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Maxwell’s demon explores the role of information in physical processes. Employing information about
microscopic degrees of freedom, this “intelligent observer” is capable of compensating entropy production
(or extracting work), apparently challenging the second law of thermodynamics. In a modern standpoint, it
is regarded as a feedback control mechanism and the limits of thermodynamics are recast incorporating
information-to-energy conversion. We derive a trade-off relation between information-theoretic quantities
empowering the design of an efficient Maxwell’s demon in a quantum system. The demon is
experimentally implemented as a spin-1/2 quantum memory that acquires information, and employs it
to control the dynamics of another spin-1/2 system, through a natural interaction. Noise and imperfections
in this protocol are investigated by the assessment of its effectiveness. This realization provides
experimental evidence that the irreversibility in a nonequilibrium dynamics can be mitigated by assessing
microscopic information and applying a feed-forward strategy at the quantum scale.
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Connections between thermodynamics and information
theory have been producing important insights and useful
applications in the past few years, which has turned out to
be a dynamic field [1-4]. Its genesis traces back to the
famous Maxwell’s demon gedanken experiment [5-9]. In
1867, Maxwell conceived a “neat fingered being,” which
has the ability to gather information about the microscopic
state of a gas and use this information to transfer fast
particles to a hot medium and slow particles to a cold one,
engendering an apparent conflict with the second law of
thermodynamics. Several approaches and developments
concerning this conundrum had been put forward [5-9],
but only after more than a century, in 1982, Bennett [10]
realized that the apparent contradiction with the second law
could be puzzled out by considering the Landauer’s erasure
principle [11-14].

Theoretical endeavors to incorporate information into
thermodynamics acquire a pragmatic applicability within
the recent technological progress, where information just
started to be manipulated at the micro- and nanoscale. A
modern framework for these endeavors has been provided
by explicitly taking into account the change, introduced in
the statistical description of the system, due to the assess-
ment of its microscopic information [15]. This outlines an
illuminating paradigm for Maxwell’s demon, where the
information-to-energy conversion is governed by fluc-
tuation theorems, which hold for small systems arbitrarily
far from equilibrium [16-20]. Generalizations of the
second law in the presence of feedback control can be
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obtained from this framework, establishing bounds for
information-based work extraction [21]. Notwithstanding
its fundamental relevance, these relations do not provide a
clear recipe for building a demon in a laboratory setting.
Owing to the challenges associated with a high precision
microscopic control, there are only a handful of very recent
experiments addressing the information-to-energy conver-
sion at small scales, using Brownian particles [22,23],
single electrons [24-26], and laser pulses [27] regarding
the classical scenario, where quantum coherence effects
are absent. In the quantum context, there are only two
experimental attempts related with information-to-energy
conversion. The heat dissipated during a global system-
reservoir unitary interaction was investigated in a spin
system [28] and single photons in nonthermal states were
employed to build a thermodynamics-inspired separability
criterion [29].

Here, we contribute to the aforementioned efforts deriv-
ing an equality concerning the information-to-energy
conversion for a quantum nonunitary feedback process.
Such relation involves a trade-off between information-
theoretic quantities that provides a recipe to design and
implement an efficient Maxwell’s demon in a quantum
system where coherence is present. Supported by this trade-
off relation and employing Nuclear Magnetic Resonance
(NMR) spectroscopy [30-32], we set up an experimental
coherent implementation of a measurement-based feed-
back. Furthermore, we quantify experimentally the effec-
tiveness of this Maxwell’s demon to rectify entropy
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FIG. 1. Tllustration of a Maxwell’s demon operation. The
system starts in the equilibrium state p;! and it is unitarily driven
(i) to a nonequilibrium state. Then the demon makes a projective
measurement, M,yielding the outcome / with probability p([).
The feedback operation F(*) is applied with error probability
p(k|l). The environment temperature is kept fixed and the whole
operation is much faster than the system decoherence time.

production, due to quantum fluctuations [33,34], in a
nonequilibrium dynamics.

Theoretical description.—Consider the scenario illus-
trated in Fig. 1. The working system is a small quantum
system, initially in the equilibrium state py! (at inverse
temperature = (kgT)~!, with kz being the Boltzmann
constant). Later on Maxwell’s demon will also be materi-
alized through a microscopic quantum memory. Suppose
that the working system is driven away from equilibrium by
a fast unitary time-dependent process, U, up to time 7,
(driving the system Hamiltonian from H, to H; ). The
purpose of the control mechanism is to rectify the quantum
fluctuations introduced by this nonequilibrium dynamics.
To this end, the demon acquires information about the
system’s state through a complete projective measurement,
{M,}, yielding the outcome [ with probability p(l) =
tr[M,UpyU']. Based on the outcome of this measurement,
a controlled evolution will be applied. It will be described
by unital quantum operations F*) [F®) (1) = 1 for every
k], which may include a drive on the system’s Hamiltonian
from H, to Hg), along the time interval 7, —7; [35].
Furthermore, we consider the possibility of error in the
control mechanism, assuming a conditional probability
p(k|l) of implementing the feedback process k (associated
with the outcome k) when [ is the actual observed
measurement outcome. By a suitable choice of the oper-
ations { F(¥)}, the feedback control mechanism can balance
out the entropy production due to the nonequilibrium drive
U. A similar protocol might also be employed in informa-
tion-based work extraction protocols.

Following the scenario presented above, an integral
fluctuation relation can be derived [36,38,39] as

< —B(W=AF®)— <k/)> —1, (1)

where W is the stochastic work done on the system,
AF® = ' zW /7y [with ZV =tw(e") and

feedback process, (%) = In p(k|l)/p(k) is the unaveraged
mutual information between the working system and the
control mechanism employed [p(k) = >, p(k|l)p(I) is the
marginal probability distribution of the controlled opera-
tion]. The average is computed according to a work
distribution probability P(W) that depends on both the
measurement and the feedback processes. Equation (1) has
the same structure of Sagawa and Ueda’s classical relation
[40,41]. It is also the generalization of the Tasaki quantum
identity obtained for unitary control [42], which was
previously discussed in Refs. [38,39]. Jensen’s inequality
for convex functions can be used to obtain a lower bound
for the mean nonequilibrium entropy production

(5) = (W - AFW) > —(106D), )

If the feedback control is absent, Eq. (2) reduces to the
standard Clausius inequality, (X) > 0. On the other hand,
Eq. (2) generalizes the second law, elucidating that the
correlations between the system and the demon, expressed
by the mutual information (/(*/)), may be employed to
decrease the entropy production beyond the conventional
thermodynamic limit. Besides its material importance to the
understanding of the underneath gear of Maxwell’s demon,
Eq. (2) does not shed light on how to design an efficient
feedback-control protocol. Notice that the right-hand side
(rhs) of Eq. (2) is unrelated to the specific form of the
feedback operations {F®}, it is only associated with the
feedback error probability p(k|/) and the marginal distri-
bution p(k). Therefore, performance analysis of different
types of feedback operations is beyond the scope of the
bound in Eq. (2).

We bridge such a gap by deriving an equality for entropy
production in the presence of feedback control with exper-
imental relevance for the effective design of Maxwell’s
demon, expressed as [36]

(k,eq)
() = ~T i + (SkL (P [IPE) + (ASED) £, (3)
with only information-theoretic quantities on the rhs.
The information ~gain  Zy, = S(pr,) — Sip(1)S(p1))
quantifies the average information that the demon obtains
reading the outcomes of the measurement M [43-49],
with p, = Upy'U" being the system’s state before the

measurement; pﬁ? the /th postmeasurement state which

occurs with probability p(l), and S(p) the von Neumann
entropy. It is always non-negative for projective measure-
ments [43-46] and it can be interpreted as the reciprocal
to the quantity of disturbance impinged on the quantum
system due to the measurement operation [47] (see also
Ref. [36]) The Kullback-Leibler (KL) relative entropy,

. (P80 1pey = e [p%) (1n D —1nplked))), expresses
the information divergence between the resulting state of
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the feedback-controlled process, p;,"’, and the equilibrium

<S(p£’2"l>)—S( 5?));, is the averaged change in von
Neumann entropy due to the quantum operation F*).

The nonequilibrium entropy production in Eq. (3) is
negative if and only if

k.l k,
Tain > (S (0% [[p% )y + (ASKDY 2. (4)

This provides a necessary and sufficient condition to
implement an effective Maxwell’s demon for the nonuni-
tary protocol considered here. Equation (3) also encom-
passes the bound (X) > —Z,,,, which is similar to the
bounds previously obtained in Refs. [50,51] considering a
different context. In the literature concerning the thermo-
dynamics of information, feedback processes are often
regarded as unitary. In this case, the last term of the rhs of
Eq. (3) does not contribute. Since the postmeasurement
(0
1

state p;’ is pure, the average KL relative entropy,

(Sr (0% ||p%<)) | will never be zero for a unitary feed-
back implemented upon projective measurements
(at finite temperature). In a different manner, a nonunitary
feedback process can be designed to cancel the term

(SKL(pg'l)||p£f’eq))>, but in this case the variation of the
von Neumann entropy (AS*%). due to a nonunitary
operation, is not null. Along these lines, the trade-off
concerning these quantities in Eqgs. (3) and (4) empowers
the effective design of Maxwell’s demon through the
performance assessment of different strategies for the
controlled operations ¥

Experimental  implementation—We  employed a
13C-labeled CHCl; liquid sample and a 500 MHz Varian
NMR spectrometer to implement and characterize the
aforementioned entropy rectification protocol. The spin
1/2 of the '3C nucleus is the working system whereas the
'H nuclear spin plays the role of a quantum memory for
Maxwell’s demon. Chlorine isotopes’ nuclei can be dis-
regarded providing only mild environmental effects due to
the fast relaxation of its energy levels. Details on the
experimental setup are provided in Ref. [36]. Using spatial
average techniques the joint initial state, equivalent to
10)1(0]p$3C, is prepared, where the '*C is in an equilibrium
state of the initial Hamiltonian, H{§ = 17wyeS (with
wy/2x =2 kHz, o,,, being the Pauli matrices, |0)yc
and |1)yc representing the excited and ground state of

o€, respectively). We consider an initial driving protocol
as a sudden quench process, described by a quick change
in the carbon Hamiltonian from H§ to HS = 1hw,o¢
(with @,/27 = 3 kHz). The idea is to change the
Hamiltonian so quickly that the state of the system remains

unchanged. This state will suddenly become far from

(a) oIl
Demon’s memory T, Yo
'H: |0) ‘
M
Be: gy
Working system 1} = ./\/l 7777777 (k)
oPT1 . OPT2
» A\
(b) (©) s
7
6
< 5 et
oy O
. o1 2 3 s
0.5 0.0 0.5 Control basis mismatch (%)

FIG. 2. Protocol for the measurement-based feedback.
(a) Sketch of the implemented quantum circuit. (b) Choi-Jamiol-
kowski matrix, y (with elements y,;), of the experimental
quantum processes tomography for the nonselective projective
measurement on the '3C nuclear spin, represented by the
map, M(P) = Z&l:ﬂ.)c._v,z)fs,lEEPE?{r Eg
The ideal process, described by a no-selective measurement on
the HS energy basis, is M (p) =1(p+ oSpst). For this
operator representation choice, a unital process is described by
a real process matrix. The imaginary part of the experimental
elements y,; are neglectful. (c) The demon effectiveness is
quantified by the process trace distance &= 1tr[y®P — 4|
between the experimentally implemented map, y**P (for the
whole protocol: measurement and feedback control) and the
map describing the ideal protocol, ¥, as a function of the control
mismatch (p(0|1)). The residual error for the zero mismatch
(6 ~ 4.5%) is due to nonidealities in the protocol implementation.
See main text and Ref. [36] for details.

_ 1 :C :C - C
= 1,ioy,ioy,i07).

equilibrium, even including coherence in the energy basis
of Hg. The quantum fluctuations, work distribution,
and the entropy production in this highly nonadiabatic
transformation can be experimentally characterized, in an
NMR setting, according to the approach presented in
Refs. [33,34]. In the present experiment, this sudden
quench is implemented effectively by a short transversal
radio-frequency (rf) pulse resonant with the '*C nuclear
spin (with time duration about 9 us) represented by the
operation {/ [as in Fig. 2(a)].

The feedback mechanism employed is sketched in
Fig. 2(a), where the whole feedback operation is much
faster than the typical decoherence times, which are on the
order of seconds [36]. After the sudden quench (i),
information is acquired by the demon via the natural J
coupling between '*C and 'H nuclei, 1zJhct6S (with
J = 215.15 Hz), under a free evolution lasting for about
6.97 ms (equivalent to a CNOT gate). An effective non-
selective projective measurement in the energy basis of HS
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Experimental entropy rectification and information quantities. (a) Mean nonequilibrium entropy production ((X)) in the

measurement-based feedback protocol as a function of the initial temperature (kzT) and the control basis mismatch (p(0[1)).
The negative values are associated with entropy rectification by Maxwell’s demon. (b),(c) Entropy production (black), information gain
bound, (X) > —Z, (red), and mutual information bound (X) > —(I%D) (dark yellow). (d),(e) Measured information quantities
appearing in the trade-off relation Eq. (3), i.e., information gain (red), von Neumann entropy variation (blue), and KL relative entropy

(green).

is accomplished with an additional longitudinal field
gradient, &; (applied during 3 ms). It introduces a full
dephasing on the z component of the memory state. This
free evolution followed by dephasing correlates the state of
the working system ('3C) with the demon’s memory ('H)
leading to a joint “postmeasurement” state equivalent to
0) i (O] Mop§ Mg + |1 (1| M p§M,, where M, and
M, are the eigenbasis projectors for ’HSI with experimen-
tally probed outcome probabilities, p(/) = 50.0 & 0.4% for
[ =0, 1, as expected for the sudden quench implemented.
Quantum process tomography (QPT) [52] is applied to
verify how effective is the demon’s nonselective measure-
ment, with the results displayed Fig. 2(b). The experimen-
tally implemented measurement is very close to the ideal one.
In order to investigate the robustness of the feedback process
against a control mismatch, we also introduce, in the protocol
of Fig. 2(a), a rotation R}l along the x direction on the 'H
spin, in such a way that the feedback error probability,
p(0]1) = p(1]0) = sin*(¢/2), is changed varying the mis-
match angle ¢. Figure 2(c) displays the trace distance
between the experimental and ideal quantum processes for
the demon operation as a function of such an error.
Entropy rectification is achieved by a controlled evolu-
tion of the '*C nuclear spin guided by the demon’s memory
(encoded in the 'H nuclear spin state). Such conditional
evolution is implemented by the operations Y; and Y,
represented in Fig. 2(a) produce ideally the controlled

transformation 2Ty = |ho)u(bol VY + |l VY,
where the mismatched control basis are given by |¢g)y =
cos (¢/2)|0)yy — isin (¢/2)|1)y and |¢)y its orthogonal

complement; V) = ¢=ir§/4¢=iro¢/2 and P!V = Y 6C are
the feedback operations applied on the carbon nucleus, with
y = 2arccos (1 — e™#m1)~1/2_ Both controlled operations
are put into action by a free evolution under the natural J
coupling (3 7J76%6<) combined with individual rotations
driven by rf-fields resonant with both Larmor frequencies
of 13C and "H nuclei. We have chosen feedback operations
where the system Hamiltonian is not driven, in this
case Hg))c = H&?C =HS =HE. The concluding step
for implementing the controlled operations {F®}, is a
full dephasing in the eigenbasis of Hg. It is supplied by a
second longitudinal field gradient, &,, and local rotations of
the carbon nuclear spin in order to set the dephasing basis.

Performing quantum state tomography (QST) [31] along
the experimental implementation of the demon protocol,
we can obtain all the information-theoretic quantities in rhs
of Eq. (3) (for details see Fig. S2 and the Data Acquisition
section in [36]). Figure 3(a) displays the entropy production
in the feedback controlled operation implemented in our
experiment. We achieved negative values showing the reali-
zation of entropy rectification, whose effectiveness worsens
as the bases mismatch increases. In Figs. 3(b) and 3(c),
we note that the bounds based on mutual information, as in
Eq. (2), and information gain are not tight in a quantum
scenario, as also anticipated by Eq. (3). For the present
protocol, it is possible to show that (V) > T .. [36].
Despite the 4.5% residual error in the trace distance for
the zero mismatch case [Fig. 2(c)], the mutual informa-
tion (between the system and feedback mechanism)
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experimentally achieved is very close to its limit, (/()) =
=>;p(l)In p(l) = In2 nats (natural unit of information),
as can be observed in Fig. 3(b). As discussed previously
the information gain is related to how the system
correlates with the memory; hence, it is independent of
the control mismatch, which is corroborated by the
experimental data in Fig. 3(c).

The kth feedback control operation is designed ideally to

map the carbon spin into the equilibrium state p'° of the
final Hamiltonian H,C2 (at inverse temperature f3) irrespective
of the previous nonequilibrium state p, (produced by
the sudden quench). Our aim is to cancel the KL relative

entropy, SKL(pgf’l)Hpgf'eq)), which is successfully achieved

for the zero basis mismatch, as can be observed in Fig. 3(d).
On other hand, the full dephasing, in the nonunitary feed-
back, introduces a finite von Neumann entropy variation
(AS™D) . see Figs. 3(d) and 3(e). This variation has no
energy cost for the demon, since itis a unital process that does
not change the working system mean energy. In the frame-
work of the resource theory of quantum thermodynamics, the
full dephasing is regarded as a free operation [53,54]. When
the control mismatch is increased the final state deviates from
the thermal state of HTCZ and consequently the KL relative
entropy also increases, as shown in Fig. 3(e).
Discussion.—Employing an  information-to-energy
trade-off relation, we designed an entropy rectification
protocol based on Maxwell’s demon. This protocol has
been experimentally carried out by a coherent implemen-
tation of a measurement-based feedback control on a
quantum spin-1/2 system. The demon’s memory is a
microscopic quantum ancillary system that acquires infor-
mation through a natural coupling with the working system.
Because of the quantum coherence present in our experi-
ment, we have to execute two dephasing operations in order
to perform the Maxwell’s demon. The first dephasing
operation is employed to produce a nonselective measure-
ment, whereas the second is essential to accomplish

entropy rectification, canceling the (Si; (po"[|pt<9))

term in the trade-off relation Eq. (3). The present experi-
ment elucidates the role played by different information
quantities in the quantum version of Maxwell’s demon. It
also provides evidence that the irreversibility on a quantum
nonequilibrium dynamics can be mitigated by assessing
microscopic information and applying a feed-forward
strategy. The approach developed here can be applied to
general processes regarding information-to-energy conver-
sion, as for instance, information-based work extraction.
A future experimental challenge would be the inves-
tigation of feedback protocols based on generalized quan-
tum measurements and the bounds associated with such a
scheme. The analysis and the optimization of the energetic
cost for information manipulation by Maxwell’s demon,
in the quantum scenario, is also an important topic that
deserves further attention. From a broad perspective,

understanding the trade-off between information and
entropy production at the quantum scale might be impor-
tant to develop applications of quantum technologies with
high efficiency.
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