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Experimental investigation of a quantum heat engine powered by generalized measurements
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Generalized measurements may allow the control of its back-action on the quantum system by interpolating
from a very weak to strong projective action. Such a measurement can fuel a quantum heat engine or extract work
depending on the system-meter interaction. Here, we performed a proof-of-concept experiment using nuclear
magnetic resonance techniques to investigate a spin quantum heat engine driven by nonselective generalized
(weak) measurements without feedback control. Our prototype of a quantum thermal device operates with a
measurement protocol and a single heat bath. The protocol is composed of two nonselective measurement
channels with variable measurement strengths; one dedicated to fueling the device (analogous to a hot heat
source) and the other committed to work extraction. The experimental results highlight that this kind of quantum
thermal device can reach unit efficiency with maximum extracted power by fine-tuning of the measurement
strengths.

DOI: 10.1103/PhysRevA.106.022436

I. INTRODUCTION

Heat engines were crucial in the developments of modern
societies and for classical thermodynamics, providing funda-
mental constraints on physically allowed processes and the
understanding of how to convert stochastic energy gained in
the form of a heat transfer, into useful work [1]. The re-
cent downscale of thermal devices led to the development of
quantum versions of heat engines [2–17]. Thermal and quan-
tum fluctuations [18,19] become relevant and must be taken
into account for a proper understanding of the thermody-
namics in such micro- and nanoscales [20–22]. Furthermore,
quantum thermal devices are employed theoretically and
experimentally, to investigate thermodynamic uncertainty re-
lations [23–25], fluctuation theorems [3–5,26–28], and other
subjects [2].

A figure of merit used to quantify the performance of heat
engines is the efficiency, defined as the ratio between the
extracted work and the heat absorbed from a hot source. The
best efficiency is reached for a reversible cycle but the price,
in general, is zero or very small output power. According
to the Carnot limit, it is restricted by ηCarnot = 1 − Tc/Th,
with Tc,h denoting the temperature of the cold and hot heat
baths, respectively. For quantum heat engines operating in a
finite-time regime, the performance depends directly on the
irreversibility of the processes, which can be quantified by the
entropy production [29–32]. Quantum features such as coher-
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ence, for example, can influence the performance of quantum
thermal devices improving or deteriorating it [33–37].

Apart from heat engines operating between two thermal
reservoirs, Szilard [38,39] proposed long ago a gedanken
experiment where work is extracted from a single heat bath
through a feedback mechanism performed by a Maxwell’s de-
mon [40]. Although the idea of feedback control goes back to
the beginning of the classical thermodynamics development,
it has recently become even more relevant in designs of small
quantum devices [32,41,42], being useful mostly to control
irreversibility and to optimize work extraction. Measurement-
powered engines use the fact that measurements on a quantum
system may change its state and internal energy [43–47].
Employing nonselective measurements, it was recently theo-
retically proposed a single temperature heat engine without
feedback control [43], where a standard thermal reservoir
that provides energy to an Otto cycle is replaced by a mea-
surement device. One important step further was given by
introducing the concept of quantum heat [41], identified
with the stochastic energy fluctuations taking place during
a quantum measurement. Moreover, several measurement-
based thermodynamic protocols have been studied in the last
few years [41,42,48–58].

Considering the development of quantum heat engines
powered by projective measurements, it is natural to ask under
what assumptions it is possible to perform a heat engine cy-
cle by using generalized measurements described by positive
operator-valued measurements (POVMs), since this approach
includes phenomena not completely captured by projective
measurements, such as detectors with nonunit efficiency,
measurement outcomes with additional randomness, and in
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particular, weak measurements which have found numerous
applications in quantum thermodynamics tasks [59–62]. Since
any generalized measurement can be implemented as a se-
quence of weak measurements [63,64], this also implies that
the intensity of generalized measurements can be continu-
ously adjusted to interpolate between the weak and strong
regimes [59,65]. Weakly measured systems are relevant for
consistent observations of work and heat contributions to an
externally driven quantum stochastic evolution [62]. From
the experimental point of view, work and heat associated
with unitary and nonunitary dynamics along single quantum
trajectories, as well as information dynamics of a quantum
Maxwell’s demon, were investigated by employing supercon-
ducting qubits weakly coupled to a meter system [66,67].
Also, a new class of Maxwell’s demon was realized with a tun-
able dissipative strength using a nitrogen-vacancy center [68].

Interestingly, it is possible to design a deterministic pro-
tocol employing generalized measurements with variable
strength to perform a heat engine cycle [69]. Here, we re-
port an experimental investigation of a quantum heat engine
powered by generalized measurements inspired in Ref. [69].
Employing a liquid state nuclear magnetic resonance (NMR)
setup [70], we emulate two generalized measurement chan-
nels to implement a proof-of-concept three stroke engine
cycle (two measurements and one heat sink). The experimen-
tal results highlight that this kind of quantum thermal device
can reach unit efficiency with maximum extracted power.

II. EXPERIMENTAL INVESTIGATION

In the reported experiment, we used a liquid sample of
13C-labeled sodium formate (HCO2Na) diluted in deuterium
oxide (D2O). Each molecule in the sample is composed of
four different nuclei (isotopes): 1H, 13C, 18O, and 23Na. To
look over a generalized measurement-powered cycle, the ex-
perimental control was focused on the 1H and 13C nuclei
which have nuclear spins 1/2. This sample was prepared with
a low dilution ratio (≈2%), such that the intermolecular in-
teractions can be neglected and the sample can be considered
as a set of almost identically prepared pairs of two spin-1/2
systems. The 18O has nuclear spin 0, 23Na has nuclear spin
3/2, and both nuclei will not play an important role in the
experiment. The deuterium in the solvent is used for locking
the resonance of the longitudinal magnetic field in the setup.

The experiment was performed using a Varian 500 MHz
spectrometer equipped with a double-resonance probe head
with a magnetic field gradient coil. The sample is inserted
inside a superconducting magnet that produces a longitudinal
(z-axis) static field with intensity, B0 ≈ 11.75 T. Under the
action of this static field, the resonance frequencies of 1H and
13C nuclei are approximately 500 and 125 MHz, respectively.
The states of the nuclear spins were controlled using electro-
magnetic field pulses with time-modulated radio frequencies
(rfs) applied in the transverse direction (x and y axes), longitu-
dinal magnetic field gradients, as well as by sequences of free
evolution of the system under the action of the scalar coupling.
The latter is described by the Hamiltonian HJ = h

4 Jσ H
z ⊗ σ C

z ,
where J ≈ 194.65 Hz is the coupling constant between the
1H and 13C. The 13C nucleus will play the role of working
substance while the 1H nucleus acts as an ancillary system for

FIG. 1. Schematic description of the theoretical heat engine cy-
cle powered by generalized measurements. First, the work substance
interacts with a cold sink and it is cooled to the equilibrium state ρ (1).
Second, a general measurement channel Ma is performed which
leads to an increase in the average energy and von Neumann entropy
of the working substance. Over this channel, the working substance
absorbs energy in a stochastic way (heat) from the meter. Third,
another general measurement channel Mb chosen properly to pro-
duce an isentropic decrease of the average energy of the working
substance, is applied. The energy exchanged with the meter in the
latter channel has a work nature. The scheme also illustrates the vari-
ation of the internal energy and entropy for different measurement
strengths.

the implementation of the measurement channels. The rf fields
on resonance or near to resonance with 13C will take the place
of a cold heat sink.

In general, we can model a measurement apparatus as an
object that has some microscopic quantum degrees of free-
dom (that interacts with the system to be measured) which
is further amplified to the classical realm through a macro-
scopic pointer that is coupled with the former. As we are not
interested in a specific outcome of the measurement, we can
model such a nonselective measurement by simply discarding
(tracing over) the quantum degrees of freedom of the meter.
Then, the result of this procedure is the average statistics
over all the possible outcomes of the measurement. For our
practical purposes, the generalized measurement will be im-
plemented by the interaction of the working substance with
one nonobserved auxiliary system, resulting in a completely
positive trace-preserving (CPTP) map acting on the working
substance.

The generalized measurement powered engine cycle con-
sists of three strokes, depicted in Fig. 1, which are described
as follows.

Stroke one: Initially the 13C nuclear spins are cooled.
This is effectively performed by employing spatial average
techniques [5,27,31,32,34], resulting in a state equivalent to
the Gibbs state ρ (1) = exp[−βHC]/Z (see Appendix A), at
cold inverse spin temperature β = 1/(kBT ), where Z is the
partition function. The system’s Hamiltonian is associated
to an offset of the transverse rf fields with relation to the
resonance of the13C nucleus, given by HC = −(hν/2)σz [71],
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FIG. 2. Sketch of the two generalized measurement channel implementations and the corresponding entropy variations. In the measurement
channel Ma (heating channel), the ancillary quantum degree of freedom of the meter interacts with the working substance with controlled
strength. Such meter’s degrees of freedom will not be observed leading the working substance to the state ρ (2) = Ma(ρ (1) ). This channel acts
as a heat source. In the second measurement channel Mb (work extraction channel) the system interacts again with the internal degree of
freedom of the meter, work is extracted, and could, in principle, be stored for further use. This channel is adjusted to produce an isentropic
variation of the system’s internal energy. On the right side, the von Neumann entropy change, �Sa and �Sb, after the channels Ma and Mb, are
displayed respectively, as a function of the measurement strength. The dashed curves are numerical simulations of the channels experimental
implementation. The symbols are experimental data for the sequential application of the channels with an initial state at a spin temperature
equivalent to kBT = 2.98 ± 0.19 peV.

with σ�, � = (x, y, z) standing for the Pauli matrices and we
have adjusted the frequency as ν ≈ 1 kHz.

Stroke two: The first generalized nonselective measure-
ment is performed on the working substance (13C nucleus),
which is effectively implemented by a controlled interac-
tion with an ancillary system (1H nucleus), prepared in an
initial state equivalent to ρH,0 = |0〉〈0|. The ancillary system
is not observed and after the interaction it can be traced
out as depicted in Fig. 2. The interaction with the ancillary
system is managed to assemble the desired measurement
map, leading to Ma : ρ (1) → ρ (2) = ∑

i Ma
i ρ

(1)Ma
i

† where
the Kraus operators of the generalized measurement are
Ma

1 = √
1 − p	|0〉〈0| + |1〉〈1| and Ma

2 = √
p	|1〉〈0| (satis-

fying
∑

i Ma
i

†Ma
i = I), and 	 = 1 − e−βhν is a factor that

depends on the system temperature after the stroke one. The
parameter p will be related to the measurement strength.
The associated POVMs are explicitly given by Ma

1
†Ma

1 =
(1 − p	)|0〉〈0| + |1〉〈1| and Ma

2
†Ma

2 = p	|0〉〈0|. Then, it is
easy to note that when p	 = 0 there is no measurement at all.
Meanwhile, for p	 = 1 the channel map corresponds to a full
projection. The postmeasurement state in this stroke can be
written explicitly as ρ (2) = 1

2 I + ( 1
2 − p) tanh (βhν/2)σz.

In our implantation, we are interested in the range 0 <

p	 < 1 where we can vary from a weak to a moderated mea-
surement strength (as we will discuss bellow). In this stage,
the internal energy variation of the working substance can
be interpreted as the heat absorbed from the meter, whenever
its von Neumann entropy increases, as usually adopted [69].

So, the heat absorbed in the stroke two is simply given by
〈Qp〉 = tr[HC(ρ (2) − ρ (1) )], being directly associated to the
variation of the nuclear spin magnetization. Using the mea-
surement channel, we can write the heat absorbed as

〈Qp〉 = hνp tanh

(
βhν

2

)
, (1)

and the variation of the von Neumann entropy of the working
substance in this stroke is �Sa = S(ρ (2) ) − S(ρ (1) ), where
S(ρ) = −tr(ρ ln ρ) is the von Neumann entropy. The mea-
surement channel Ma will fuel the engine as a heat source,
when 〈Qp〉 > 0 and �Sa > 0. That happens when we tune
the measurement strength as constrained by 1

2 < p < 1.
Stroke three: With the aid of the ancillary system, a second

nonselective generalized measurement channel, as depicted
in Fig. 2, will be applied on the working substance lead-
ing to Mb : ρ (2) → ρ (3) = ∑2

j=1 Mb
jρ

(2)Mb
j
†

with the Kraus
operators Mb

1 = |0〉〈0| + √
1 − q|1〉〈1| and Mb

2 = √
q|0〉〈1|

(satisfying
∑

i Mb
i

†Mb
i = I). It is interesting to note that, be-

sides the present application, the weak measurement operator
Mb

1 and its corresponding weak reverse operator Ma
1 can be

employed in protocols (with selective measurements) to pro-
tect entanglement from decoherence (see, for instance, [72]).

By imposing

q = (2p − 1)	

(p − 1)	 + 1
, (2)
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we ensure that the von Neumann entropy of the working
substance does not change during the measurement channel
Mb, �Sb = S(ρ (3) ) − S(ρ (2) ) = 0. In this way, the energy
exchanged in the stroke three can be associated to work
delivered by the working substance to the meter [69]. The
postmeasurement state, with the measurement strength pa-
rameter adjusted according to Eq. (2), turns out to be ρ (3) =
1
2 I − ( 1

2 − p) tanh (βhν/2)σz. The work performed over the
working substance by the measurement channel Mb is then
given by 〈W〉 = tr[HC(ρ (3) − ρ (2) )]. The extracted work is
〈Wext〉 = −〈W〉. By employing the map Mb, it can be
written as

〈Wext〉 = hν(2p − 1) tanh

(
βhν

2

)
. (3)

Strokes 1, 2, and 3 can be implemented through pulse
sequences described in Appendix A. The energy and von
Neumann entropy variations are characterized after the se-
quential implementation of strokes 1, 1 followed by 2 (1-2),
and 1 followed by 2 and 3 (1-2-3). In order to obtain a high-
fidelity implementation, we use an optimized pulse sequence
to the effective map Mb[Ma(ρ (1) )] for the sequential imple-
mentation of the strokes 1-2-3.

To quantify the performance of the generalized
measurement-powered quantum engine, we use the efficiency
that can be written as

η = 〈Wext〉
〈Qp〉 = 2 − 1

p
. (4)

Depending on the measurement strength it is possible to
reach the unit efficiency. As the measurement channel takes
some time to be implemented (see Appendix A), we will
also characterize the extracted power per measurement cycle,
defined as

Pext = 〈Wext〉
τcycle

, (5)

with τcycle corresponding to the time to perform the pulse
sequences to emulate both channels Ma and Mb.

The measurement-powered cycle was implemented vary-
ing the measurement strength for two different initial nuclear
spin temperatures, corresponding to kBT1 = 1.88 ± 0.21 peV
and kBT2 = 2.98 + ±0.19 peV.

In Fig. 2 we show the measured von Neumann entropy
variation in strokes two and three, respectively. For the im-
plantation of the measurement channel Ma, the entropy
variation �Sa > 0, highlighting the heat source nature of the
meter, and it also decreases as we intensify the measurement
strength (Fig. 2). The choice of the measurement strength q for
the channel Mb according to Eq. (2), leads to an isentropic
process, that can be experimentally verified in Fig. 2. Such
channel feature points out the work nature of the exchanged
energy with the meter.

In Figs. 3(a) and 3(b) the heat absorbed in the first mea-
surement channel, Ma (stroke two), and the extracted work
in the second measurement channel, Mb (stroke three), are
displayed, respectively. We experimentally confirm that, by
tuning the value of the measurement strength p, we can adjust
the amount of absorbed heat and extracted work in the cycle.
A fraction of the energy absorbed by the working substance

FIG. 3. Absorbed heat and extracted work by the generalized
measurement channels. (a) Heat absorbed from the measurement
channel Ma as a function of the measurement strength p. (b) Ex-
tracted work in the channel Mb as a function of p. The dashed and
dotted curves represent numerical simulations of the cycle including
some nonidealities. The symbols are observed experimental data
with the red squares (with a theoretical dotted line) associated to
the initial spin temperature kBT1 = 1.88 ± 0.21 peV while the blue
circles (with a theoretical dashed line) correspond to the initial spin
temperature kBT2 = 2.98 + ±0.19 peV.

from the meter, in the form of heat in the second stroke
(channel Ma), is extracted as work in the third stroke (channel
Mb), whereas the remaining energy, 〈Qcold〉 = 〈Wext〉 − 〈Qp〉
will be dissipated to the cold sink, in the next run of the cycle
(as sketched in Fig. 1). Furthermore, in Figs. 4(a) and 4(b)
we display the performance of the investigated engine, i.e.,
the efficiency and the extracted power as a function of the
measurement strength p. As theoretically predicted, the per-
formance of the engine increases as a function of p.

III. CONCLUSIONS

We reported on a proof-of-concept experiment of a quan-
tum heat engine deterministically powered by generalized
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FIG. 4. Efficiency and extracted power for the generalized
measurement-powered heat engine. (a) Efficiency of the cycle as a
function measurement strength p. (b) Extracted power per cycle as
a function of p. The dashed and dotted curves represent numerical
simulations of the cycle including some nonidealities. The symbols
are the observed experimental data with the red squares (with a
theoretical dotted line) associated to the initial spin temperature
kBT1 = 1.88 ± 0.21 peV while the blue circles (with a theoreti-
cal dashed line) correspond to the initial spin temperature kBT2 =
2.98 + ±0.19 peV.

measurements with a nuclear spin 1/2 playing the role of a
working substance. The measurement channels are carried out
with the aid of a nonobserved ancillary nuclear spin 1/2. We
have evaluated the energy exchanged with the meter system
in the form of heat in the first measurement and work in the
second measurement channels. In the present proof-of-
concept experiment, we are not concerned about how to store
the work delivered to the meter system, leaving this subject to
further investigations.

From a theoretical point of view, the efficiency of the
measurement-powered cycle should only depend on the mea-
surement strength, as in Eq. (4). Otherwise, in a practical
scenario, precise knowledge of the initial state temperature

and fine control of the measurement channel parameters
are required to reach the theoretical prediction and the unit
efficiency. In our implementation, due to experimental nonide-
alities and some uncertainty about the initial spin temperature,
we observed that the efficiency also depends on the initial
state. In Fig. 4(a), we remark that the efficiency reaches
a value near to the unit for one of the initial spin tem-
peratures considered, showing that having sufficient control
over the parameters involved, it is possible to implement the
measurement-powered cycle with maximum efficiency. In-
terestingly enough, the maximum extracted power coincides
with maximum efficiency parameter tuning. Due to the in-
trinsically quantum nature of the measurement back-action,
it is not possible to make a direct comparison with clas-
sical thermal cycles without feedback control. In this way,
the generalized measurement-powered cycle studied here can
be considered as a thermal device with genuine quantum
features.

The practical realization of generalized measurement
channels will take, in general, a finite time that depends on
its particular implementation. In our experiment, the measure-
ment channel implementation running time is about 7.7 ms,
which is much smaller than any decoherence or thermalization
timescales (of the order of seconds for our sample) in the
experimental setup (see Appendix A).

We believe that our experimental investigation will mo-
tivate further developments that could unveil practical ap-
plications of measurement-powered protocols in quantum
thermodynamics, along with opening new possibilities for
efficiency enhancing from the combination of a system driven
by a time-dependent Hamiltonian and measurements in quan-
tum devices.
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APPENDIX A: EXPERIMENTAL IMPLEMENTATION OF
THE MEASUREMENT-POWERED CYCLE

Effective initial states of the nuclear spins were prepared
by spatial average techniques [5,31,70], being the 13C and 1H
nuclei employed effectively as the working substance and an-
cillary control, respectively. The pulse sequences used to this
end are depicted in Fig. 5, where the 13C nuclear spin is cooled
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FIG. 5. Pulse sequence for the first stroke of the cycle cooling.
The horizontal lines represent each nuclear spin. The blue (red)
circles represent x (y) local rotations by the angles internally indi-
cated. These rotations are produced by the transverse rf pulses on
resonance or near to resonance with either 1H or 13C nuclei, with
phase, amplitude, and time duration properly adjusted. The orange
connections represent free evaluations under the scalar coupling of
both spins, HJ = h

4 Jσ H
z ⊗ σ C

z (with J ≈ 194.65 Hz), lasting for the
time indicated above the symbol. The gray boxes stand for mag-
netic field gradients, with longitudinal orientations aligned to the
spectrometer cylindrical symmetry axis. All the pulses were opti-
mized to build an initial pseudothermal state for the 13C nuclear spin
equivalent to ρ (1) = exp[−βHC]/Z , at cold inverse spin temperature
β = 1/(kBT ) (which is adjusted by the angle α). The 1H nuclear spin
is prepared in a state equivalent to ρH,0 = |0〉〈0|.

to a pseudoequilibrium state at spin inverse temperature β,
equivalent to ρ (1) = exp[−βHC]/Z , and the ancillary system
1H is prepared in a state equivalent to ρH,0 = |0〉〈0|.

The generalized measurement channels Ma and Mb that
act on the 13C nuclear spin are implemented through the
interaction with the 1H nuclear spin which plays the role of
the internal degree of the meter. At the end of the experiment,
the state of the 1H nuclear spin will not be observed. So,
after the pulse sequence, we only have the averaged effects
of the interaction with the 1H on the 13C dynamics, leading to
the desired nonselective generalized measurement map acting
on the working substance (13C). The pulse sequences that
emulate the measurement channels are schematically depicted
in Fig. 6. Both maps, Ma and Mb, corresponding to pulse se-
quences in Fig. 6, lead (in general) to a nonunitary back-action
to 13C nuclear spin. It is important to note that the energy
exchanged (in the form of heat or work) with the meter’s in-
ternal degree of freedom (emulated by the 1H proton) is due to
the whole transformation induced by the effective CPTP maps
implemented in the present proof-of-principle experiment.

For the sodium formate sample used in the NMR ex-
periments, the spin-lattice relaxation times, measured by
the inversion recovery pulse sequence, are T H

1 = 11.67 s
and T C

1 = 22.97 s, for 1H on the 13C nuclear spin, respec-
tively. Moreover, the transverse relaxations, obtained by the
Carr-Purcell-Meiboom-Gill pulse sequence, have character-
istic times T H

2 = 1.31 s and T C
2 = 2.57 s, for 1H on the

13C nuclear spin, respectively. We note that the measurement
channels implementation as depicted in the pulse sequences,
Fig. 6, have a running time of about 7.7 ms which is much
smaller than the spin-lattice and transverse relaxation time.

FIG. 6. Pulse sequences for the measurement channels imple-
mentation. The nonselective generalized measurement channel Ma

(second stroke) is effectively performed using the sketched pulse
sequence. The measurement strength parameter, p, is tuned by the
angle θ ∈ [0, π/2) according to θ = arccos (1 − 2p	). The chan-
nel Mb (third stroke) can be effectively implemented throughout
the sketched pulse sequence. The strength parameter q is tuned by
the angle φ ∈ [0, π/2) using the relation φ = arccos (1 − 2q). The
pulse sequence for the consecutive application of Ma and Mb is
obtained by setting the strength q as in Eq. (2) as a function of p. It
was optimized, using the commutation relations for Pauli rotations
to cancel redundancies, resulting in a shortened effective sequence
which also minimizes errors. After the second and third strokes, the
magnetization of the 13C nuclear spin is measured (determining the
internal energy variation) and a QST is performed. From the last data,
we obtain the variation of the von Neumann entropy. The 1H nuclear
spin is not observed resulting in the desired nonselective generalized
measurement channels (the CPTP maps) acting on the 13C nucleus.

APPENDIX B: ERROR ANALYSIS

The main sources of experimental errors are small un-
controlled variations in the transverse rf-field intensities,
nonidealities in its time modulation, and tiny inhomogeneities
in the longitudinal static field as well as in the gradient pulses.
All pulses in the experiment were optimized to minimize such
errors.

The error bars shown in Figs. 2, 3(a) and 3(b), and 4(a)
and 4(b) were Monte Carlo estimated, sampling deviations
of the nuclear magnetization or quantum state tomography
(QST) data with a Gaussian distribution having widths de-
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termined by the variances corresponding to such data. The
variances of the magnetization measurements and QST data
are obtained by preparing the same pseudothermal state 100

times and comparing it with the theoretical expectation. These
variances include random and systematic errors in both initial
state preparation and data acquisition.
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