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The Physics of realistic switches
In order to be closer to a reasonable physical model, we need to introduce, together with a 
friction also a fluctuating force and thus a corresponding Langevin equation:

This calls for a reconsideration of the 
equilibrium condition that now is:

mx = − d
dx
U(x)−mγ x +ξ (t)+F

The relevant quantity becomes now the probability density P(x,t) and the probability

Represent the probability for our switch to assume “0” or “1” logic states
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The Physics of realistic switches: the switch event
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The Physics of realistic switches: Probability Density
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The probability density p(x, t) evolution can be monitored by computing it from the 
statistics of x(t) or it can be described with a partial derivative differential equation, 
known as Fokker–Plank equation, after Adriaan Fokker (1887–1972) and Max Planck 
(1858–1947) that proposed it in 1914 and 1917 respectively, as a general diffusion 
equation. 

The Fokker –Plank equation



The Physics of realistic switches: Probability Density
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Stochastic thermodynamics (see Chap. 4 «The Physics of computing»)

The existence of fluctuations can be interpreted as due to the presence of a 
single dof x coupled to a thermal reserviour (large number N of dof).

At difference with the traditional Boltzmann approach, due to the presence of the 
confining potential V(x), not all the values of x(t) have the same probability to be 
realized. 
Thus, in order to introduce a proper entropy, we should adopt W. Gibbs definition of 
thermodynamic entropy for microstates, identified by the index i and characterized 
by different probabilities pi:



Entropy and spread in probability density



The Physics of realistic switches: the role of entropy
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Now the question is: what happens to the entropy during the switch?

1) Combinational switches

Same entropy initial and final



The Physics of realistic switches: the role of entropy
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Now the question is: what happens to the entropy during the switch?

2) Sequential switches

Same entropy initial and final
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Now the question is: 

what happens to the entropy during the relaxation towards equilibrium?

Different entropy initial and final



Minimum energy required to operate the switch
(see chap 5 in “The Physics of Computing”)

1) Combinational switches
2) Sequential switches

We are now in position to discuss the enregy problem



Minimum energy required to operate the switch
(see chap 5 in “The Physics of Computing”)
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1) Combinational switches DU = L - Q

L = F Dx >0

Total energy variation during the switch

Q = ? According to stochastic thermodynamics

The second term is due to friction. It goes to zero if the speed goes to zero.
The first term can also be estimated as:

Potential energy of the system increases 
during the switch S0 to S1

Q = T DS

But DS = 0 thus Q = 0

Conclusion: Some energy is required but no dissipation is necessary 



Minimum energy required to operate the switch
(see chap 5 in “The Physics of Computing”)

13

Experiment



Minimum energy required to operate the switch
(see chap 5 in “The Physics of Computing”)
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1) Sequential switches DU = L - Q

L = 0

Total energy variation during the switch

Q = ? According to stochastic thermodynamics

The second term is due to friction. It goes to zero if the speed goes to zero.
The first term can also be estimated as:

Potential energy of the system does not 
increases during the switch S0 to S1

Q = T DS

But DS = 0 thus Q = 0

Conclusion: No energy is required but…. Protocol matters
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Operating ICT basic switches below the Landauer limit

More info available at www.landauer-project.eu

Entropy stays
constant

Entropy 
changes

Magnetic nano dots

Single cylindrical element of 
permalloy (NiFe) with 
dimensions 50 x  50 x  5 nm3



The Physics of realistic switches: the switch

In conclusion we have shown that, at least in principle, if the switch event is realized 
according to the following rules:

1) The total work performed on the system by the external force has to be zero (in a 
cycle). 

2) The switch event has to proceed with a speed arbitrarily small in order to have 
arbitrarily small losses due to friction. 

3) The system entropy never decreases during the switch event or the total change of 
the entropy is zero and the all process is realized through states of equilibrium.

Then the switch event can be made by spending ZERO energy.

Thus, we can say that the computing activity, which is made by assembling switch events, 
can be made entirely by spending zero energy.

There is an exception for what concerns the memory use.
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The Physics of realistic switches: the reset operation
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But… let’s suppose we start from an equilibrium condition 

In this case if we want to write a memory bit or to use 
the switch we need to operate a reset operation

Is there a minimal cost for this operation?



THE LANDAUER LIMIT

The Landauer’s principle states that erasing one bit of information (like in a resetting operation) comes 
unavoidably with a decrease in physical entropy and thus is accompanied by a minimal dissipation of 
energy equal to

Q = kB T ln 2  

More technically this is the result of a change in entropy due to a 
change from a random state to a defined state.

Please note: this is the minimum energy required.

At room temperature Q = 1.38 10-23 300   0.69   = 2,86 10-21 J       

About              3 10-21    
Joule



In conclusion

In conclusion we have shown that, at least in principle, 

1) The switch event can be made by spending ZERO energy.

2) The reset event requires a minimum expenditure of energy. Q = KB T ln(2)
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