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Le courant electrique de 1821 a 2025

Quantum current analyzer
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From Ampere to electrical circuits
Quantum physics within electricity
Towards quantum coherent electronics

Presentation of the PCP 2025 cycle
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Part I: From Ampere to electrical circuits ’A
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+  From Ampere to Maxwell
» Classical circuit theory
» A story of fields, charges and currents

+ How does energy flow ?
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From Ampere to Maxwell ’A
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From Ampere to Maxwell y
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1827 1831

L.o1 d’Ohm

Induction (Faraday)

Electromagnetic rotation

Battery (Volta) (Faraday 1821)

Capacitor
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From Ampere to Maxwell y
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, | 10.090
%/ THEORIE.

PHENOMENES ELECTRO-DYNAMIQUES,

Q

Par ANprE-Marie AMPERE,

1827 1831

L.o1 d’Ohm

Induction (Faraday)

Electromagnetic rotation

Battery (Volta) (Faraday 1821)

Capacitor
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From Ampere to Maxwell y
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%/ THEORIE.
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L.o1 d’Ohm

Induction (Faraday)

Electromagnetic rotation
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From Ampere to Maxwell y
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Notion de courant ¢lectrique
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From Ampere to Maxwell y
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Notion de courant ¢lectrique

Notion de circuit ¢lectrique
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From Ampere to Maxwell y
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Notion de courant ¢lectrique

Notion de circuit ¢lectrique

Unification ¢lectricite et magnetisme
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From Ampere to Maxwell y
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Notion de courant ¢lectrique

Notion de circuit ¢lectrique

Unification ¢lectricite et magnetisme
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Courants moléculaires . U '1 1]
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From Ampere to Maxwell y
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Notion de courant ¢lectrique

Notion de circuit ¢lectrique

Unification ¢lectricite et magnetisme
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°~ all

Courants moléculaires ” U '1 1]

Géo-dynamo *f 3
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From Ampere to Maxwell

Notion de courant ¢lectrique

Notion de circuit ¢lectrique

Einstein-de Haas (1915)

Experimenteller Nachweis der
Ampereschen Molekularstrome

Géo-dynamo f y

r
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From Ampere to Maxwell b
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Notion de courant ¢lectrique

Notion de circuit ¢lectrique

Unification ¢lectricite et magnétisme
Einstein-de Haas (1915)

Experimenteller Nachweis der
Ampereschen Molekularstrome

=
= =4 /7‘; l‘

i
~

Courants moléculaires ”i‘f 7111

Courants permanents (1983)

Géo-dynamo f 0
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Maxwell’s theory (1865) b
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<— Increasing Frequency (v)

1924 1922 1920 1(')18 l(l)lf) 1914 l(l)l'.l l(I)IO l|08 l|06 1I04 l|02 IIOO v (HZ)

Y rays X rays uv IR Microwave [FM AM Long radio waves

Radio waves
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Dr. Maxwell & Mr. Kirchhoff ?

Optics Everyday life electricity

llumination T1
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ot . 250V
o .
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Condenser \ / o Y Y \Un o+ TR1a .
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16V 5
T3:2SC1815
Fields, optlcal sources & detectors V()ltages, currents & components

but no voltages, no currents, no circuit

but no fields
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Kirchhoff laws for electrical circuits 7
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a Ry b
Vi =0 ! ) ! I, =0
Z b= (D RSy, > =
b/ beEOX o b/ 9b=(x,1)
d 3 C
® ®
Vs R. C e
. h+hL=k+I,
Original form: dc case G. Kirchhoff, Annalen des Physik und Chemie 54, 497-514 (1845)
Extensions: ac case but « low frequency », with induction 7{ E-dl = dcbgt(z)
C

J. R. Carson, Electromagnetic theory and the foundation of electrical circuit theory,
The Bell Technical Journal 6, 1-27 (1927)
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Lumped elements model of electrical circuits b
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Discrete representation of electrical circuits Also applicable at low frequencies to continuous circuits
L Microstrip line Lumped elements

R'Az L'Az
o_‘AAﬁ—J YY\ % . ¢

G'Az = C'Az

Capacitor
dg = Cdv

Resistor
dv=Rdi

Inductor
de =Ldi

I @
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Lumped elements model of electrical circuits b
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Discrete representation ot electrical circuits Also applicable at low frequencies to continuous circuits
L Microstrip line Lumped elements

Magnetic Field

R'Az L'Az
%

G'Az = C'Az

o

Capacitor
dg = Cdv

High frequency ?

Resistor

Memristor
dv=Rdi d® = Mdg S

f[; > < V
Inductor %
do=Ldi
| 0}
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Classical laws of electricity ’.A
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Composition of impedances and admittances

— - — o Ziot = Y 7

Z. tot_ZZ :

Teleggen’s theorem —
Follows from Kirchhoff laws

active and non linear elements)

2 : I, Vi, =0 Val.ld for any cn*gmt (even with GD
b X

[

B.D.H. Tellegen, Phillips Research Reports 7, 259 (1952) A
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Electrical circuit synthesis
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Impedance of a passive dipole element

O—>
.. O
R(Z(s)) > 0 for I(s) < 0 : N
S(Z(s)) =0 for FK(s) = O—
O. Brune, Synthesis of passive networks, PhD thesis MIT (1929) G. Cauer
Forster 1st form Forster 2nd form

Cauer 1st form

— 2w - I e
’ Ly 3L v | I I
Ly Lo ¢ Ly Yl =» };L ’ TC T T
e o N N Ci1 +C, C,
.__| I—_o_—| I—_o o_—i I—_o o 1 T_T.---------I. ----- coa
C Co C
Partial fraction expansion Continuous fraction expansion
R. M. Forster, The Bell Technical Journal 3, 259-267 (1924) G. Cauer, PhD thesis (1926)

R. P. Feynman et al, Lectures on Physics, chap. 22, sec. 22-4, 22-6 & 22-7.

Cycle PCP2025: Ampere 12
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Linear electrical circuits: response coefficients }A
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Linear electrical circuits: response coefficients }IA
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Mutual inductance matrix ®=L-1I ;o _ Mo dr; dr;
'L=L W Ar

= L7 ]
N Am Je,.c; Iri — 1]
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Linear electrical circuits: response coefficients }IA
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Mutual inductance matrix ® =L-1I 7 Mo dr; dr; .

tL:L Z’J_E C.: C. ‘I’i—r'| Z#]

o Tb. A o,_I;.'i' 19~"] J
Mutual capacitance matrix Q=C-U
t
¢ C=C
/II\ C.1=0 (Gauge 1invariance
- =, Total mutual influence 1.0 — 0 Total neutrality
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Linear electrical circuits: response coefficients J
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Mutual inductance matrix ® =L -1 m dr; dr;
'L =L "I An Joo o i — 1) i
+ ?\lx. A ,_I;+ 1,5 J
= n:m N Computational methods: numerics (COMSOL)
. . B Yu. Ya. lossel, E.S. Kochanov, and M.G. Strunskly,
Mutual CapaCItanCC matrix Q =C-U The calculation of electrical capacitance (1969)
t
. C=0C
/”\ C.1—0  Gaugeinvariance
C, L c,, Total mutual influence .C =0 Total neutrality
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Linear electrical circuits: response coefficients J
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Mutual inductance matrix ® =L-1I 7 Mo dr; dr; .
tL:L Z’J_E C.: C. \I‘i—r-| Z#]
+ ?\L. A ,—I;+ 1y J
= n:m N Computational methods: numerics (COMSOL)
. . B Yu. Ya. lossel, E.S. Kochanov, and M.G. Strunskly,
Mutual CapaC1tance matrix Q =C-U The calculation of electrical capacitance (1969)
t
. C=0C
/”\ C.1—0  Gaugeinvariance
C, L c,, Total mutual influence .C =0 Total neutrality
. , . S
Resistance J=o0 Lk (Local form) Forawire: [ =GV with G = UT

Empirical law: 0 1s material specific (not of geometric / electrostatic origin)

Cycle PCP2025: Ampere
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How electricity flows: a story of charges, currents and fields "A
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COMPRENDRE L'ELECTRICITE

Je suis sur que vous ne savez pas exactement comment marche

' R e 7 [’electricite. Et je ne parle meme pas de choses compliquees comme

| i\ comme du courant alternatif ou des transistors. Non un truc

-« \_la . simple: une pile, une ampoule. Qu’est ce qui se passe vraiment au
S '}35:49 niveau physique dans les fils electriques ?

D. Louapre, ScienceEtonnante (3/11/2024)

G. Kirchhoft, On the deduction of Ohm s laws in connexion with the theory of electrostatics
Philosophical Magazine 37, 463-468 (1850)

Cycle PCP2025: Ampere
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The charges side of electricity ’.A
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The charges side of electricity ’.A
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p L
R=—
S
pl
El=—
Bl =L
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The charges side of electricity ’.A
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Copper p=1.72x10"° Qm

I=1A S =1 mm?
E=172x10"%?V/m

p L
R=—
S
pl
El=—
Bl =L
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The charges side of electricity ’.A
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Copper p=1.72x10"° Qm

I=1A S =1 mm?
E=172x10"%?V/m

Point charge estimate:

qe
For d = 0.28 mm pr—" q

p L
R=—
S
pl
El=—
Bl =L
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The charges side of electricity y
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Copper p=1.72x10"° Qm

I=1A S =1 mm?
E=172x10"%?V/m

Point charge estimate:

qe
For d = 0.28 mm pr—" q

Surface charge estimate:

qge  pl E0p
b=og=g5 —e=—1
p L €0 €
="
E
; 0P _ 0.95 A1
Bl =5 6

W. G. V. Rosser, Am. J. Phys. 38, (1970)
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The charges side of electricity b
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1.5V
Capacitor 9
(6 mm)? C/m
A
1519
Left bottom
| 1.0} Top
0 5 left Left vertical
AN ya ' Resistor
Very small Very small ().o J
gradient of gradient of Top
positive charge negative -0.5} Right vertical right -
Y4 charge
\ -1.0}
Large gradient s Right bottom
}fc}large ~70.00 0.05 0.10 0.15 0.20 0.25
I R

R. W. Chabay and B. A. Sherwood, Matter & Interactions, 4th ed., Wiley (2025)
Volume II, Chap. 18, sec. 18.5

Cycle PCP2025: Ampere 16



Visualizing the electrical field around an electrical circuit
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Demonstration of the Electric Fields of Current-Carrying Conductors

OLEG JEFIMENKO
Physics Department, West Virginta University, Morgantown, West Virgima
(Received July 31, 1961)

The making of the two-dimensional printed circuit type models of current-carrying con-
ducting systems and the use of these models for demonstrating the electric fields of current-
carrying conductors is described. The models are produced by drawing the systems under
consideration on glass plates using a transparent conducting ink. The electric lines of force
inside and outside the elements of these models are demonstrated with the aid of grass seeds
strewed upon them.

00w
£
! ¢ "f
24 37,
.“ ..‘ \.\‘ 3 " 1/. - o -
- '..' ‘ .."/‘.‘j"‘ - \v.;*'*i i
T A e X
ARSI AT AR B BV~ G B R RN
Fic. 3. Electric field of a circular conducting F16. 4. Electric field of a square-shaped
ring (hollow cylinder). conducting ring (box).

O. Jefimenko, Am. J. Phys. 30, 19 (1962)

A. K. Torres Assis and J. Akashi Hernandes, The electric force of a current (2007)

Cycle PCP2025: Ampere
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Energy flow and conservation in Maxwell’s theory ’A
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Energy flow and conservation in Maxwell’s theory ’A
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Energy conservation equation

&= (B’ + B
S =¢coc’EAB
%,

¢ div(S) = —j- E

Cycle PCP2025: Ampere
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Energy flow and conservation in Maxwell’s theory )
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Energy conservation equation

€0 <
c _ = (EQ C2]32) <> »
2 Jo oo e Y =
S=coc’EANDB < : :S(~ /® g )G
B &% N :
. —_—
o
85 — A AN ® o v
le(S) — _J E PLASTIC DISC
ot ‘
Close tO q resistive Wire Close tO ) Charging CapaCitOI' Fig. 17-5. Wil the disc rotate if the current I is stopped?

R.P. Feynman et al, Lectures on Physics, chap. 27 (1965)

Cycle PCP2025: Ampere
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Energy flow and conservation in Maxwell’s theory b
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Energy conservation equation
g "

c_ %0 (EQ C2]32) < D ”
S = ¢oc?EAB < " e < e e
B .. %I;BATTERY ..

ag — A
d].V S — — E PLASTIC DISC
ot (8) = J
Close to a resistive wire Close to a charging capacitor rig- 1775, Willthe discrotate fhe current 119 stopped?

R.P. Feynman et al, Lectures on Physics, chap. 27 (1965)

i: Question: what about an electrical circuit ? 1’

e e —— — =——

Cycle PCP2025: Ampere
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How energy flows in stationary circuits ? nﬁ

ENS de LYON

Question: what about an electrical circuit ?

“ . | ; B
N = =
+| |+ : _ B I S Sﬂ S i
En<——+ +E En— [ [« E &@lﬂs S@TE‘_@
|t L. - E I
— — O I— R o
¥ # F FERE g — == T TK /
E _ EfE—; . E{? g E B@? N f/'
Electric field .
Surfaqe charges | > M tic field | > Energy flow (Poynting vector)
Electrical current agnetic 11e

[. Galli and E. Goihbarg, Am. J. Phys. 73, 141 (2005)

19
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Electrical circuits and EM waves ’
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| ‘ The Big Misconception About
“ENERGY DOESNT) (RS
- FLOW IN WIRES |- Veritasium @

| 24 M devues *ilya3ans
i -t f "1k 14:48
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Electrical circuits and EM waves 7

ENS de LYON

The Big Misconception About

“(ENERGY DOESN'T) [ty
_FLUW IN meS!L Veritasium &

Nodl Al Al 24 M devues *ilya3ans
AN -t 1 -k 14:48
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Electrical circuits and EM waves ’
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Experimental results !

So behind me, we have a scaled
down model of this circuit.

10 m 10 m

Cycle PCP2025: Ampere
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Electrical circuits and EM waves 7
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Experimental results !

4 mA

~ So behind me, we have a scaled ' | . that the signal is way
. down model of this circuit. above the noise level.

< > < > 50 ns

Cycle PCP2025: Ampere
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Electrical circuits and EM waves ’A
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\nsys
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Electrical circuits and EM waves 7
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\nsys

Electric field simulation

77777

Outgoing wave at the speed of light

Transient regime: the propagating electric field
can induce current 1n the resistor !

Cycle PCP2025: Ampere



[

Electrical circuits and EM waves V
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\nsys

Electric field simulation Poynting vector simulation

E Field [VIm)

100.0000
. 73.5642
54,1170

' 39.8107
29.2864
21.5443
15.8489
11.6591
8.5770
6.3096
46416
3.4145

25119
1.8478
1.3504
1.0000

Outgoing wave at the speed of light

Transient regime: the propagating electric field Close to stationary regime:
can induce current 1n the resistor ! the energy flows 1s located around the wires !

Cycle PCP2025: Ampere
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Key messages on classical macroscopic circuits y
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Key messages on classical macroscopic circuits b
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Electrical circuits exhibit surface charges that:

Maintain the potential around the circuit
« (Generate the electrical field outside the conductors
-  Ensure the confinement of the electrical current within the conductors

Cycle PCP2025: Ampere
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Key messages on classical macroscopic circuits b

ENS de LYON

Electrical circuits exhibit surface charges that:

Maintain the potential around the circuit
« (Generate the electrical field outside the conductors
-  Ensure the confinement of the electrical current within the conductors

 (RALPH MORRISON. .

Buildings have walls and halls. ' - FA «
People travel in the halls, not the walls. CIRCUIT

Circuits have traces and spaces. s 4«2 BO ARD S :

Energy travels in the spaces, not the traces. '/
) ’ ENERGY MANAGEMENT
Ralph Morrison

Cycle PCP2025: Ampere
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»  Quantum physics within electricity

Cycle PCP2025: Ampere



(L
Part II: The quantum within electricity ’A
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 Quantum electrons 1n solids

»  Quantum capacitances and inductances

Cycle PCP2025: Ampere
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Electrons in « ideal » solids ’
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K
~1074 eV
Conduction
band
I Band gap
p-type intrin. n-type
"Bands" are Valence

composed of band Metal Semimetal Semiconductor Insulator

closely spaced -
orbitals

C. Kittel, Quantum theory of solids, chap 9.

Ideal crystal: macroscopic Slater determinant of delocalized electrons

Cycle PCP2025: Ampere
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Electrons in « real » solids ’
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Crystal defects (elastic collisions) Dynamical degrees of freedom (inelastic collisions)

YR EEEE B Phonons

' ® O 9 o 9 0% 2 o™ »

T EEEEE s R iRl
TN NN EEEEEREE -

e e o v e v e e e »
AT R E R E R

s We™N e s s e " e ¢ » Longitudinal
"SR R vibrations

B B IR R B I A B B O O R
K
. 5 F O " » " 2

O. .. Q. O.. .... ... .. O. 1. ﬁm.. i L

. B B W O O B O O B B e I 9
B BB B " O " » » o

b“o....‘l“ *—

FLa t—t

.0{[000‘.0..0,.
0‘0>./0\3Q006000,

S AR AN 03 20 A a_N
A _A o A » o 2 AN o

o - o 0 f: d . - - o
- a . Q .5 Cy "0 0 . 0 . O

uJ
L ) \ . V
" v

44
&

@ electron

See H. Pothier’s talk (19/03/2025)

Others: TLS, magnetic impurities, etc

Electron / electron interactions !

Cycle PCP2025: Ampere
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Transport of electrons y
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Relevant length scales T

[ elastic scattering length

l b inelastic scattering length

Coherent transport is defined by: [, SJ l¢

l€<<L§l¢ L,ﬁleandlqb

Diffusive transport Ballistic transport

Metal at 1 K 2DEG at 1 K
110 100 10° Tmm 110 100 10° nm
| | | b | | | | "
le lqb l¢ le

Cycle PCP2025: Ampere
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Transport of electrons y
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Relevant length scales T

[ elastic scattering length

l b inelastic scattering length

Coherent transport is defined by: [, < lqb

| [ <<L§l¢ ‘ L <[, and l¢

Diffusive transport \

|
| Ballistic transport

Metal at 1 K ! 2DEG at 1 K
|

Cycle PCP2025: Ampere
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Conductivity in the semi-classical approach y
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First order electronic coherence at time ¢ Contains information on single particle quantities:
(') = Tr ($(x) p(t) 1 (")) §3(t,7)) = / (e |j(r)|e-) G (ry o) dry dfr

Cycle PCP2025: Ampere
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Conductivity in the semi-classical approach ’.A
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First order electronic coherence at time ¢ Contains information on single particle quantities:

(e, r') = Tr (v(r) p(t) 1 (")) G(t, 7)) = / (o |3y 69y v ) dr, dér_

—_ ____ - — — — — e . — "

|
I

|

| Problem: evolution of G (r,r’) ? li

_ — - __ _ — = —— e = — -
— e ———— e ———— S _ —— — —— —— — D . =
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Conductivity in the semi-classical approach ’.A
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First order electronic coherence at time ¢ Contains information on single particle quantities:

(e, r') = Tr (v(r) p(t) 1 (")) G(t, 7)) = / (o |3y 69y v ) dr, dér_

= e e —— e ! —— )‘

. I’.- .\\- -i;/‘ X %
Fiel o
real parTicle A

e

W
el T e i .t
; v :l'l "—4'.".-;"-.4'.' o
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BE s B L A R
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Conductivity in the semi-classical approach y

ENS de LYON

First order electronic coherence at time ¢ Contains information on single particle quantities:

(e, r') = Tr (v(r) p(t) 1 (")) G(t, 7)) = / (o |3y 69y v ) dr, dér_

N S T

| Problem: evolution of G (r,r’) ? li

oot garkie %8 Some 1D chiral systems with interactions == See G. Feve's talk

(16/04/2025)
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Conductivity in the semi-classical approach y

ENS de LYON

First order electronic coherence at time ¢ Contains information on single particle quantities:

(e, r') = Tr (v(r) p(t) 1 (")) G(t, 7)) = / (o |3y 69y v ) dr, dér_

- T T

| Problem: evolution of G!¥(r,r’) ? li

. P Some 1D chiral systems with interactions == Sce G. Feve’s talk

real Pav+|o|e ““) o ,

(16/04/2025)
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Semi-classical propagation of electrons y
ENS de LYON
Disordered but not too much kple > 1
Classical motion with - 2
multiple collisions D = Fde — % le = VpT r~10"1" s (300 K)
Drude model Fermi-sphere
(hk)* ne’T
E(k) = _
() =52 T
Vp = "y o ne’r B ne’D
s  om. dvg
Cu: Ep =7.05%V ~82x10* K Vdritt = W B

vp ~ 1.57 x 10°m s~} p >~ 10 — 950 cm”s~ 'V~ (300 K)

G. Montambeaux, Ecole du GDR Physique Quantique Mésoscopique (2012)
G. M et E. Akkermans, Physique mésoscopique des electrons et des photons, Savoirs Actuels
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Energy flow and stock y

ENS de LYON

( [ : Magnetic energy Relaxation times of RL circuit
5 0 O
o Ll . Lm _Zol
Fermi-sphere 4 |
o= — >~ 377 ()
Vx='VF+Vd gOC

Vy ="VE

Kinetic energy of electrons

| [T L I? L g
clnn 2 R

DO |
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Energy stock and flow y

ENS de LYON

Energy stocks Ex Zy |
Ekin N R et

0 :
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Energy stock and flow y
ENS de LYON
: Energy stocks Eg 7y 1 Eg R 1
: Ekin R cr Ekin Z() CT

%% D
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Energy stock and flow y
ENS de LYON
: Energy stocks Eg 7y 1 Eg R 1
: Ekin R cr Ekin Z() CT
s () ()
CT ™~ 3 um [ >cr — EB, Eg > EFiyg
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Energy stock and flow y
ENS de LYON
: Energy stocks Eg 7y 1 Eg R 1
: Ekin R cr Ekin Z() CT
s () ()
CT ™~ 3 um [ >cr — EB, Eg > EFiyg

Es 6 (Z)
EET('R
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Energy stock and flow y
ENS de LYON
: Energy stocks Eg 7y 1 Eg R 1
: Ekin R cr Ekin Z() CT
5 Q O
CT ™~ 3 um [ >cr — Ep, Eg > Ein

Es 6 (Z)
EET('R

i j%s : | R 9" Energy flux

e g «--- = \ Ly I?
e 1 s ] dg = RI? Pyin ~ I; Vdrift
3] 31l
SE@ sﬁ £5
S l— R 2/
BGBEA ?_ﬁ e "
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Energy stock and flow y

ENS de LYON

: Energy stocks Eg Zy 1 Fg R 1
: Ekin R cr Ekin Z() CT
s Q O
cT >~ 3 um [ > ct — EB, Eg > Ly,

Eg 6 (Z)\
EET('R

i j%s . | R 9" Energy flux

7 [ ieia = N Ly I?
I S 1 s ] dg = RI? DPyin ~ I; Vdrift
E*—@lﬂs SﬁTEf—@
SE@ sﬁ £5
W\ T 9, (I)S _ R [ N [ (%2
BGBEA ?_ﬁ e " (I)kin LK Udrift le Udrift
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Energy stock and flow y
ENS de LYON
: Energy stocks Eg 7y 1 Eg R 1
: Ekin R cr Ekin Z() CT
5 Q O
CT ™~ 3 um [ >cr — Ep, Eg > Ein

Es 6 (Z)
EET('R

i j%s : | R 9" Energy flux

-~ o <= - =———\ Ly I?
I S 1 S | - dg = RI? DPyin ~ 7 Udrift
E«—@lﬂs S@TE——@
SE@ sﬁ £5
\ —— !, bs R ZNZUF > 1
BGBEA ?_ﬁ e " (I)kin LK Udrift le Udrift

[ > 1. and vE > vgrit
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How electricity flows in « simpler » conductors ? 'A

ENS de LYON

COMPRENDRE L'ELECTRICITE

—

5
/.

N a L’i», = Usual conductors: Simpler conductors:
« big », 3D « small », low dimensional

Role of quantum effects ?

e — _ == -

=== = e £ s ;
l i
» |

e e e —— —— — — ——— — - _ — _
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Quantum Hall devices )
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Quantum Hall devices )

ENS de LYON

2DEG

2D electron gas
in GaAs/GaAlAs

AlGaAs 100|nm

AuNiGe

GaAs

n ~ 10" em ™2

1~ 10° em*/VS

Cycle PCP2025: Ampere



&

L

Quantum Hall devices )

ENS de LYON

2DEG Edge channels: 1D chiral wires
2D electron gas ” KOT; T
in GaAs/GaAlAs 1o}
o -
3 | Al | |
Z AlGaAs 100{nm ol o | |
) < |
< i >>? 2 L | 3 :
2t ILL ;}3 B | =2 /) — 2
GaAs P OVt °T \\\ j= | >jl/
o | : o} : o, — el
z- Yi Y; s
n ~ 10" cm ™ ' ~
— Insulating 2D bulk. Conducting edge channels!
[ 10° cm? / VS Chiral relativistic fermions

vp ~ 10° — 10° ms™!

M. Biittiker, Phys. Rev. B. 88, 9375 (1988)
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Quantum Hall devices )
ENS de LYON
2
Quantum Hall bar:  ve? Piiwn = — (Vg — Vp)?
: : i = — Vg = v4pR ’ 2h
a very special wire h
v =3 Ve Vp
R \
G 2DEG B ® D l 9
L , ve
= Pdiss,D — PdiSS,G 'L = TVD — VdPL
X=0 X= >
Two directions but
no backscattering! Ry
: VG — VD — RH(V) ] Pdiss — RH(V) [2 RH(V) —_ —

Udrift — UF
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Quantum Hall devices )

ENS de LYON

2

Quantum Hall bar:  ve? Piiwn = — (Vg — Vp)?
: : i = — Vg = v4pR ’ 2h
a very special wire h
v =3 Vo Vp
R \
G 2DEG B ® D I 2
. L , ve
— Pdiss,D — Pdiss,(} lp = TVD — UdIOL
X=0 X=| g "
Two directions but
no backscattering! 5 R
VG — VD — RH(V) ] Pdiss — RH(V) 1 RH(V) — 7
Udrift =— UVF

‘u— = — —_—— e —,—, e . _ _ —_——
— = —— e — I — —_— = == = _ - - — —_—
= _ = - =
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The quantum Hall bar: experiment b
ENS de LYON
Impedance measurement ————— PRIV
* e AL ca e 2 x 0.4 mm?
v=8 V=6H. P vlten
L1 S Few W 2 to 10
Ry(v) 2v(v) v=2to

2TE 0 r Vf H (V )
bare drift velocity Coulomb 1nteraction correction
Charge density waves along edge channels 0 20 40 60 80 100
frequency (kHz)
A

A. Delgard et al, Phys. Rev. B 104, L121301 (2021)

Principle of microwaves circuits, McGraw Hill (1948)

M.K. Haldar et al, IEEE Access 10, 79249 (2022)
I. Safi, Eur. Phys. J. D 12, 451 (1999)
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Energy stock and flow

Normal wire

Quantum Hall bar (v=1)

/
R ct1 R c
R 1 Rk vF
Er/ By ~ ~
E/ : Z() CT Z() C
Energy flux RI? v P (II)  Qqged €
ratiOS (I)kin(H) le Udrift q)kin(H) ey VR

&

%

y

ENS de LYON

2
— = QOéqed
Rg
e? 1
QY d — ~ o
T dmeghe T 137
o B 62 Kged C
eff — —
47T€()€TUF Er UVE
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Key messages on simple, not fully quantum, circuits b
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" Electrical circuits exhibit surface charges that: jf

Maintain the potential around the circuit
« (Generate the electrical field outside the conductors
-  Ensure the confinement of the electrical current within the conductors
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Key messages on simple, not fully quantum, circuits ’A

ENS de LYON

. Electrical circuits exhibit surface charges that: “;

Maintain the potential around the circuit
« (Generate the electrical field outside the conductors
-  Ensure the confinement of the electrical current within the conductors

Energy 1s not necessarily carried by the EM field

Sometimes, dissipation takes place in the contacts !

’}? Eﬁ/ Capacitance and inductances are renormalized because
s the electrical current 1s carried by Fermions !!!

. .,
. e

A Coulomb interaction effects can be strong !
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Outline %

ENS de LYON

+  Towards quantum coherent electronics
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Part III: Towards quantum coherent electronics }A

ENS de LYON

»  Quantum transport
» AC transport and Coulomb interactions

»  Quantum electrical currents and photons
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How electricity flows in « quantum » conductors ? y

ENS de LYON

COMPRENDRE L'ELECTRICITE

Quantum conductors:
electronic interferences ?

w1 pm g L

" - %

’.

29

Simpler conductors:
« small », but not yet quantum

o — —

A\ Inductor
Feedline \ \ Trombone

.
L Extension \ Capacitor - - P

Ground Straps S A -t

‘“.
T e TR T R S AL k‘ :.
A YE
4 RR"

- "
v » - :
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Quantum coherence for electrons in a conductor ’A

ENS de LYON
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Quantum coherence for electrons in a conductor nﬁ

ENS de LYON

lo < L <1,

Diffusive transport

/

o\/ 1\0—‘“‘)
O\Of

.

é

o
—-———>o/ \0
N

—

Deviations to classical diffusion:
weak localization, etc
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Quantum coherence for electrons in a conductor b

ENS de LYON

lo < L <14 L <l, and I,
Diffusive transport Ballistic transport
T
< >
v t~= h/eV
/S A
—>0
T I P
: EANA AN
o 7 \Of Incident // (XY
____——)O/’ \O \ YEEETRAYY 1_T(- I Transmitted
.‘ | ';I :‘,‘ ‘." ',I‘ | ;I' ‘,‘\ , | ‘." :.‘ ’:.' '\:‘ T
Ny R SR T
Reflected
Deviations to classical diffusion: Conductors as electronic waveguides
weak localization, efc and scatterers
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Electronic coherence: permanent currents }A
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Electronic coherence: permanent currents }.A

ENS de LYON

. M. Bittiker, Y. Imry and R. Landauer, Phys. Lett. A 96, 365 (1983)
(o + L) = e e (x)

_ 1 1kx _ 2_7T | (I)B
M 18 w(i')—we kn = ] (n. h/€>
hk,, 2 O
[ — i(kn) = o mj; (n | h/i) current per level
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Electronic coherence: permanent currents }‘A

ENS de LYON

. M. Bittiker, Y. Imry and R. Landauer, Phys. Lett. A 96, 365 (1983)
(o + L) = e e (x)

M TB w(@:%ei‘w kn:QTW(nI SZ)

hk 2Tme O,
/ - _ n _ &8
~—, i(kn) = —e P (n - /6) current per level
Experiments 700 isolated rings L.P. Lévy et al, Phys. Rev. Lett. 64, 2074 (1990)
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Electronic coherence: permanent currents }‘A

ENS de LYON

. M. Bittiker, Y. Imry and R. Landauer, Phys. Lett. A 96, 365 (1983)
(o + L) = e e (x)

1 e _ 2T | (I)B
M 18 w(i')zﬁe kn—T(nlh/€>
hk 2me )
/ 1) n _ OB
S— 1(Fn) . o2 (n 7 /6) current per level
Experiments 700 isolated rings L.P. Lévy et al, Phys. Rev. Lett. 64, 2074 (1990)

single ring D. Mailly et al, Phys. Rev. Lett. 70, 2020 (1993)
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Electronic coherence: permanent currents }A

ENS de LYON

. M. Bittiker, Y. Imry and R. Landauer, Phys. Lett. A 96, 365 (1983)
(o + L) = e e (x)

. fo . e

hk 2me o
/ (k) = o F
~— i(kn) = —e — 2 (n ; /6> current per level
Experiments 700 isolated rings L.P. Lévy et al, Phys. Rev. Lett. 64, 2074 (1990)
Calib, loop  2DEG rings (G 7 ___ G277 single ring D. Mailly et al, Phys. Rev. Lett. 70, 2020 (1993)
s ririt s R
DAIHHES connected rings W. Rabaud et al, Phys. Rev. Lett. 86, 3124 (2001)
= Gkl lp ~ 20 pm
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Electronic coherence: permanent currents }A

ENS de LYON

. M. Bittiker, Y. Imry and R. Landauer, Phys. Lett. A 96, 365 (1983)
(o + L) = e e (x)

. fo . e

hk 2me o
/ (k) = o F
~— i(kn) = —e — 2 (n ; /6> current per level
Experiments 700 isolated rings L.P. Lévy et al, Phys. Rev. Lett. 64, 2074 (1990)
Calib, loop  2DEG rings (G 7 ___ G277 single ring D. Mailly et al, Phys. Rev. Lett. 70, 2020 (1993)
s ririt s R
DAIHHES connected rings W. Rabaud et al, Phys. Rev. Lett. 86, 3124 (2001)
= Gkl lp ~ 20 pm

Macroscopic molecular currents a la Ampere!
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dc transport in quantum conductors: electronic scattering }A
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dc transport in quantum conductors: electronic scattering }A

ENS de LYON

Quantum conductor = Coherent electronic scatterer

n out

> >

out 1n

L S X
X=

X=0 [ < few um
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dc transport in quantum conductors: electronic scattering }IA

ENS de LYON

Quantum conductor = Coherent electronic scatterer  Reservoirs:

n out Nothing comes back from reservoirs!

> >

Emit equilibrium streams of electrons  (up, 7o) p)

: 1
out _
( : n fD(CU) o(hw—pp)/keTa,p 4 ]

X=0 X=I

[ < few pum
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dc transport in quantum conductors: electronic scattering }.A

ENS de LYON

Quantum conductor = Coherent electronic scatterer  Reservoirs:

n out Nothing comes back from reservoirs!

> >

Emit equilibrium streams of electrons  (up, 7o) p)

: 1
out _
( : n fD(CU) o(hw—pp)/keTa,p 4 ]

X=0
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dc transport in quantum conductors: electronic scattering }.A

ENS de LYON

Quantum conductor = Coherent electronic scatterer  Reservoirs:

n out Nothing comes back from reservoirs!

> >

Emit equilibrium streams of electrons  (up, 7o) p)

: 1
out _
( : n fD(CU) o(hw—pp)/keTa,p 4 ]
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Electronic coherence: breakdown of impedance composition laws }.A

ENS de LYON

Conductances do not add 1n parallel !

thickness 41 nm

0 100 200 300

1/AH | V/T |

o h N
Periodicity: & +— o + — < | @5
y —I_ e ""“-----_______ —\_./

~

R.A. Webb et al, Phys. Rev. Lett. 54, 2696 (1985)
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Electronic coherence: breakdown of impedance composition laws )

ENS de LYON
Conductances do not add 1n parallel ! Older experience: B b - h
2€

4 D. Yu. and Yu. V. Sharvin, JETP Lett. 34 (1981)

Classical contributions

thickness 41 nm

0 100 200 300

Quantum corrections:
Weak for R < R

1/4H | V/T |

Periodicity: & +— & + h '-\_\___ G’u\ P 1 tour
- S

-

'
"‘ = . ;;_—- ’.-V_P ‘(-— ~

R.A. Webb et al, Phys. Rev. Lett. 54, 2696 (1985)

Cycle PCP2025: Ampere



r

L

AC transport and Coulomb interactions y

ENS de LYON

Bulging surface

Path for
Ampere’s law

—

dl

iC
—> €

Plane
surface

—e E Toin =0 current conservation
\‘ |// -
Va, Vo = Vo +V gauge invariance

-0
‘ changes nothing

_ — - = — ———— — — = —__ - =

- Gauge nvariance and charge conservation require Coulomb interactions

M. Biittiker, J. Phys.: Cond. Matt. §, 9361 (1993)
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AC quantum transport and Coulomb interactions ¥
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Classical self-consistant potential for electronic scattering
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AC quantum transport and Coulomb interactions }.ﬁ

ENS de LYON

Classical self-consistant potential for electronic scattering

Charge
conservation

Scattering

S(w; [U])
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AC quantum transport and Coulomb interactions ¥

ENS de LYON

Classical self-consistant potential for electronic scattering

Charges from potentials (Coulomb) Qo= C((ngeomU 8
Charge Coulomb i
conservation Charges from currents —iw Qqa(w) = Z I;(w)
=
Charges from electronic scattering Li(w) =TZ;(w; ]S, V;])

A Prétre et al, Phys. Rev. B 54, 8130 (1996)
Scattering

S(w; [U])
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AC quantum transport and Coulomb interactions ¥

ENS de LYON

Classical self-consistant potential for electronic scattering

Charges from potentials (Coulomb) Qo= C((Xg@eom)U 8
Charge Coulomb i
conservation Charges from currents —iw Qqa(w) = Z I;(w)
=
Charges from electronic scattering Li(w) =TZ;(w; ]S, V;])

A Prétre et al, Phys. Rev. B 54, 8130 (1996)
Scattering

S(w; [U])

Non-linear dc response
T. Christen and M. Biittiker, Europhys. Lett. 35, 523 (1996)
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AC quantum transport: the mesoscopic RC circuit

GHz frequency measurement of the impedance

Contact ponctuel

Capacité

0"

s

J. Gabelli et al, Science 313, 499 (2006)

X TA AN ’
/////}//7//////////'///
i

\§ 4 ! Y ! Y 1 ™ 1 T 1 | h
. -~ Sample E3 A [ Sample E1 C 1 1 1

o 3 w27 = 1.2 GHz w/2x = 1.085 GHz el + C. (Vo)
K
— 2 R=h/2e" + R=h/2e" - . ’ e
N TN .
D 1 AN |
o’ R A

&

L

)

ENS de LYON

0 | | I
<~ 8 ,l ' | | A B D
% ‘ . '| | \ C =11F
] - — 6 1 l |"".l. iy ’,.'\ \T C =24fF
o ‘ . | $-4-L4 SYRVATEWALYS \ ’ |
N 4T - NN _
E / v ' ' |' f” .' | '| A
C,u Rq = 2 L'.‘\v W FH A AR A S A
| | | | | A
-0,85 0,84 0.83 -0,74 0,72
Vie (V)

Theory: M. Biittiker et al, Phys. Lett. A 180, 364 (1993)
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AC quantum transport: the mesoscopic RC circuit b

ENS de LYON

GHz frequency measurement of the impedance

Capacité Contact ponctuel / J. Gabell1 et Cll, Science 313, 499 (2006)
\§ 4 ! Y ! Y 1 ™ 1 T 1 | h
. -~ Sample E3 A [ Sample E1 C 1 1 1

o 3 wi2n = 1.2 GHz /2% = 1.085 GHz e tE Vi
o
—~ 2} R=h/2e" 4 R=h/2e° : J A rde
ﬁ | ‘\“\ | \
D \ = _
N7 Y,

Y

‘
1[Iy c=1F l

Im(Z) (h/e’)
N BN (e ) Qo (-

1) | ) C =241fF
— — i | ‘_l..!..!‘..},.',.; "";:' \f \, J«\T n :
R L ‘s' ‘u' v v —.“7'\ l" 'H..'“"ts . A i
|‘4‘ o“ 13 l‘. \f $ 4 ,' \Wianann Vv AT (AW
C:u 9 | . | . | lv ' :' ] .
-0.85 -0.84 -0.83 -0.74 -0.72
Vie (V)
- I o
Violation of Kirchhoff's Laws for
a Coherent RC Circuit
. i ]. Gabelli,* G. Féve,* ].-M. Berroir,* B. Placais,* A. C 2
Theory: M. Biittiker et al, Phys. Lett. A 180, 364 (1993) 5 Eii:nn'elz v ]?:ez D C Clagise o T navannd
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Electronic transport in the quantum domain y

ENS de LYON

Bittikerian paradigm: conductors as electronic scatterers and waveguides

Self consistent approach

N

e T
N i ﬂ non i
. — " > ' - N
Incident )/ AVRYAVA
/ \ ;l . ’, "‘\ L
-7 4 T itted
| ransmitte
" " . A " " A "

Reflected
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Electronic transport in the quantum domain y

ENS de LYON

Bittikerian paradigm: conductors as electronic scatterers and waveguides

Self consistent approach

_—
BB

Incident !

1-— .
L ,T(" | Transmitted
i ;'”", /ﬁ\/y\ :."\: T

Reflected ‘
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Quantum currents and photons

Excitations of the electronic fluid in a metal

ENS de LYON

static surface plasmon static
ulk plasmon
charge c > bulk  pla charge
FFFFFFFF T F T AT T T FFFFFF T FFFFFFTF + FFFFFFTF
++++++++Ftrtrtr bbbttt A+ + ++++++++
+++++++++++ bttt bbbt bbb+ + +4+++++4++
+++++++++ +4++++++++ bbb+ + +4+++++4++
++++++++ +++++t+t bttt e+ + ++++++++
+++++++ v [PEF L e bbbttt bt e T E + ++++++++
++++++++ F++ ++y_ ++++++ 4 + ++++++++
+4+ 4+ttt T b+ +4+- Fddddddd+++++++ + +4+++++++
+4++++++ 4t r bbbt bbb+ + +4+++++++
+++++++ +++++++++ Pttt + ++++++++
+++++++Frtr A F AR+ + ++++++++
++++++ 4+ttt + ++++++++
++4++++ftt bt AF bbb+ + +4+4++++++
/
quasi-hole quasi-electron
frequency
o A bulk
plasmons
y -
(!)p -
15
~10 Hz
- > F -
l >
K wave vector
~ 7 ~ / k

electromagnetic excitations quasiparticle excitations

Ph. Joyez, Introduction to quantum circuits (Univ. Denis Diderot, Master DQ)
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Quantum currents and photons b

ENS de LYON

Excitations of the electronic fluid in a metal

static surface plasmon tatic Static charges: role 1n dc transport.

ulk plasmon
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Excitations of the electronic fluid in a metal

static surface plasmon tatic Static charges: role 1n dc transport.

charge S bulk plasmon charge
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Excitations of the electronic fluid in a metal

static surface plasmon tatic Static charges: role 1n dc transport.

charge > bulk plasmon charge
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Excitations of the electronic fluid in a metal

static surface plasmon tatic Static charges: role 1n dc transport.

charge > bulk plasmon charge
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Dynamical Coulomb blockade

O
|

Can be used to generate quantum microwave radiation

11

> t

wa- Sce F. Pierre’s talk (9/4/2025)

V=_(hv+hv,)!2e

A. Peugeot ef al, Phys. Rev. X 11, 031008 (2021)
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Coherent nano-electronics:
many electrons sources

dc source ac source

e 1e e 1e ... —

Many overlapping electrons!
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Coherent nano-electronics: Electron quantum optics:
many electrons sources single or few electrons sources
[Landau excitation source: Leviton source:
dc source ac source

b Leviton

Energy Energy

P r Electrons

—————————————

\ - No holes
Al(t)

;J\ g=1anda=1 fle)

e 1o 1o e . — G. Feve et al, Science 316, 1169 (2007) J. Dubois et al, Nature 502, 659 (2013)

Many overlapping electrons! Well separated electronic excitations

E. Bocquillon ef al, Ann. Phys. (Berlin) 526, 1-30 (2014)
“ See G. Féve’s talk (16/04/2025)
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Single electron excitations are generically quantum plasmonic states !
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Single electron excitations are generically quantum plasmonic states !
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Fully quantum electricity 1s QED on a chip !
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Hughes Pothier (CEA Saclay/SPEC) 19 mars 2025 (16h30, Amphi Dirac)

La supra-conductivite, de sa découverte aux circuits quantiques

/ Lucian Prejbeanu (CEA Grenoble/Spintec) 2 avril 2025 (16h30, Amphi Ampére)

U . .6
' - - A

X ‘ Innovations spintroniques pour un numerique frugal et agile
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Frédéric Pierre (C2N Palaiseau) 9 avril 2025 (16h30, Amphi Ampere)

Circuits quantiques composites: des nouvelles lois du transport a la ssmulation quantique

Gwendal Feve (LPENS Paris) 16 avril 2025 (16h30, Amphi Ampére)

[’optique quantique ¢lectronique: de 1’¢lectron unique aux anyons
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Anne Lhuillier (Lund University) 30 avril 2025 (16h30, Amphi Ampére)

Mouvement des electrons dans les atomes a 1’échelle attoseconde
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Merci de votre attention...

ENS de LYON




