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Thermal Equilibrium + Measurement and feedback control

Thermal gradient ↔ Work extraction

The basic idea of a Maxwell’s demon



  

Several implementations since 2007….

All these implementations work in microscopic regimes: single molecules, single atoms, single 
electrons, single photons ... 

“... a demon, according to the use of this word by Maxwell, is an intelligent being endowed 
with free-will and fine enough tactile and perception to give him the faculty of observing 
and influencing individual molecules of matter”                                         
                                                                                                                       William Thomson, 1879



  

What happens if we scale up a Maxwell’s demon?

● If a Maxwell’s demon can only by microscopic, at which scale does it stop working?

● Can that be prevented in some way?  

We will explore these questions in a model of an electronic Maxwell’s demon  



  

The CMOS inverter

pMOS

nMOS

Can we revert the current? 

We consider first the equilibrium case

Amplification factor Feedback



  

An autonomous demon

Entropy production rates (steady state)

System side:

Demon side:

Total:

Thermodynamic efficiency

If the demon can achieve rectification of the current 
through the system (            )



  

An autonomous demon

Deterministic treatment:

At steady state:

No rectification is possible at 
the deterministic level

Also, the system becomes bistable for                                 with  



  

An autonomous demon

Stochastic treatment:
Conduction through each transistor is modeled as a bidirectional 
jump process

The rates can be fully determined from the I-V curve characterization 
and the local detailed balance conditions (see Phys. Rev. X 11, 031064 ) 

Master equation:

Circuit state



  

Steady states for

Average current through the first inverter:

Rectification is possible if 
         is high enough 



  

The macroscopic limit

Islam et. al.

What happens if we increase 
the physical dimensions of 
the transistors?

Keeping L fixed and increasing W, we have:
Scale parameter

A large deviations 
principle is satisfied

Freitas, Proesmans, Esposito PRE 105, 034107
Gopal, Esposito, Freitas arXiv:2205.12659 

Rate function



  

The macroscopic limit

● The minimum of             follows the deterministic dynamics

● A quadratic expansion around it gives us a Gaussian approximation, increasingly valid 
for larger

● In the monostable phase, we obtain:



  

Scaling analysis

Rectification (             ) is possible only if:

Maximum scale

Or equivalently if:
Minimum
powering
voltage

For fixed     :

We choose
           and

           and



  

Scaling analysis

Then, the thermodynamic efficiency scales as

● For fixed powering, the demon stops working above a maximum scale

● If the powering is scaled appropriately, the demon continues to work 
but with decreasing efficiency

● Is this optimal? → thermodynamic limits to amplification



  

Final comments

● Previous proposals of macroscopic Maxwell’s demons

● Breaking the link between the macro limit and deterministic dynamics

● Uses symmetry breaking in phase transitions to 
transfer information from micro to macro scales

● Non-autonomous

● Work extraction limited by 

● The macroscopic limit is not necessarily deterministic in non-equilibrium settings

● If thermodynamic resources are invested to amplify thermal fluctuations, they can be transferred 
to macroscopic scales.

● For this to happen, those thermodynamic resources must be scale dependent.
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