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Objectifs et étapes du séminaire

Objectifs: 
‣ Décrypter l'effet tunnel et la quantification 


‣ Découvrir un état quantique macroscopique


‣ Apprécier les travaux de John Clarke, Michel H. Devoret, John M. Martinis


Au menu du jour: 
‣ Mécanique quantique (Schrödinger et Heisenberg)


‣ La quantification des états et l'effet tunnel


‣ La supraconductivité et les jonctions Josephson


‣ Découvertes majeurs de 1985
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J. M. Martinis, M. H. Devoret, J. Clarke, PRL 55, 1543 (1985), 
Energy-Level Quantization in the Zero-Voltage State of a Current-Biased Josephson Junction, 
M. H. Devoret, J. M. Martinis, J. Clarke, PRL 55, 1908 (1985), 
Measurement of Macroscopic Quantum Tunneling out of a Zero-Voltage State of a Current-Biased 
Josephson Junction3
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Figure 3. The effective escape temperature, i.e. the temperature that would give the measured 

escape rate, as a function of real temperature together with error bars. For the “Classical 

Junction”, the critical current has been suppressed by a magnetic field. The theoretical 

prediction for the MQT escape temperature is marked on the y-axis. The black arrow on the x-

axis denotes the theoretical prediction for the crossover temperature for the quantum junction, 

and the white arrow, the classical junction. The measurement of the classical junction 

demonstrates that the sample is indeed cooled below the crossover temperature of the quantum 

junction. (From Fig. 2 in [13].) 

 

In addition to quantitative analysis of MQT, resonant activation allowed for microwave 

spectroscopy of the macroscopic state of the junction. According to the Wentzel–Kramers–

Brillouin (WKB) approximation, the wavefunction of the excited states “sees” a thinner tunnel 

barrier and the escape rate from this excited state should be faster than from the lowest state of 

the well. The tunnelling from the first, second and third excited state of the well was 

experimentally observed and the excitation energies agreed with the single particle picture. The 

fictitious “particle” in this case is indeed a macroscopic degree of freedom describing the phase 

difference seen by all the Cooper pairs in the junction [12] (see Fig. 4). The experiment was a 

type of spectroscopic measurement that demonstrated quantized energy levels in a single 

macroscopic quantum system.  
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Figure 4. By irradiating a junction with 𝑓𝑓 = 2 GHz microwaves and varying the bias current 

to change the potential, observations could be made of tunnelling out of the first, second and 

third excited state, which could be compared quantitatively with straightforward expressions 

from single particle quantum mechanical calculations. The temperature was high enough for 

the lower excited levels to be significantly populated �𝑘𝑘𝐵𝐵𝑇𝑇
ℎ𝑓𝑓

= 0.29�. This confirms that the 

macroscopic degree of freedom corresponding to the junction phase difference 𝛿𝛿 behaves to a 

very good approximation as a single quantum mechanical particle. (From Fig. 2 in [12].) 

 

Together, these experiments demonstrated beyond a reasonable doubt that a superconducting 

circuit “big enough to get one’s grubby fingers on” (on page 997 of [6]) could be isolated well 

enough to observe both energy quantization of a macroscopic degree of freedom as well as 

macroscopic quantum tunnelling out of a metastable state. In analogy with the tunnelling of an 

alpha particle out of a heavy nucleus, Clarke et al. described their system as a “macroscopic 

nucleus” and foresaw the possibility of building exotic “macroscopic nuclei with wires” (on page 

997 of [6]). As we will see in the next section, this work laid the foundation for exploring 

macroscopic quantum physics in superconducting circuits, where the Josephson junction plays 

the role of an engineered artificial atom. 
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1925-2025 : 100 ans de la mécanique quantique

Sans énergie suffisante et sans aide 
une particule classique ne quitte 
jamais son puits de potentiel

Emec < V0

V0

Une particule classique possède 
une certaine énergie. Toutes les 
énergies sont permises
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1925-2025 : 100 ans de la mécanique quantique

ΔE

Deux nouveautés quantiques

Une particule/onde quantique 
occupe des états d'énergie quantifiés

Une particule/onde quantique 
peut quitter le puits par effet tunnel
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1925-2025 : 100 ans de la mécanique quantique

Werner Heisenberg (24 ans) 

‣ À Göttingen, il travaille avec Max Born, Wolfgang Pauli, 
Paul Dirac, Enrico Fermi, et Robert Oppenheimer


‣ Été 1925, en retraite à Helgoland, il découvre une 
description matricielle de la mécanique quantique


‣ Peu de personnes le comprennent


Erwin Schrödinger (38 ans) 

‣ En 'retraite' dans un chalet aux Grisons, il établit une 
équation d'onde pour décrire des particules


‣Mathématiquement plus accessible

d
dt

A(t) =
i
ℏ [H(t), A(t)]

[M1, M2] = M1M2 − M2M1

iℏ
d
dt

Ψ(x, t) = ĤΨ(x, t)
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L'équation de Schrödinger indépendante du temps

Ĥ =
−ℏ2

2m
d2

dx2
+ V(x) version quantique de l'énergie mécanique

Emec =
p2

2m
+ Epot(x)

La fonction d'onde   (ou plutôt ) donne la probabilité de trouver la particule/onde au point ψ |ψ(x) |2 x

 est l'énergie de la particule/ondeE

 devient p = mv ̂p = − iℏ∂x

E ψ(x) = Ĥψ(x)E
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L'équation de Schrödinger indépendante du temps

Ĥ =
−ℏ2

2m
d2

dx2
+ V(x) version quantique de l'énergie mécanique

Emec =
p2

2m
+ Epot(x)

E ψ(x) = Ĥψ(x)

−ℏ2

2m
d2ψ
dx2

= [E−V]ψ(x)

ψ±(x) = exp( ± i 2m(E−V ) x/ℏ) ⇔ sin(± 2m(E−V ) x/ℏ)

Pour V(x) = const

La fonction d'onde   (ou plutôt ) donne la probabilité de trouver la particule/onde au point ψ |ψ(x) |2 x

E

E

Eles solutions fondamentales sont 

 est l'énergie de la particule/ondeE

E

 devient p = mv ̂p = − iℏ∂x
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L'équation de Schrödinger: Particule dans une boîte
−ℏ2

2m
d2ψ
dx2

= Eψ(x) ψ±(x) = exp( ± i 2mEx/ℏ) ⇔ sin( 2mEx/ℏ)

x

V(x)

V = 0V = ∞ V = ∞

E E E

ψ = 0 ψ = 0
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L'équation de Schrödinger: Particule dans une boîte
−ℏ2

2m
d2ψ
dx2

= Eψ(x)

x

V(x)

V = 0V = ∞ V = ∞

ψ(x)

x0 d

ψ±(x) = exp( ± i 2mEx/ℏ) ⇔ sin( 2mEx/ℏ)E E

ψ = 0 ψ = 0
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L'équation de Schrödinger: Particule dans une boîte
−ℏ2

2m
d2ψ
dx2

= Eψ(x)

x

V(x)

V = 0V = ∞ V = ∞

x0 d

ψ(x)

ψ±(x) = exp( ± i 2mEx/ℏ) ⇔ sin( 2mEx/ℏ)E E

ψ = 0 ψ = 0
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L'équation de Schrödinger: Particule dans une boîte

x

V(x)

V = 0V = ∞ V = ∞

xd0

E0

−ℏ2

2m
d2ψ
dx2

= Eψ(x)E

ψ(x)

ψ±(x) = exp( ± i 2mEx/ℏ) ⇔ sin( 2mEx/ℏ)E E

ψ = 0 ψ = 0
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L'équation de Schrödinger: Particule dans une boîte
−ℏ2

2m
d2ψ
dx2

= Eψ(x)

x

V(x)

V = 0V = ∞ V = ∞

xd0

E0

ψ(x)

ψ±(x) = exp( ± i 2mEx/ℏ) ⇔ sin( 2mEx/ℏ)E E

ψ = 0 ψ = 0
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L'équation de Schrödinger: Particule dans une boîte
−ℏ2

2m
d2ψ
dx2

= Eψ(x)

x

V(x)

V = 0V = ∞ V = ∞

xd0

E0

ψ(x)

ψ±(x) = exp( ± i 2mEx/ℏ) ⇔ sin( 2mEx/ℏ)E E

ψ = 0 ψ = 0
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L'équation de Schrödinger: Particule dans une boîte

x

V(x)

V = 0V = ∞ V = ∞

xd0

E0

E1

−ℏ2

2m
d2ψ
dx2

= Eψ(x)E

ψ(x)

ψ±(x) = exp( ± i 2mEx/ℏ) ⇔ sin( 2mEx/ℏ)E E

ψ = 0 ψ = 0



HES-SO Valais-Wallis 
Willa, Roland

16

L'équation de Schrödinger: Particule dans une boîte

x

V(x)

V = 0V = ∞ V = ∞

xd0

E0

E1

E2

−ℏ2

2m
d2ψ
dx2

= Eψ(x)E

ψ(x)

ψ±(x) = exp( ± i 2mEx/ℏ) ⇔ sin( 2mEx/ℏ)E E

ψ = 0 ψ = 0
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L'équation de Schrödinger: Particule dans une boîte

x

V(x)

V = 0V = ∞ V = ∞

xd0

E0

E1

E2

‣ La particule/onde ne peut que occuper des états quantifiés

‣ Des énergies distinctes  séparent deux états quantiques

‣ La particule/onde absorbe l'énergie  pour transiter d'un état à l'autre

ΔE
ΔE

E3

−ℏ2

2m
d2ψ
dx2

= Eψ(x)E

ψ(x)

ψ±(x) = exp( ± i 2mEx/ℏ) ⇔ sin( 2mEx/ℏ)E E

ΔE12

ψ = 0 ψ = 0
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L'équation de Schrödinger: Particule dans une boîte

ΔE Deux nouveautés quantiques

Une particule/onde quantique 
occupe des états d'énergie quantifiés
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L'équation de Schrödinger: L'effet tunnel
−ℏ2

2m
d2ψ
dx2

= (E − V )ψ(x)

x

V = 0 V = V0 V = 0

ψ±(x) = exp( ± i 2m(E − V )x/ℏ)
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L'équation de Schrödinger: L'effet tunnel
−ℏ2

2m
d2ψ
dx2

= (E − V )ψ(x)

ψ(1)
± (x) = e±ikx

x

V = 0 V = V0 V = 0

ψ(3)
± (x) = e±ikxψ(2)

± (x) = e±λx

ℏk = 2mE

ℏλ = 2m(V0 − E)

ψ±(x) = exp( ± i 2m(E − V )x/ℏ)
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L'équation de Schrödinger: L'effet tunnel
−ℏ2

2m
d2ψ
dx2

= (E − V )ψ(x)

x

V = 0 V = V0

ψ(x)

x

0 d

E

ψ±(x) = exp( ± i 2m(E − V )x/ℏ)

ψ(1)(x) = eikx + re−ikx ψ(3)(x) = τeikx

1
r τ

ℏk = 2mE

ℏλ = 2m(V0 − E)

ψ(1)
± (x) = e±ikx

V = 0

ψ(3)
± (x) = e±ikxψ(2)

± (x) = e±λx
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L'équation de Schrödinger: L'effet tunnel
−ℏ2

2m
d2ψ
dx2

= (E − V )ψ(x)

x

V = 0 V = V0

ψ(x)

x

0 d

ψ(1)(x) = eikx + re−ikx ψ(3)(x) = τeikx

1
r τ

ℏk = 2mE

ℏλ = 2m(V0 − E)

ψ(1)
± (x) = e±ikx

V = 0

ψ(3)
± (x) = e±ikxψ(2)

± (x) = e±λx

ψ±(x) = exp( ± i 2m(E − V )x/ℏ)
E
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L'équation de Schrödinger: L'effet tunnel

x
ψ(x)

x

0 d

E

THE NOBEL PRIZE IN PHYSICS 2025
P O P U L A R S CIEN CE B A CKG R O U ND

Quantum properties on a human scale

The Nobel Prize Laureates in Physics for 2025, John Clarke, Michel H. Devoret and John M. Martinis, 
used a series of experiments to demonstrate that the bizarre properties of the quantum world can be 
made concrete in a system big enough to be held in the hand. Their superconducting electrical system could 
tunnel from one state to another, as if it were passing straight through a wall. They also showed that the 
system absorbed and emitted energy in doses of specific sizes, just as predicted by quantum mechanics.

A series of groundbreaking 
experiments
Quantum mechanics describes properties 
that are significant on a scale that involves 
single particles. In quantum physics, 
these phenomena are called microscopic, 
even when they are much smaller than 
can be seen using an optical microscope. 
This contrasts with macroscopic phenom-
ena, which consist of a large number of 
particles. For example, an everyday ball is 
built up of an astronomical amount of molecules and displays no quantum mechanical e"ects. We know 
that the ball will bounce back every time it is thrown at a wall. A single particle, however, will sometimes 
pass straight through an equivalent barrier in its microscopic world and appear on the other side. This 
quantum mechanical phenomenon is called tunnelling.

This year’s Nobel Prize in Physics recognises experiments that demonstrated how quantum tunnelling 
can be observed on a macroscopic scale, involving many particles. In 1984 and 1985, John Clarke, 
Michel Devoret and John Martinis conducted a series of experiments at the University of California, 
Berkeley. They built an electrical circuit with two superconductors, components that can conduct a 
current without any electrical resistance. They separated these with a thin layer of material that did 
not conduct any current at all. In this experiment, they showed that they could control and investigate 
a phenomenon in which all the charged particles in the superconductor behave in unison, as if they 
are a single particle that fills the entire circuit.

N
ob

el
 P

riz
e®

 is
 a

 re
gi

st
er

ed
 tr

ad
em

ar
k 

of
 th

e 
N

ob
el

 F
ou

nd
at

io
n.

You would be extremely surprised if the ball suddenly appeared on the 
other side of the wall. In quantum mechanics this type of phenomenon 
is called tunnelling and is exactly the type of phenomenon that has 
given it a reputation for being bizarre and unintuitive.

When you throw a ball at a wall, you can be sure it will bounce 
back at you.

nobelprize.org
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L'équation de Schrödinger: La quantification et l'effet tunnel

ΔE Deux nouveautés quantiques

Une particule/onde quantique 
occupe des états d'énergie quantifiés

Une particule/onde quantique 
peut quitter le puits par effet tunnel

transmission

V0
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Un état quantique microscopique

25

effet tunnel 
microscopique

État microscopique:

Microscope à effet tunnel

wikimedia.org

Auto-assemblage de 
chaines moléculaires

Atomes de Chrome (pointes) 
sur un crystal de Fer

Ondes électroniques stationnaires 
produites par des atomes de Cobalt 

sur une surface de Cuivre
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Un état quantique macroscopique

ΔE Deux nouveautés quantiques

Une particule/onde quantique 
occupe des états d'énergie quantifiés

Une particule/onde quantique 
peut quitter le puits par effet tunnel

transmission

V0

But: Trouver une "particule" macroscopique 
qui manifeste ces deux effets de la 
mécanique quantique 
Attention: 
La "particule" que nous allons discuter 
possède une forme très abstraite

La "particule" doit se comporter comme telle 
 - une position de la particule 
 - une masse 
 - satisfaire la loi de Newton ( )F = ma
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‣ Dans un supraconducteur, les électrons se mettent par paires (de Cooper).


‣ Le condensat des paires de Cooper se comporte comme une fonction d'onde complexe 


‣ Ici  devient la densité de paires de Cooper, une quantité macroscopique


‣ En 1962 Brian Josephson étudie le comportement de ces jonctions dans un circuit électrique

ψ
|ψ |2

État macroscopique:

ψ1eiφ1 ψ2eiφ2φ1
φ2
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Jonction de 
Josephson

ψ1eiφ1 ψ2eiφ2

δ = φ2 − φ1

J. M. Martinis, M. H. Devoret, J. Clarke, PRL 55, 1543 (1985), 
Energy-Level Quantization in the Zero-Voltage State of a Current-Biased Josephson Junction, 
M. H. Devoret, J. M. Martinis, J. Clarke, PRL 55, 1908 (1985), 
Measurement of Macroscopic Quantum Tunneling out of a Zero-Voltage State of a Current-Biased Josephson Junction

φ1
φ2φ1

φ2
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Jonction de 
Josephson

ψ1eiφ1 ψ2eiφ2

IJ

V

IJ(t) = I0 sin[δ(t)]

dδ(t)
dt

=
2π
Φ0

V(t)

δ = φ2 − φ1

J. M. Martinis, M. H. Devoret, J. Clarke, PRL 55, 1543 (1985), 
Energy-Level Quantization in the Zero-Voltage State of a Current-Biased Josephson Junction, 
M. H. Devoret, J. M. Martinis, J. Clarke, PRL 55, 1908 (1985), 
Measurement of Macroscopic Quantum Tunneling out of a Zero-Voltage State of a Current-Biased Josephson Junction

φ1
φ2φ1

φ2
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Jonction de 
Josephson

ψ1eiφ1 ψ2eiφ2

IJ

V

IJ(t) = I0 sin[δ(t)]

dδ(t)
dt

=
2π
Φ0

V(t)

δ = φ2 − φ1

IC

I

Q = CV ⇒ IC = C(dV/dt)

φ1
φ2φ1

φ2
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Jonction de 
Josephson

ψ1eiφ1 ψ2eiφ2

IJ

V

IJ(t) = I0 sin[δ(t)]

δ = φ2 − φ1

IC

IC(t) =
CΦ0

2π
d2δ
dt2

I = IJ + IC

φ1
φ2φ1

φ2
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IJ

V

IJ(t) = I0 sin[δ(t)]

IC

I = IJ + IC

IC(t) =
CΦ0

2π
d2δ
dt2

I = IJ + ICEquation pour δ(t)
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IJ

V

IJ(t) = I0 sin[δ(t)]

IC

I = IJ + IC

IC(t) =
CΦ0

2π
d2δ
dt2

I = I0 sin(δ) +
CΦ0

2π
d2δ
dt2

Equation pour δ(t)
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IJ

V

IJ(t) = I0 sin[δ(t)]

IC

I = IJ + IC

IC(t) =
CΦ0

2π
d2δ
dt2

I = I0 sin(δ) +
CΦ0

2π
d2δ
dt2

I
I0

− sin(δ) =
CΦ0

2πI0

d2δ
dt2

Equation pour δ(t)
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IJ

V

IJ(t) = I0 sin[δ(t)]

IC

I = IJ + IC

IC(t) =
CΦ0

2π
d2δ
dt2

x = δ

F(x) = I/I0 − sin(x)

m =
CΦ0

2πI0

I = I0 sin(δ) +
CΦ0

2π
d2δ
dt2

I
I0

− sin(δ) =
CΦ0

2πI0

d2δ
dt2

F(x) = m
d2x
dt2

Equation pour δ(t)

Equation d'une particule

Nous avons trouvé 
notre "particule"
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E p

ot
(x

)

Epot(x) = ∫
0

x
F(s)ds

Différence de phase x = δ = φ2 − φ1

Jonction de 
Josephson

ψ1eiφ1 ψ2eiφ2

δ = φ2 − φ1

I < I0

classique ou quantique

Position de la "particule"

φ1
φ2

φ1
φ2
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E p

ot
(x

)

Epot(x) = ∫
0

x
F(s)ds

Différence de phase x = δ = φ2 − φ1

Réaliser/caractériser une jonction de Josephson δ = φ2 − φ1

I < I0

classique ou quantique

φ1
φ2

Démontrer la quantification des états d'énergie

Démontrer la libération par l'effet tunnel
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Expérience cryogénique
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J. M. Martinis, Thesis Lawrence Berkeley National Laboratory (1985), 
Macroscopic quantum tunneling and energy-level quantization in the zero-voltage state of the 
current-biased Josephson junction

fiber optics .....__ __ I 

Screened-
Room 

I 
I 
l . I 
I 

microwave 
generator 

RF filter 

I microwove-----r--u__ 
1 . f.ilter 

I 
I Sample 

Mount---

I 

microwave 1 filters 
4.2 K 

Dilution 
Refrigerator 

Mixing 
Chamber 

1 Josephson I Junction 
I f 
L ___ .. ---------

X BL 8 !> 10- 6742 

Fig. 4. Schematic representation of the experimental apparatus. 

18 

• 

Froid  (Azote liquide 77K = -196°C)

Très froid  (Helium liquide 4.2K = -269°C)

Très très froid  (4He 1K = -272°C)

Ultra froid  (dilution de 4He/3He 20 mK = -273.13°C)
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J. M. Martinis, Thesis Lawrence Berkeley National Laboratory (1985), 
Macroscopic quantum tunneling and energy-level quantization in the zero-voltage state of the 
current-biased Josephson junction

fiber optics .....__ __ I 

Screened-
Room 

I 
I 
l . I 
I 

microwave 
generator 

RF filter 

I microwove-----r--u__ 
1 . f.ilter 

I 
I Sample 

Mount---

I 

microwave 1 filters 
4.2 K 

Dilution 
Refrigerator 

Mixing 
Chamber 

1 Josephson I Junction 
I f 
L ___ .. ---------

X BL 8 !> 10- 6742 

Fig. 4. Schematic representation of the experimental apparatus. 

18 

• 
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Figure 4. By irradiating a junction with 𝑓𝑓 = 2 GHz microwaves and varying the bias current 

to change the potential, observations could be made of tunnelling out of the first, second and 

third excited state, which could be compared quantitatively with straightforward expressions 

from single particle quantum mechanical calculations. The temperature was high enough for 

the lower excited levels to be significantly populated �𝑘𝑘𝐵𝐵𝑇𝑇
ℎ𝑓𝑓

= 0.29�. This confirms that the 

macroscopic degree of freedom corresponding to the junction phase difference 𝛿𝛿 behaves to a 

very good approximation as a single quantum mechanical particle. (From Fig. 2 in [12].) 

 

Together, these experiments demonstrated beyond a reasonable doubt that a superconducting 

circuit “big enough to get one’s grubby fingers on” (on page 997 of [6]) could be isolated well 

enough to observe both energy quantization of a macroscopic degree of freedom as well as 

macroscopic quantum tunnelling out of a metastable state. In analogy with the tunnelling of an 

alpha particle out of a heavy nucleus, Clarke et al. described their system as a “macroscopic 

nucleus” and foresaw the possibility of building exotic “macroscopic nuclei with wires” (on page 

997 of [6]). As we will see in the next section, this work laid the foundation for exploring 

macroscopic quantum physics in superconducting circuits, where the Josephson junction plays 

the role of an engineered artificial atom. 
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Figure 3. The effective escape temperature, i.e. the temperature that would give the measured 

escape rate, as a function of real temperature together with error bars. For the “Classical 

Junction”, the critical current has been suppressed by a magnetic field. The theoretical 

prediction for the MQT escape temperature is marked on the y-axis. The black arrow on the x-

axis denotes the theoretical prediction for the crossover temperature for the quantum junction, 

and the white arrow, the classical junction. The measurement of the classical junction 

demonstrates that the sample is indeed cooled below the crossover temperature of the quantum 

junction. (From Fig. 2 in [13].) 

 

In addition to quantitative analysis of MQT, resonant activation allowed for microwave 

spectroscopy of the macroscopic state of the junction. According to the Wentzel–Kramers–

Brillouin (WKB) approximation, the wavefunction of the excited states “sees” a thinner tunnel 

barrier and the escape rate from this excited state should be faster than from the lowest state of 

the well. The tunnelling from the first, second and third excited state of the well was 

experimentally observed and the excitation energies agreed with the single particle picture. The 

fictitious “particle” in this case is indeed a macroscopic degree of freedom describing the phase 

difference seen by all the Cooper pairs in the junction [12] (see Fig. 4). The experiment was a 

type of spectroscopic measurement that demonstrated quantized energy levels in a single 

macroscopic quantum system.  

 

 s'échappe du puits 
à l'aide de fluctuations 
thermiques

δ

déviation de l'effet 
thermique = 
effet tunnel quantique

M. H. Devoret, J. M. Martinis, J. Clarke, PRL 55, 1908 (1985), 
Measurement of Macroscopic Quantum Tunneling out of a Zero-Voltage State of a Current-Biased Josephson Junction

prédictions 
théoriques

effet tunnel

effet thermique

Des fluctuations thermiques 
permettent de s'échapper

par dessus la barrière.


À des températures très basses 
cet effet disparait et permet de 
dévoiler l'effet quantique.
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