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Suppressing coherence effects in quantum-measurement-based engines

Zhiyuan Lin,!** Shanhe Su,!-"* Jingyi Chen,! Jincan Chen®,"-* and Jonas F. G. Santos?
' Department of Physics, Xiamen University, Xiamen 361005, People’s Republic of China
2Centro de Ciéncias Naturais e Humanas, Universidade Federal do ABC, Avenida dos Estados 5001,
09210-580 Santo André, Sao Paulo, Brazil

® (Received 7 September 2021; accepted 9 December 2021; published 22 December 2021)

Recent advances in the study of thermodynamics of microscopic processes have driven the search for new
developments in energy converters utilizing quantum effects. Here we propose a modified Otto cycle to design
an engine fueled by quantum projective measurements. Standard quantum thermal machines operating in a finite-
time regime with a driven Hamiltonian that does not commute at different times have their performance decreased
by the presence of coherence, which is associated with a larger entropy production and irreversibility degree.
However, we show that replacing the standard hot thermal reservoir by a projective measurement operation with
a general basis in the Bloch sphere and controlling the basis angles suitably could improve the performance of
the quantum engine as well as decrease the entropy change during the measurement process. Our results follow

a generalization of quantum thermal machine models where the fuel comes from general sources beyond the

standard thermal reservoir.
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I. INTRODUCTION

The current development of new devices based on quantum
effects has shown that a well-formulated understanding of
quantum thermodynamics is required [1-4]. Recent progress
in quantum fluctuation relations [5—7], thermodynamic uncer-
tainty relations [8—10], and the study of quantum protocols
involving nonequilibrium thermal baths [11-14], the strong-
coupling regime [15,16], and non-Markovian effects [17,18]
must be highlighted.

Encompassing the above-mentioned results, the study of
quantum thermal machines (QTMs) is useful to investigate
how specific driving protocols or nonclassical baths impact
the performance of thermodynamic cycles. In this direction,
it is well known that coherence in the energy basis of the
working substance leads to the increase of entropy production
along the cycle [19-22]. The theoretical design of QTMs
employing non-Markovian thermal baths [23-26], finite-size
environments [27], and squeezed thermal baths [28-30] is
another interesting aspect that has been addressed. For a
QTM operating in a finite-time Otto cycle, reaching the limit
efficiency with a nonzero extracted power is motivated by
realistic applications. From an experimental point of view,
realizations of a single-spin Otto cycle have been performed
in nuclear magnetic resonance (NMR) [31] and in an en-
semble of nitrogen-vacancy centers in diamond [32], both
revealing the generation of coherence in the energy basis of
the working substance. Also, an experimental verification of
the fluctuation relation for work and heat in a quantum engine
was reported in Ref. [33], showing how correlations between
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work and heat affect the performance of a finite-time quantum
engine.

Apart from the standard cycles, a more general type of
QTM was proposed by Szilard [34] that differs from the
former models in the sense that energy is extracted from a
single heat bath by using a feedback mechanism well known
as Maxwell’s demon [35,36]. This evidences that information
can effectively work as the fuel [37,38]. In order to have
information flowing into the system, we necessarily need to
measure the system by employing a specific protocol. Since
a measurement performed on a quantum system generally
alters its state, recent advances have proposed measurement-
driven engines, in which the measurement protocol itself
provides the fuel and allows for work extraction. Yi et al.
[39] and Ding et al. [40] designed a single-temperature en-
gine consisting of isentropic compression, energy input at
measurement, isentropic expansion, and rejection of heat at
thermalization. Elouard et al. introduced a new protocol of
Maxwell’s demon engines, where work is directly extracted
from the measurement instead of a hot reservoir [36,41].
Brandner e al. obtained the efficiency of information to work
conversion by considering a system repeatedly coupled to a
bath or to a coherent laser pulse conditioned on the outcome of
a projective measurement [42]. Jordan et al. provided a com-
plete interpretation of the recent achievements for developing
quantum measurement engines [43]. Measurement-driven ma-
chines were extended to composite working substances as
well. For a two-stroke two-qubit cooler, the singlet-triplet ba-
sis maximizes the energy extraction [44]. An alternate scheme
introduced a two-qubit engine powered by entanglement and
local measurements [45]. For standard projective measure-
ments, the system state is entirely collapsed to a specific
eigenstate. There is also a special activity concerning the
so-called weak measurement [46—-50], whose system state is
only partially perturbed [49-55].
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A natural question that arises in thermodynamic cycles is
how to reveal the role played by quantum measurements in
the energy conversion and the possibility to suitably engender
quantum measurements to enhance the performance of QTMs.
Replacing the standard hot reservoir by a quantum measure-
ment protocol provides a new degree of freedom for the cycle
which depends essentially on the measurement basis. Thus,
from the point of view of the friction induced by transitions
between the eigenstates of the working substance [56-58],
quantum projective measurements with a suitable basis on
the Bloch sphere could be understood as a kind of quantum
lubricant if it attenuates the degradation effect due to the
presence of coherence.

In this work we are interested in addressing how quantum
fluctuations associated with finite-time driven unitary pro-
cesses and quantum measurements affect the performance of
a quantum engine. For this purpose, we consider a modi-
fied version of the quantum Otto cycle where the standard
hot thermal reservoir is replaced by a quantum projective
measurement, providing a different mechanism to fuel the
cycle. In order to understand the role played by two kinds
of quantum fluctuations, we present explicitly expressions
for the thermodynamic quantities characterizing the engine
and its performance. Considering a numerical simulation with
parameters employed in the NMR setup [59], we show that by
having sufficient control over the choice of the measurement
basis, it is possible to enhance the work extraction and then the
performance of the quantum engine. Since the irreversibility
of the cycle is associated with the increase of entropy, we also
show that the maximum values of efficiency and extracted
work are reached very close to the minimum value of entropy
change during the measurement protocol.

II. CYCLE OF THE ENGINE BASED ON
QUANTUM MEASUREMENT

The quantum measurement engine employs a particle of
spin % (single qubit) as the working substance. To com-
plete one operating cycle, the engine goes through four
strokes, including two unitary transformation processes, a
quantum measurement process, and a thermalization process,
as sketched in Fig. 1. The working substance is initially
prepared in thermal equilibrium with a heat bath at positive
inverse temperature 8 such that its state at time # = 0 is given
by p1 = e PH1/Z; [60,61], where H; = %20 is the initial
Hamiltonian, Z; = Tr(e #H") is the partition function, / is the
reduced Planck constant, w denotes the resonance frequency,
and o; (i = x, y, z) are the Pauli matrices.

During the unitary transformation at stage I, a time-
modulated radio-frequency field generates a time-dependent
Hamiltonian H;(¢) = %’”(cos o, +sinfloy), which clearly
does not commute at different times, implying the generation
of coherence in the energy basis of the working substance
[19]. At ¢ =7, the working substance changes into state
p2 = Uz op1U; o, with Uy o = T expl—+ [, Hy(t)d1] the time-
evolution operator and 7 the time-ordering operator. The
work performed on the spin (W;) = Tr(p,H> — p1H), where
H, = %“’ax represents the final Hamiltonian. After the quan-
tum measurement at stage II, the state of the spin is updated
to p3 = Zk w27 [62,63], where m, = |xx){(xx| defines
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FIG. 1. Illustration of the engine based on quantum measure-
ment. (a) The working substance starts in thermal equilibrium with
the heat bath. The first stroke is a unitary transformation process
mediated by a time-dependent Hamiltonian. In the second stroke, an
instantaneous projective measurement is performed on the working
substance, projecting the single qubit onto the basis {|x1), |x2)}-
The third stroke is again a unitary evolution using a time-dependent
Hamiltonian. In the fourth stroke, the working substance relaxes to
the initial thermal equilibrium state. (b) Evolution of the density
matrix during the cycle

the orthogonal projector associated with the measurement
bgses [x1) = e sin {1) —cos 51| ) and |x2) = cos 5[1) +
e'?sin 5|{). In the Bloch sphere representation, & and ¢ are
the colatitude with respect to the z axis and the longitude
with respect to the x axis, respectively. The total fuel energy
provided by quantum measurement (Qys) = Tr[H(p3 — p2)].
During the unitary transformation at stage III, the driving
Hamiltonian Hy;(t) = H;(2t —t), with ¢ € [, 27]. The final
state of this stroke p; = V2,$,p3V;f’T, where the unitary oper-

ator Var r = T exp[—+ fTZT Hy;(t)dt]. The work performed by
the external field (W) = Tr(psH; — p3H>). The spin returns
to the initial Gibbs state p; for a thermalization process at
stage IV. The heat (Qr) flowing into the spin from the bath
(Qr) = Tr(Hy p1 — Hyp4).

A more detailed description of the cycle of the quantum
measurement engine is given in [64]. Note that the four-step
cycle was introduced in Ref. [39]. Following the proposal
in Ref. [43], we consider the situation where the quantum
adiabatic process is replaced by the unitary transformation
and the measurement basis can be optimized. One is capable
of proving that (Qr) is always negative, meaning that energy
is actually flowing from the working substance into the heat
bath (see [64]). It is impossible for the thermodynamic cycle

062210-2



SUPPRESSING COHERENCE EFFECTS IN QUANTUM- ...

PHYSICAL REVIEW A 104, 062210 (2021)

to convert the heat from a single source into work without any
other effect, satisfying Kelvin’s statement of the second law
of thermodynamics.

III. ROLES OF TRANSITION PROBABILITIES
IN THE PERFORMANCE OF THE ENGINE

The net work done by the external agent is

(W) = (W) + (Ws)

h
— holé — (5 — y)(1 — 2¢)] tanh (’37“’) (1)

where ¢ = |{x2|U:.0|—).|?> is the transition probability be-
tween the basis state |x,) of measurement and the ground
eigenstate |—). of Hj, § = |()2|—)«|? is the transition prob-
ability between |x,) and the ground eigenstate |—), of Hj,
£ = | (4+|Ur.0|—).|? is the transition probability between the
excited eigenstate |+), of H, and the ground eigenstate
|—); of H; due to the unitary evolution at stage I, and
¥ = |.(+|Var.c|x1)|? is the transition probability between the
excited eigenstate |+), of H; and the basis state |x;) of
measurement due to the unitary evolution at stage III. The
transition probabilities embody the influence of quantum fluc-
tuations and satisfy the principle of microreversibility (see
[64]) [65,66]. For the purpose of extracting work from the
engine, we must have (W) < 0. The fuel energy provided by
the measurement process reads

Fz_a)[ Bhw

(Qn) = - (1—25)—(1—28)(1—2g)]tanh< >

2

The heat released by the working substance to the cold

thermal reservoir in the thermalization process (stage IV) is
written as

hw Bhw
(Or) = 7[(1 —2y)(1 —2¢) — 1]tanh (T) 3)

Note that since 0 < y < 1and 0 < ¢ < 1, the inequality % +

% > 2 ensures that (Qr) < 0 (see [64]).

The performance of the quantum engine is dictated by
the efficiency defined as n = —(W)/(Qy) = 1 + (O7)/{Om),
where the second expression comes from the first law of
thermodynamics. Using Egs. (2) and (3), the efficiency reads

=2y =28) -1
(1=-28)(1-2¢)— (1 -2¢)

=1 0

The efficiency is limited by 0 < n < 1 because of the con-
straints (Qr) < 0 < (Qu) and [(Q7)] < [(Qwm)]. With the set
of equations (1)—(4), all the quantum fluctuations induced by
the time-dependent Hamiltonian and the measurement proto-
cols are being taken into account and affect the performance
of the engine. In particular, we will show how quantum fluc-
tuations arising from the measurement protocols (the choice
of the measurement angles) could be employed in order to
suppress the degradation effect due to the coherence, thus
increasing the efficiency of the cycle.

IV. NUMERICAL SIMULATION

In this section we illustrate our results with a numerical
simulation with feasible parameters employed in the NMR
setup. First we note that when o = /2 and ¢ =0, the
measurement basis commutes with the eigenstate basis
of H,. Therefore, no energy is delivered to the working
substance, resulting in zero efficiency and null extracted
work. The projective quantum measurement inevitably alters
the mean energy of the observed system if the measurement
basis does not commute with the bare energy basis. This is
the reason why quantum measurement is able to supply a
continuous source of energy similar to the combustion of
a fuel. Formally, the measurement basis corresponding to
measuring the single qubit is a trigonometric function of
the colatitude « and longitude ¢. From Fig. 2 we conclude
that « and ¢ are two crucial independent parameters used
to determine the performance of the engine. The working
areas of the engine are divided into two separate parts,
ie, 0<op<m and w < p <2n. For 0 < ¢ <7, the
maximum work output (—(W))max and efficiency nmax appear
at different measurement directions. As depicted in Fig. 2,
—(W) qualitatively peaks at awy = 1.39 and ¢y = 2.05,
while 7 reaches its maximum at ;, = 1.45 and ¢, = 2.53. To
obtain the maximum attainable efficiency at a given extracted
work, the optimal ranges of the extracted work and efficiency
must be constrained by ay <o <o, and oy < ¢ < @,
For m < ¢ < 27, the distributions of —(W) and 7 satisfy
antisymmetry with the axis o« =m/2 and translational
invariance, i.e., —(W)(a,¢)=—-W)(wr —a,¢ + ) and
n(e,p)=n(m —a,¢p+m). The reason is that —(W)
and n [Egs. (1) and (4)] closely depend on the transition
probabilities between the eigenstates of the instantaneous
Hamiltonian and the measurement bases |x;) and |x»).
One can find that |y (7 —a, ¢ + 7)) = —e“|x2(ct, @))
and  |)o(m —a, ¢+ 7)) =e | x1(a, @)), leading to
(T —a,pt+m)=¢(a,9), 87 —oa,p+7)=20da,¢),
and y(r — o, ¢ + ) = y(«, ¢). This directly leads to the
symmetrical relationship in Figs. 2(a) and 2(b).

To understand the physics behind the enhancement of
—(W) and n, we write —(W) and the quantum fuel (Qy) in
terms of the occupation probabilities, i.e.,

hw
—(W) = _T(Apl — Apy + Apz — Apy), &)

hw
(Om) = T(Apz — Ap3), (6)

where Ap; = —Tr(pj0,)=tanh(Bhiw/2), Ap,=—Tr(py0,)=
Api(1 —2§),  Aps = {(xilpslx1) — {(xa2lp3lx2) = Api(1 —
28)(1 — 2¢),and Aps = —Tr(pso;) = Apy(1 — 2y)(1 — 2¢)
are the difference in the occupation probabilities between the
ground and excited states of each quantum state. As a result,
the efficiency is simplified as

n=1—(Ap1 — Aps)/(Aps — Ap3), @)

which is completely determined by the probability changes
caused by the transition coefficients. For a conventional
single-spin Otto cycle, the positive work condition requires
the expansion and compression of the energy gap [19,31,60].
The emergence of the measurement indicates that the purpose
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FIG. 2. Performance of the engine based on quantum measure-
ment. (a) Extracted work —(W), (b) efficiency n, and (c) entropy
change AS during the measurement process (stage II) varying with
the colatitude « and longitude ¢ on the Bloch sphere, where hiw =
1peV, T =10 us, and B = 1/hw. These values are used unless
specifically stated otherwise.

of extracting work may be achieved without changing the
energy-level spacing.

Apart from the energetic exchanges in a quantum cycle,
entropic quantities are inherently associated with the irre-
versibility of the cycle. In this sense, the entropy change of
the working substance during the measurement process (state
IT) directly affects the performance of the engine. Figure 2(c)
depicts the entropy change AS = S(p3) — S(p2) during the

measurement process, where S(p;) = —Tr(p; In p;) is the von
Neumann entropy of a given state. The entropy change is
minimum at (ag, ¢s) = (1.46,2.74), given the parameters
considered in the numerical simulation. The region of high
efficiencies matches very well with the region of small entropy
changes during the measurement process. This is in agreement
with the prediction that decreasing the irreversibility increases
the performance of quantum engines. The factors ¢, §, and
y depend on the transitions between the measurement basis
and the instantaneous energy eigenstate, resulting in quantum
coherence. In Fig. 3 we observe that when — (W) and n reach
their maxima, ¢, §, and y are large but AS is a relatively
small value. In this sense, the measurement protocol with
a suitable basis works effectively as a kind of quantum lu-
bricant, suppressing the degradation effect due to coherence.
The equalities S(p;) = S(p2) and S(p3) = S(p4) hold because
of the invariance of von Neumann entropy under a unitary
evolution. In the fourth stroke of the cycle, one can then
confirm that the entropy change S(p;) — S(p4) caused by the
thermalization process is equal to —AS.

In Fig. 3(a), —(W) and n reach their limits at oy = 1.25
and a, = 1.45, respectively. However, the input energy (Qp)
is relatively small at the points of oy and o,,. We also see the
behavior of the entropy change during the measurement pro-
cess, evidencing that it is considerably small for high values of
the efficiency. The measurement-based engine could generate
a greater amount of work at low cost by optimizing the angles
of the measurement basis. As the colatitude o changes, the
probability changes Ap; and Ap, are the only factors that
alter the useful extracted energy and the total energy input. To
go a step further, the variations of Ap; and Ap, depend on
the term associated with ¢, 8, and y, as shown in Fig. 3(b).
Note that the parameters &, Ap;, and Ap, remain constant at
any given driving time and are not shown in the graph. The
transition probabilities ¢, §, and y depending on states x; and
X2 contain all information about how quantum measurement
plays an important role in thermodynamics. Figure 3(b) re-
veals that 1 — 2¢, 1 — 2§, and 1 — 2y are convex functions of
o, because their derivatives are monotonically nondecreasing.
The results show that a local maximum of Aps(Ap,) exists,
since the product of 1 —28(1 — 2y ) and 1 — 2¢ is a concave
function. It can be seen from Fig. 3(b) and Egs. (5) and (6) that
the gap between Ap; and Apy at ay determines the upper
bound of —(W). In addition, when A p; takes the peak value,
the working substance has the largest probability of being
found in the ground state after the measurement and the input
energy (Qy) would be minimum.

Now we examine how the longitude ¢ of the measure-
ment basis influences the performance. Figure 3(c) shows that
—(W) and n qualitatively peak at gy = 2.05 and ¢, = 2.53,
respectively. In the small-¢p regime (¢ < gy), the difference
between Aps and Apj; is enhanced as the increase of ¢ is
attempting to raise |1 — 2¢| [Fig. 3(d)]. However, in the large-
¢ regime (¢ > @y ), the decrease of the discrepancy y — §
determines the reduction of Apy, — Aps. In addition, —(W)
and Aps — Aps have a strongly positive, linear relationship.
Overall, (Qy) rapidly decreases with the growth of ¢, since
the increase of the transition probabilities § and ¢ with respect
to increasing ¢ whittles down A p3. The above analysis reveals
that the engine under the finite-time unitary transformations
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FIG. 3. Shown for a given value ¢, of ¢ are the curves of (a) the
work output —(W), input energy (Qy), efficiency 5, and entropy
change during the measurement process AS and (b) the transition
probabilities ¢, 8, and y and the differences Ap; and Ap, in prob-
ability distributions between the ground and excited states varying
with the colatitude . Shown for a given value «, of o are the curves
of (c) the work output —(W), input energy (Qy), efficiency n, and
entropy change during the measurement process AS and (d) the
transition probabilities ¢, 8, and y and the differences Ap; and Ap,
in probability distributions between the ground and excited states
varying with the longitude ¢. In (a) and (c) the left vertical axis shows
values for —(W) and (Qy,), while the right vertical axis shows the
corresponding scale of 7.
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FIG. 4. Shown for a given value ¢, of ¢ are the curves of (a) the
coherences C(p3) and C(p4) and their difference AC = C(p;) —
C(ps) and the KLU divergences D(g(p3)llo;?) and D(e(ps)lloy?)
and their difference AD = D(g(p3)llo3") — D(s(p4)llo,*) varying
with the colatitude «. Shown for a given value «, of « are the
curves of (b) the coherences C(p;) and C(ps) and their differ-
ence AC = C(p3) — C(p4) and the KLU divergences D(s(p3)|lo3%)
and D(g(ps)|o,) and their difference AD = D(e(ps)|o3") —
D(e(py)lloy?) varying with the longitude ¢. In (a) and (b) the left
vertical axis shows values for C(p3), C(p4), AC, and AD, while the
right vertical axis shows the corresponding scales of D(g(p3)]l03?)
and D(g(p4)|lo,*). Here C(p,) and D(e(p,)||0,") remain constant at
any given values of « and ¢ and are not shown on the graph.

realizes the work extraction without changing the spin tran-
sition frequency. It should be pointed out that this result was
obtained in Ref. [43], where a coherent rotation around the y
axis of the Bloch sphere in the unitary transformation strokes
is considered. The angles of the measurement basis on the
Bloch sphere determine the upper limits on the average work
output and efficiency. Again, Fig. 3(c) also shows that the
maximum value for the efficiency is found for small values
of entropy change during the measurement process.

Finally, we would like to show how the angles of the
measurement basis circumvent the degradation effect of the
coherence on the performance. Therefore, the coherence of a
given state p; is expressed as the entropy difference C(p;) =
Sle(pi)] — S(pi) [19-21,67], where e(pi) = >, |k) (k| pilk) (k|
is a full dephasing map of p; in the reference basis with respect
to the instantaneous eigenstate |k) of the Hamiltonian H; (note
that Hy; = H, and Hy = H,). For a standard Otto cycle, coher-
ences generated in the adiabatic expansion and compression
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processes are associated with entropy production and quantum
friction. However, when the thermalization is incomplete, Ca-
mati et al. adopted the definition of C(p;) and demonstrated
that the careful tuning of cycle parameters makes coherence
act like a dynamical quantum lubricant [19]. For the current
cycle driven by quantum measurement, the work output and
the input energy (see [64]) are written in terms of C(p;), i.e.,

1
—mw=EK@Q+DWmW@%—Cwn—DWMWﬁ%

—C(p2) — D(e(p2)|03")] ®)

and
1
(Om) = B[C(m) + D(e(p3)||o57) — C(p2)

—D(e(p2)]0y%) + AS], 9)

with  D(e(pi)llo;) = Tr{e(p)[Ine(p;) — Ino; 1]}  defining
the Kullback-Leibler-Umegaki (KLU) divergence between
states &(p;) and o;? and 071 = e PHi /Tr(e PH) describing
the Gibbs state that is in thermal equilibrium contact
with the bath at inverse temperature 8. As AS > 0 [Fig. 2(c)],
the efficiency has the potential to be enhanced by reducing
(Om) through the decrease of AS. It is seen clearly from
Egs. (8) and (9) that suppressing the coherence C(p4) of state
P4, 1.e., decreasing C(p4), can significantly improve both the
work output and the efficiency. It is observed in Figs. 3 and
4 that the position of the minimum C(p4) is quite close to
that of maximum efficiency. Figure 4 further indicates that
AC = C(p3) — C(ps) does not change monotonically with
C(p3) or C(ps) and AD = D(s(p3)llo;*) — D((ps)llo,?)
does not change monotonically with D(s(p3)llo;?) or
D(g(ps)llo,?), because the coherences C(ps) and C(ps)
[the divergences D(e(p3)llo;?) and D(e(ps)loy?)] are not
independent of each other. Thus, the work output and the
efficiency form complex relationships with C(p3), since they
are simultaneously affected by D(s(,03)||03e 9). However, it is

significant to note that although the state of the maximum
AC does not correspond to that of the maximum work
output or the maximum efficiency, it is located in the optimal
range between the maximum work output and the maximum
efficiency, as illustrated in Figs. 3 and 4.

V. CONCLUSION

Recent advances have shown the possibility of harnessing
the energy provided by quantum measurements. We have
developed here a measurement-based single-qubit quantum
engine and shown how quantum measurement is able to work
as a fuel in a quantum cycle. The present model employs a
Hamiltonian that does not commute at different times, thus
generating coherence in the energy basis of the working sub-
stance and then decreasing the performance of the quantum
engine. By assuming sufficient control under the measurement
basis angles « and ¢, we are able to circumvent the degrada-
tion effect due to coherence and increase the extracted work
and efficiency. Thus, a suitable choice of the measurement
basis effectively works as a kind of quantum lubrication, since
it suppresses the effect of the coherence produced in stage I11.

Our results indicate that quantum measurement can be
useful to build quantum thermodynamic cycles beyond the
standard ones with two thermal baths. In addition, the nu-
merical simulation considers parameters usually employed in
NMR, which opens the possibility to experimentally test the
measurement-based single-qubit quantum engine. We hope
that this work can help reveal the role played by measurement
in quantum thermodynamics and its applications.
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