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Nobel Prize 2025 was awarded for:
“for the discovery of 

macroscopic quantum mechanical tunnelling
and energy quantisation in an electric circuit”



Schrödinger’s Cat

• Can we have a macroscopic object in a 
superposition of states?



Quantum world
• Quantization of energy

• Particles/atoms:
- are delocalized due to wave nature
- can tunnel

- can be in a superposition of states

• Atoms can decay

Interference/diffraction



Quantized energy orbitals

• Well-defined discrete energy levels – hydrogen
molecule

• Excitation/Emission



Tunneling 1

Electric charge tunneling

N NI



Nuclear Fusion in the Sun
Tunneling 2

E.Siegel, Beyond The Galaxy 



Decay of a radioactive nuclei

Tunneling 3

E = 5MeV,
V = 15000 km/s

T1/2= 4.5 billion years, half lifetime

George Gamov, 1928



Quantum superposition
MASER 

(microwave amplification by stimulated emission of radiation) 

Feynman

(vol. III, Ch. 9)



Can macroscopic objects (ensembles of particles) behave
in a quantum way, i.e. as they were a single particle?

Engineered artificial atoms consisting of many particles?

Can we find a macroscopic system, which would be
described with a single wave-function?

A collective state needed... Superconductivity and
superfuidity seem to be a good candidates.



Macroscopic wavefunction

js-supercurrent density

ρ – density of Cooper pairs

ϴ - macroscopic superconducting phase
The same for large number of Cooper pairs!!!

Can a system described with such a wavefunction behave like an atom? 



Can we see quantum phenomena for a 
macroscopic object?

• Superconducting wave function describes
collective behavior of many Cooper pairs

• Spontanous symmetry breaking => phase 
becomes a macroscopic variable

• The sc condensation creates an energy gap in 
excitation spectrum => Cooper pairs do not want 
to interact with environment

• It vastly reduces effects of environmental 
decoherence and should promote the presence 
of quantum effects.  



Tunnel Josephson junction

J 0I I sin= γ

Nobel, Brian Josephson, 1973

γ = γR-γL

1st Josephson relation:

2nd Josephson relation:
𝑑𝑑𝛾𝛾
𝑑𝑑𝑑𝑑

=
2𝜋𝜋
Φ0

𝑉𝑉



Nobel prize for showing that a Josephson junction 
is an artificial atom 



E-beam lithography





Junction embedded in electric circuit

The junction behaves as a nonlinear inductance.
The circuit is very similar to that of a harmonic oscillator.



Metastable state of the junction

I flows, but V=0 =>P=0

P=I*V, dissipated power,
normal metal behavior above the gap

J 0I I sin= γ due to tunnelling 
of single Cooper pairs 

Non-zero voltage state
𝑑𝑑𝛾𝛾
𝑑𝑑𝑑𝑑

=
2𝜋𝜋
Φ0

𝑉𝑉



RCSJ model
(Resistively and Capacitively Shunted Junction)

γsin0 ⋅++=++= I
dt
dVC

R
VIIII JJCRb
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It looks like harmonic oscillator, 

but now restoring force is not - kγ (as in the Hook’s law), but:
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2nd Josephson formula



The potential is tilted
with the bias current.

Dynamics of a fictious particle
in a tilted washboard potential

The oscillations of phase
correspond to oscillating current
across the junction. 

 

∆Uωp

Γ

IB < I0

γ- superconducting phase

J 0I I sin= γ
M. Foltyn, M. Zgirski, 
Gambling with Superconducting Fluctuations,
Phys. Rev. Applied 4, (2015)



 

∆Uωp

Γ

IB < I0

Escape rate Γ / lifetime in a metastable state τ:

Switching: Escape out of metastable state



Extraction of the JJ lifetime τ
from the  switching probability P

S-curve

M. Zgirski, M. Foltyn, A. Savin, K. Norowski, Flipping-Coin Experiment to Study Switching in 
Josephson Junctions and Superconducting Wires, Phys. Rev. Applied 11, 054070 (2019)
M. Foltyn, M. Zgirski, 
Gambling with Superconducting Fluctuations, Phys. Rev. Applied 4, 024002 (2015)



Junction as a classical oscillator

Ι = Ι0 sin(δ0+∆δ)  1st Josephson relation
For small ∆δ: Ι = Ι0 sin(δ0) + Ι0 cos(δ0)∆δ =>   Ι= Ιb + (Ι0

2−Ιb
2)0.5∆δ

Imposed
by external bias

oscillations due to 
thermal fluctuations

All values of energy allowed



Escape in a resonance

τ(0) – JJ lifetime in a 
metastable state

τ(P) – JJ lifetime in a 
metastable state in the 
presence of 
microwaves

M.H.Devoret, J.M.Martinis, D.Esteve and J.Clarke, Resonant Activation from the Zero-
Voltage State of a Current-Biased Josephson Junction, Phys. Rev. Lett. 53, 1260 (1984)



JJ – artificial atom?

• Can the wavefunction escape from a local minimum by 
tunneling?

• Is energy of charge oscillations on a JJ quantized in analogy to 
a quantum harmonic oscillator?

δδ

U
(δ

)

U
(δ

)

Ψ0(δ)



Delocalization of 
the electrical current value

Quantum harmonic oscillations in a real space:

Quantum oscillations of phase:

Delocalization of phase means
blurring of the macroscopic current flowing
through the junction!!! 
=>  Quantum  Electrical Circuit !!!



Escape rate vs. temperature

M.H.Devoret, J.M.Martinis, J.Clarke, Measurements of Macroscopic Quantum Tunnelling of 
the Zero-Voltage State of a Current-Biased Josephson Junction, Phys.Rev.Lett. 55, 1908 (1985)

I0-critical current

Temperature of 
electromagnetic
environment
can be extracted
from the slopes

At a fixed value of current
it is easier to escape
for higher temperatures

not  temperature
dependent



M.H.Devoret, J.M.Martinis, J.Clarke, Measurements of Macroscopic Quantum Tunnelling of 
the Zero-Voltage State of a Current-Biased Josephson Junction, Phys.Rev.Lett. 55, 1908 (1985)

Tesc > T 
The temperature of the JJ decay
is larger than temperature 
of the electromagnetic
environment.  
A new escape mechanism !!!



Escape from the tilted washbord potential

M. Foltyn, M. Zgirski, Gambling with Superconducting Fluctuations, Phys. Rev. Applied 4, (2015)



Important distinction

• MQT is NOT a tunneling of many Cooper pairs
simultanously across a tunneling barrier
defined in a real space. 

• MQT is a „switching” of the collective state of 
many Cooper pairs between two macroscopic
wavefunctions, although the two
configurations are separated by an energy
barrier which forbids the classical transition.



MQT

J 0I I sin= γ due to tunneling 
of single Cooper pairs 



Quantized energies 
in the trapping potential ?

J.M.Martinis, M.H.Devoret, J.Clarke, Energy-Level Quantization in the Zero-Voltage State of a 
Current-Biased Josephson Junction, Phys.Rev.Lett. 55, 1543 (1985)



Quantized energies 
in the trapping potential – resonant activation 

Idea:

1.Irradiate junction
with a microwave photon

2. Adjust the level spacing 
with the bias current to match
the energy of the photon

3. Force the transition to 
a higher energy level

4. Observe easier escape
from the higher level
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Experimental evidence – modification of 
the 0->1 energy spacing 

Idea:

1. Tilt the potential with current

2. For a larger tilt potential is 
more „open” 
⇒ energy spacing is smaller

3. Excite the circuit with a resonant 
microwave photon

4. Observe enhancement
of the escape due to excitation
of the current oscillations
to the higher level



Phase Qubit – How to tell the ground 
state from the excited state?

John Martinis, Superconducting Phase Qubits, Quantum Inf Process (2009) 8:81–103



Phase Qubit (2)
John Martinis, Superconducting Phase Qubits, Quantum Inf Process (2009) 8:81–103



Phase Qubit (3)

John Martinis, Superconducting Phase Qubits, Quantum Inf Process (2009) 8:81–103



A look ahead

Arute, F., Arya, K., Babbush, R.,… John Martinis
Quantum supremacy using a programmable superconducting processor,
Nature 574, 505–510 (2019)

Google’s Quantum Computer, 
October 2025



Recap



Artificial Atoms
for Quantum Electronics

http://coolphongroup.ifpan.edu.pl



http://coolphongroup.ifpan.edu.pl



RCSJ model
(Resistively and Capacitively Shunted Junction)

γsin0 ⋅++=++= I
dt
dVC

R
VIIII JJCRb



Thevenin equivalent Norton equivalent

=

Pure Josephson element obeying
Josephson relations



=

L nonlinear=

JJ is a nonlinear inductance
Anharmonic 
quantum oscillator,

=>

Not equal distance 
between energy 
levels

What does 

a nonlinear inductance mean?

Reflects kinetic inertia of Cooper pairs accelerated through the junction  



Switching measurements
of the junction

P=n/N
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T0 = 16 mK



Testing JJ with current pulses

46



Testing JJ with current pulses
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Testing JJ with current pulses
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First, consider γ->0, IB=0 and map 
it into harmonic oscillator:

RCSJ model
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Back to full equation:

Harmonic oscillator:

Q - quality factor, amplitude of harmonic oscillator falls by a 
factor of e in Q/π cycles of free oscillations
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It looks like harmonic oscillator, but now restoring force is not  - kγ (as in the Hook’s law), 
but:



Classical limit 



Escape rate vs. temperature

M.H.Devoret, J.M.Martinis, J.Clarke, Measurements of Macroscopic Quantum Tunnelling of 
the Zero-Voltage State of a Current-Biased Josephson Junction, Phys.Rev.Lett. 55, 1908 (1985)

I0-critical current

Temperature of 
electromagnetic
environment
can be extracted
from the slopes

At a fixed value of current
it is easier to escape
for higher temperatures



Delocalization (wave nature)

X – degree of freedom



Maser (Laser), NMR etc.
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Deterministyczne otrzymywanie stanu wzbudzonego i 
podstawowego i wzbudzonego itd:
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Impuls π obraca układ ze stanu 
podstawowego do 
wzbudzonego lub odwrotnie:

Badanie relaksacji poprzecznej i 
podłużnej magnetyzacji (równanie 
Blocha)

-> dr inż. Tykarski, Politechnika 
Warszawska

NMR – nuclear magnetic 
resonance

MASER (microwave amplification by 
stimulated emission of radiation) 

from

Feynman

(vol. III, Ch. 
9)
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