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Maxwell’s Demon Meets
Nonequilibrium Quantum
Thermodynamics
A new implementation of a Maxwell’s demon can control entropy production in a
quantum-mechanical system that is driven out of thermal equilibrium.

by John Goold∗

I n 1867, James Clerk Maxwell imagined a “neat fin-
gered” being with the ability to sort particles in a gas
based on their speed [1]. Maxwell’s demon, as the
being became known, could quickly open and shut a

trap door in a box containing a gas and let hot particles
through to one side of the box but restrict cold ones to the
other. At first glance, this scenario seems to contradict the
second law of thermodynamics, as the overall entropy ap-
pears to decrease. Almost 150 years on, Maxwell’s paradox,
which was only properly understood a century after its orig-
inal inception, continues to inspire physicists. In particular,
there is currently a large activity in trying to understand
the thermodynamics of devices that operate in the quan-
tum domain and are out of thermal equilibrium, and how
a unit like Maxwell’s demon may be used to control them
and enhance their performance. Roberto Serra from the Fed-
eral University of ABC, Brazil, and colleagues [2] have now
implemented a Maxwell’s demon that can control and rec-
tify entropy production in a quantum system driven out of
thermal equilibrium (Fig. 1). This finding paves the way to
achieving the ultimate goal of complete control of nonequi-
librium quantum systems at the nanoscale and beyond.

Maxwell’s demon was named by Lord Kelvin in a hugely
influential paper on the dissipation of energy [3]. With the
original Greek meaning of the word in mind, Kelvin chose
the name not to imply any foul play but rather to empha-
size the role of the being’s intelligence. In 1929, stimulated
by this abstract notion of intelligence, Leo Szilard wrote a
paper on the decrease of entropy by intelligent beings [4].
In this classic work, Szilard considered a Maxwell’s demon
that controlled the thermodynamic cycle of a one-particle
heat engine. By making measurements on the system and
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Figure 1: Following measurements of a spin system driven out of
thermal equilibrium (red), Serra and colleagues’ Maxwell’s demon
(blue) implements feedback control on the system’s dynamical
state [2]. The control is similar to that of a parachute, smoothening
the transition of the system from one state to another and rectifying
the associated entropy production. (APS/Alan Stonebraker)

using the acquired information, the demon could extract
work from the closed cycle—once again in apparent contra-
diction with the second law of thermodynamics. In fact, by
considering this simple cycle, Szilard was achingly close to
resolving the paradox. In short, he believed that there was
an entropic penalty caused by the measurements that bal-
anced the work extracted by the demon.

This belief was shown much later to be false when Rolf
Landauer [5] finally exorcised the demon by demonstrating
that the entropic penalty was paid not in the measurements
themselves but in the erasure of the acquired information
that follows the measurements. Nevertheless, Szilard’s work
was visionary, as it not only emphasized the role of informa-
tion in physics, but it also prophesied a field broadly known
as cybernetics, which can be understood as the study of the
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control of machines by means of information processing.
Maxwell’s demon can be seen as a feedback controller that
operates on a system in order to force it to perform useful
tasks.

In the more than six decades since Landauer resolved
Maxwell’s paradox, researchers have implemented demon-
like devices in classical and quantum systems in thermal
equilibrium, the conditions that Szilard envisaged. Serra
and colleagues now demonstrate a Maxwell’s demon in a
quantum system out of thermal equilibrium. In contrast to
standard thermodynamics, nonequilibrium thermodynam-
ics involves transformations that drive the system away
from equilibrium. In the nonequilibrium domain, fluctu-
ations of thermodynamic quantities become relevant and
additional entropy is produced. This entropy production
can manifest as additional heat dissipation into the sur-
roundings and hence serves to decrease the thermodynamic
efficiency of, for example, a thermal machine. As devices
are pushed towards the nanoscale and beyond, they be-
come more susceptible to thermal and quantum fluctuations.
Therefore, it has become increasingly important to under-
stand this entropy production and to control it.

Serra and co-workers considered a two-level quantum
system based on the nuclear spin of a carbon atom. Prepar-
ing this spin system in an equilibrium state and then driving
it out of equilibrium using magnetic fields, the researchers
focused on controlling the associated entropy production.
They did so by implementing a Maxwell’s demon in the
form of a feedback control mechanism. In a nutshell, the
mechanism works as follows: it acquires and stores infor-
mation about the state of the carbon atom using an auxiliary
hydrogen nucleus; it then applies magnetic fields to the
carbon nucleus that are conditioned on the state of the hy-
drogen nucleus. The authors demonstrate that, by perform-
ing such conditioned manipulations, the entropy production
can be controlled and even reduced. They also show that the
amount of entropy production is in excellent agreement with
models of nonequilibrium thermodynamics that account for
both thermal and quantum fluctuations [6] and the feedback
control mechanism [7].

The acquisition of thermodynamic quantities in a
nonequilibrium setting, such as the entropy produced in
the authors’ experiment, is notoriously difficult in its own

right (as demonstrated in a previous study [8]). Serra and
colleagues’ inclusion of a feedback control unit into such a
setting represents an important development in the grow-
ing interdisciplinary field of quantum thermodynamics [9].
The techniques employed by the authors in this work could
be used to help control and enhance the performance of the
thermal machines of the future. And when combined with
current progress in machine learning, studies such as this
promise to inspire a new era of what one might call quan-
tum cybernetics.

This research is published in Physical Review Letters.
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