions (constructive 2 — part. interference): a*b™ |0,0)4;

AN

N\

1
( |2)O>Cd_

= |1J1>Cd
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Lm Two particle Hong-Ou-Mandel interferences

s, L)

L, (T')

(Source 2)

Hanbury B & Twi ° © ° °°
e ) B
@ 91 OQ

o) o) © %)

antibunching bunching
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How indistinguisahble are photons ?

Amp.

O O
& fre] Counter @ Q/ @
Disc. 4‘ 4

uv .
> KDP Comncidence | PDP p/ \@ p/
W > Counter 11723+ “'

Amp.
& +— Counter

Disc. Undistinguishable photons

c
E 1000
o , .
c  800- + Photons pairs :
P C. Hong et al., PRL 59(18), 2044 (1987)
S Independent emitters :
g8 %% J. Beugnon et al., Nature 440, 779 (2006)
8 P. Maunz et al., Nature Physics 3, 538 (2007)
g 400 E. B. Flagg et al., PRL 104, 137401 (2010)
e C. Lang et al., Nature Physics 9, 345 (2013)
© 200
Q

' S
d 0 1 T ] H l
< 260 280 300 320 340 360

Position of beam splitter (L.cm)
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2 particle interferences with 2 single electron sources

-

0 5 10 15 20 25 30
Time (ns)

From joint probability :

e e
#ilz)  65() P(LD) = L [1 + g1%l0, 12
O O
@,4 ‘@ To normalized noise ,
SHOM __ 1 _ «
g ®a Supr 1 Udt P1(t + 1)@, (t)l
0 () =1 — e_|T|/Te \

First order coherence
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First electronic HOM Experiment (2013)

4 (Random partitioning) C 4
o> . -
4 12- V 1.2
D,=D,~04 E 1 1
O
T, ~58ps E 0.8 - [ 0.8
D
= 0.6 [ 0.6
O s 1-0.45¢ '™
0.4 — —1—-U.40€ - 0.4
. (Pauhdlp  ~62ps F
0'2-'I""|'1"|""e|T1IP|'-0'2

—200 —100 0 100 200

Time delay 7 |ps|
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Decoherence of the single electron wave packet

Il HOM experiment combines particle and wave aspects !

2\ N

SHOM
=1—|| dt t D ()| =~ (1= e Itl/Te) x
[t o1+ D@0 @) = (1) x (g

1,2 1 T T T T T
|\\\
N
W
[ \\\\ . Contrast y, v=2
08} 1 \ L] Contrast y, v=3 |
TN —— 1/(1+ 274/Te) T.=98 ps
Y ——= 1/(1+ 2Te/Tc) T.=59 ps
\‘ }%‘
\ %\
L \\ \
06F -
> \
-
(0]
m©
5 \
: \ I
(@] L \\\.
0,41 =y . -
. ) \“'-‘ l‘T % I
S S T % %
| Q<%—< ’—‘-+T‘
O tw=20ps 02k T~ T T 1 + F
041 & t1=55ps 7 ! %T T T ] LT —— ] T
O 1.=100ps i = j S & I ‘
—— 1-0.74 exp(-|1//0,056) I ; — Trm——— S
=== 1-0.53 exp(-|t|/0,080) | )
------ 1-0.37 exp(-|t//0,135)
02 o7 7]
! -0,2 -0,1 0 0,1 0,2 0 50 100 150 200 250
T (ns) Te (ps)
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Autopsy of the quasi-particle (QP)

HOM in the environment

QPs are not eigenstates in 1D; they degrade into collective e — h excitations

. Neutral mode -(i)-
>: ! 1 | ‘l‘__i |
| I T 1 ,: :
| i

Say Low frequency ¢ 4 supiz
cryogenic amplifiers

outer edge

inner edge

Input of the interaction region : single electron state in outer channel

N)in) — (f dx QD(X) ®|}\(x)>outer) )®|0>inner

Output : the electron gets entangled with environment e — h excitations

[Your) = fdx 0 (x) (|t X A(x))outer)®IT X A(X)) inner)
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HOM experiment in the environment

evidence for electron-fractionalization

Output : the electron gets entangled with environment excitations

Wjout) — fdx (p(x) ®(|t X )\(x»outer)@lr X }\(x»mner)

-0,6 -0,4 -0,2 0 0,2 0,4 0,6
1.4_ 1 1 L 1 1 L 1 1 L 1 1 Il 1 1 L 1 1 L 1 1 L 1 1 - 1‘4
1A HOM-syste L,
1 . : N ¥
14 /\ 7 \ E1
3'0'8_: \/_, \/ \_/ :—0‘8
0,67 £0,6
o o "1 Outer edge channel theof '
— electron — hole antidips. 04 Outer edge chamel exp. o 4
] Inner edge channel theo.[
O,Z- T T T T T T T T T T T T T T -0‘(_’
1,44 1,4

HOM-environment

_i — Inner edge channel theo.

o] * loneredge dumel ey
. D,/_] ) T T T T T T T T . T T T T T T T T T T T T T T T _0‘/_’
— electron — electron satellites o6 02 // oy o |\ o8
OJE'& QQQQQ l‘annb—
@ _ o O ) < A
' Y/
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Voo Conclusion

Is single particle description relevant ? (YES, to some extent |)
Learn about particle statistics and coherence

Role of the Fermi sea

Many-body effects

O O OO

perspectives

@

Quantum tomography of the single particle states
Implementation in other systems (graphene ? TI's ?)
Use for quantum information (Flying qubits ?)

O O
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