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Abstract
With the progress of nano-technology, thermodynamics also has to be scaled down, calling for specific
protocols to extract andmeasurework. Usually, such protocols involve the action of an external,
classicalfield (the battery) of infinite energy, that controls the energy levels of a small quantum system
(the calorific fluid).Herewe suggest a realistic device to reversibly extract work in a battery offinite
energy : a hybrid optomechanical system. Such devices consist of an optically active two-level quantum
system interacting strongly with a nano-mechanical oscillator that provides and storesmechanical
work, playing the role of the battery.We identify protocols where the battery exchanges large,
measurable amounts of workwith the quantum emitter without getting entangledwith it.When the
quantumemitter is coupled to a thermal bath, we show that thermodynamic reversibility is attainable
with state-of-the-art devices, paving the road towards the realization of a full cycle of information-to-
energy conversion at the single bit level.

1. Introduction

Thermodynamics was born in the 19th century, with the practical purpose of understanding themechanism
governing the conversion of heat present in reservoirs of disorganized energy, into usefulmechanical work
extracted in reservoirs of organized energy, by exploiting the transformations of a calorificfluid (figure 1(a)).
This initially applied area of physics, aimed at building engines, was later shown to have a deeper content. Time
arrow and the concept of irreversibility are such byproducts. In the 20th century, Szilard [1] and Landauer [2]
have shown in their pioneering works that calorificfluids could be identifiedwithmicroscopic systems encoding
bits of information. As a result, they found out that one bit of information could be reversibly converted into an
elementary amount of energy. The validity of this principle has been recently extended to information of
quantumnature, such that coherence and entanglement are also expected to have energetic counterparts [3–5].
These theoretical results form the core of quantum information thermodynamics.

This bloomingfield of quantum (information) thermodynamics calls for the development of dedicated
experimental platforms, involving a single quantum system as a calorific fluid, interactingwith one or several
heat baths and batteries. Nowadays, an increasing number of experimental setups realize this situation, such as
superconducting Cooper pair boxes [6], ion traps [7], or nuclearmagnetic resonance setups [8]. In such
experiments, the interesting thermodynamic quantities are the average fluxes of work and heat, as well as their
probability distributions. Intense efforts have been carried out in order to determine how such quantities should
bemeasured [9–13]. In pioneering experiments performed in the classical regime, heat andwork exchanges are
deduced from time-resolvedmeasurements of the bit state throughout thewhole thermodynamic
transformation.Work is provided by an external controlling quantity, i.e. a battery of quasi-infinite energy
[6, 15, 16], that undergoes no back-action from the system. This strategy allows full control of the
transformation timescale, such that reversibility is reached. In the quantumworld, suchmeasurements are
especially challenging, since the observation of quantum trajectories requires to readout the qubit states in a
quantumnon-demolitionmanner on ultra-fast timescales [17, 18]. If other approaches based on two projective
energymeasurements have been developed [9, 14], they have remained restricted to closed systems so far [19],
due to the experimental challenge to access the energy of thewhole environment.More recently, alternative
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strategies have been suggested [20, 21] and implemented [8, 22], based on coherent control of an ancillary
quantum system to access work or heat distributions.

In this article, we investigate another strategy tomeasure averagework exchange, that is based on reversible
work extraction in a battery offinite energy, undergoing noticeable back-action from the system. Instead of
derivingwork from the time-resolvedmeasurement of the system state, or the readout of an ancillary qubit state,
we show that only twomeasurements of the battery’s energy, at the initial andfinal times of the thermodynamic
transformation, are required.With this aim, we show that a hybrid opto-mechanical device constitutes a very
suitable experimental platform. Such a system consists in an optically active quantum emitter carrying one bit of
information, coupled to a nano-mechanical oscillator playing the role of the battery. The emitter also interacts
with the electromagnetic (EM) field prepared in a thermal state, that plays the role of the heat bath.Owing to its
small size and its large interaction strengthwith the quantum system,we expect the battery to be visibly affected
by the elementary work produced during the conversion of a single bit of information. Since it involves a
quantumbit, such an hybrid system could also be used for the experimental exploration of quantum
information to energy conversion.

The paper is organized as follows: first, we do not consider the heat bath andwe solely characterize the energy
transfer between the nanomechanical oscillator and the quantum system. As the emitter exchanges no heat, the
transformation it undergoes is adiabatic in the thermodynamic sense. Then, we characterize the energy transfers
when the emitter is also coupled to a thermal heat bath offinite temperatureT : this corresponds to the case of
isothermal transformations.We show that the periodic dynamics of the device can be seen as series of Landauer’s
erasures and Szilard engines, where one bit of information is reversibly converted to an elementarywork stored
in/extracted from themechanical oscillator.

2. Adiabatic transformations

2.1. System andmodel
Ahybrid optomechanical device features a quantum two-level system (TLS)whose ground and excited levels are
respectively denoted ∣ 〉g and ∣ 〉e , and frequency transition ν0. The TLS is coupled to amechanical oscillator
(MO) of frequencyΩ, whosemean deflection is further denoted x(t). The oscillator zero point fluctuation is
noted x0. Actual realizations of such devices are based on semiconductor quantumdots [23] or diamond

Figure 1. (a) A typical experimental setup in thermodynamics. A system (the calorificfluid) exchanges heatQwith a bath, andworkW
with a battery. In the framework of information thermodynamics, the systemhas twomicro-states allowing to encode one bit of
information.Meanwork exchanges are usually studied by recording and processing themean trajectory Σ t( ) of the system all along
the transformation. In our protocol, work exchanges are inferred from the readout of the battery states at the initial time ti andfinal
time tf. (b) A hybrid opto-mechanical system : an optically active two-level system (TLS) of transition frequency ν0 is coupled to a
mechanical oscillator (MO) of frequencyΩwith a strength gm. The TLS interacts with a reservoir of electromagneticmodes, its
spontaneous emission rate being denoted γ. In the protocol that we suggest, information is encoded on the TLS, while theMO (resp.
the electromagnetic reservoir) plays the role of the battery (resp. of the bath).
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nitrogen-vacancies (NV) [24] coupled to a vibratingwire, or superconducting qubits embedded in oscillating
membranes [25].

The totalHamiltonian of the system can bewritten as

= + +H H H V , (1)m q0

where σ= +ν
H ( 1)q

h
z2

0 is the freeHamiltonian of the TLS, σ= + +V b b( 1)( )
hg

z2
†m is the TLS-mechanical

coupling according to the spin-bosonHamiltonian, where gm is the coupling strength, and Ω= +H h b b( )m
† 1

2
is the freeHamiltonian of theMO.Wehave introduced the spin one-half operator σ = ∣ 〉〈 ∣ − ∣ 〉〈 ∣e e g gz . b is the
lowering (phonon annihilation) operator in themechanicalmode, such that + =x b b x( ) ˆ0

† , where x̂ is the
MOdeflection operator.

We are interested in the regimewhere ν Ω≫ ⩾gm0 . As ν Ω≫0 , this corresponds to a large dispersive
coupling between the TLS and theMO.On the other hand, the situation Ω⩾gm is usually referred to as the
ultra-strong coupling regime, and is currently investigated in state-of-the-art devices [23, 25]. To solve the
dynamics of the coupled system, it is useful to notice that this situation is highly reminiscent of the dynamics of
electrons in vibratingmolecules studied by Born andOppenheimer [26]. In this textbook case, adiabatic
theorem applies, stating that electrons evolve in the time-dependent potential defined by themean position of
the nuclei, while the nuclei’smotion depends on the electronic position averaged over several trajectories (note
that here adiabaticity is understoodwith its quantummeaning, which is similar to quasi-staticity). Similarly
here,Hm is afirst-order perturbation of theHamiltonian +H Vq of eigenstates ∣ 〉g x, and ∣ 〉e x, with respective

eigenvalues 0 and ν +h g x x( )m0 0 . The perturbationHm couples states of different x, while ∣ 〉g and ∣ 〉e remain
‘good quantum states’, defining two subspaces g and e stable under the total dynamics of the coupled system.
It is therefore possible to split theMOand the TLS dynamics, by using the polaron transformation.

TheMOdynamics is governed by the effectiveHamiltonian Ω= +H h b b( )m
g † 1

2
if the TLS is in ∣ 〉g or

Ω Ω= + −( )H h B B g( )m
e

m
† 1

2
2 if the TLS is in ∣ 〉e . The displaced lowering operator is defined as

Ω= +B b gm ; it captures the fact that when the TLS is in state ∣ 〉e it generates a staticfieldwhich shifts the rest
position of theMOby Ω− x g2 m0 . Note that in this regime of coupling, if theMOhas been initially prepared in a
coherent or in a thermal state, the TLS does not change its classical nature [27].On the other hand, the TLS
dynamics is governed by a time-dependentHamiltonian

ρ
ν

σ= + = + +( ) ( )H t H t V
h hg x t

x
( ) Tr ( )

2

( )

2
1 , (2)q q m m

m
z

0

0

⎛
⎝⎜

⎞
⎠⎟

wherewe have introduced the reduced densitymatrix of theMO ρ ρ=t t( ) Tr [ ( )]m q , where ρ t( ) is the total
densitymatrix of the coupled system. Therefore themain effect of theMOon theTLS is tomodulate its

transition energy by an amount δ =t( )
hg x t

x

( )m

0
.

2.2. Averagework exchanges
From the study above, it appears that themotion of theMOresults in a time-dependentHamiltonian acting on
the TLS, which is reminiscent of the action of a battery aswe show below. Introducing the reduced density
matrix of the TLS ρ ρ=t t( ) Tr [ ( )]q m , and according to the usual definition of average work rate performed on a

system ρ=w Tr t H t˙ [ ( ) ˙ ( )]q q q [10, 12, 13], theMOprovides work to the TLSwith the rate =w hg x x P˙ ( ˙ )m e0 .We

have introduced the excited emitter population ρ σ= +P t t( ) Tr ( ( )( 1) 2e q q z . As explained above, Pe is a

constant of time in the quasi-static situation under study. In this part, we do not consider any heat exchanges
with external thermal baths yet, focusing therefore on the case of adiabatic transformations in the
thermodynamic sense: in this situation, the adiabatic workWad received by the TLS is entirely stored in the TLS
internal energy, resulting in a transition frequency shift Δν Δ= g x x P( )m e0 0 such that Δν=W had 0.

We nowprovide another operational interpretation of this adiabatic work, based on themechanical energy
variation: let us consider a thermodynamic transformationwhere the TLS is initially excited, while theMO is
prepared in a large coherent field corresponding to an initial elongation xm (seefigure 2). As explained above, the
TLS remains in ∣ 〉e while theMOoscillates at its eigenfrequencyΩ around the displaced equilibriumposition

Ω− x g2 m0 . Since the rest position is shifted, theMOoscillates between the position xm and
Ω= − −x g x x( 4 )M m m0 , which correspond respectively to aminimumand amaximumof the TLS transition

frequency, and to the initial and final times ti=0 and Ω=t 1 (2 )f of the transformation.

During thismotion, themean energy of the total system is conserved: ρ〈 〉 = = + +H H H V˙ 0 Tr[ ˙ ( )]q m0 ,

such that ρ ρ ρ ρ= + + +H V H V0 Tr [ ˙ ( Tr ( )] Tr [ ˙ ( Tr ( )]m m m q q q q q m m . Since ρ =˙ 0q , we have finally

ρ ρ ρ= −H VTr [ ˙ ] Tr [ ˙ Tr ( )]m m m m m q q . After integration, the first term is identifiedwith the variation of the average

mechanical energy Δ = −E E t E t( ) ( )m m f m i , while the second term equals Δhg x xm 0, which exactly
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corresponds to thework received by the TLS. Thereforewe have Δ= −W Emad , clearly showing that in this
thermodynamic transformation, theMOplays the role of a battery providingwork to the TLS. Asmentioned
above, this quantity also equals the TLS energy variation, and can thus bewritten

Δν Ω= = +W h g g x x2 (2 )m m mad 0 0 . This simple study evidences that a hybrid device can be used as a ultimate
opto-mechanical transducer, able to convert optical quanta of energy intomechanical ones. This conversion is
reversible : during the extension step, work is extracted from themechanics into the TLS, while in the
compression step, work is extracted from the TLS and stored in themechanics.

2.3.Otto cycle
Themechanism studied above can be exploited to realize anOtto cycle (see figure 2) using the following

protocol: at =t t1, theMO is shifted by xm
(1) from its rest position x=0. The TLS is heated up and prepared in a

fullymixed state ρ = t( ) 2q 1 . Here we suppose that heating and cooling of the TLS can be performed on

timescalesmuch shorter than themechanical period, which is usually realized in opto-mechanical systems.
Then the bath is decoupled and the adiabatic transformation starts. If the TLS is in the ground state, nowork is
exchanged. If the TLS is in the excited state, theMOoscillates around its shifted rest position untilmaximal
elongation xM

(1) is reached at time Ω+t 1 (2 )1 , extracting aworkWad. On average, ameanwork

Ω= = +W W hg g x x2 (2 )m m m1 ad
(1)

0 is extracted from theTLS. At thismoment, the TLS is cooled down to the
ground state, for instance by tuning a cavity on resonancewith the TLS to enhance spontaneous emission by
Purcell effect. TheMOkeeps oscillating at the frequencyΩ, now around its initial rest position x=0, until
reaching Ω= +x x g x2 ,m m m

(2)
0

(1) where the TLS is heated up again, allowing to extract another amount of work
W2. Hence bymodulating the emitter population inversion, optical excitation of themechanics can be reached:
a similar effect was evidenced in [27], in the regime of small TLS-mechanical coupling. The network extracted
from the engine increases at each iteration, and equals after n iterations Ω= +W hg ng x x(2 )n m m m

(1)
0 . Note

thatwe neglect themechanical relaxation, which is valid as long as the number of oscillations remains lowwith
respect to themechanical quality factor ∼Q 1000m . The typical power of the engine scales like Ω=P W . Using
realistic parameters [23], we find that in 100 iterations, and starting from the rest position of theMO, the typical
power increases from ∼ −P 10 W21 to 10−19 W, a valuewhich is consistent with other proposals involving ion
traps [7].

3. Isothermal transformations

In the former section, we focused on adiabatic transformations and evidenced that theMOcan be seen as a
battery: it generates a time-dependantHamiltonian that acts on the TLS, therefore exchanges workwith it.Work
exchanges are directly accessible bymeasuring the averagemechanical energy variation between the initial time
andfinal time of the transformation.Wenow couple the TLS to a heat bath of temperatureT, and extend the
study to the case of isothermal transformations.

Figure 2.AnOtto cyclewith a hybrid optomechanical system.When the TLS is in the excited state, theMO rotates around a displaced
rest position (green lines).When the TLS is in the ground state, theMO rotates around the initial rest position (blue lines). The
amplitude of themechanical oscillation increases at each iteration.
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3.1.Master equations
The totalHamiltonian for the hybrid opto-mechanical system and the bath is

= + +−H H H H , (3)q R R0

whereH0 is theHamiltonian of the opto-mechanical system as defined above, −Hq R is the couplingHamiltonian
between the TLS and the heat bath, andHR is theHamiltonian of the bath. In the absence of TLS-mechanical
coupling (gm= 0), the effect of the bath on the emitter would be described by the Lindblad super-operator
 ρ γ σ ρ γ σ ρ= + +n D nD[ ] ( ¯ 1) [ ] ¯ [ ]q

† , wherewe have introduced the super-operator ρD X[ ]

ρ ρ ρ= − +X X X X X X( )† 1

2
† † . γ is the spontaneous emission rate of the TLS and satisfies γ ν≪ 0. n̄ is the

average number of thermal excitations in the EM reservoir in themode resonant with the TLS frequency. As
∣ ∣ >g 0m , a newmaster equation has to be derived to take into account themodifications induced by theMOon
the TLS dynamics [28–30]. Inwhat follows, we are interested in the case where γ ≫ gm. This situation
corresponds to the semi-classical regime : the bathmeasures the TLS in the ∣ 〉 ∣ 〉e g, basis, on a typical timescale
γ−1. This is to be comparedwith the characteristic time −gm

1 for correlations to build up between theMOand the

TLS. Since γ≫− −gm
1 1, these correlations can be safely neglected. Second, the effect of the TLS on theMOduring

this typical time γ−1 is to displace theMOby γ−gm
1 [27], which is also negligible. Therefore, and following

[31, 32], we use ameanfield approach, and approximate the state of the coupledMO–TLS-bath systemby
projecting it on the factorized densitymatrix ρ ρ ρ⊗ ⊗m q R, where ρR is the densitymatrix of the EMbath.

Injecting this ansatz in the dynamical equation ρ ρ= −i H˙ [ , ], wefirst decouple theMO from the TLS-bath
evolution andwrite its dynamic as:

ρ ρ ρ Ω ρ= − + = − + +( ) ( )
t

t H V b b g P t b b
d

d
( ) i Tr , i ( ) , . (4)m m q q m m e m

† †⎡⎣ ⎤⎦ ⎡⎣ ⎤⎦
We thenwrite the TLS-bath dynamics

ρ ρ ρ ρ ρ

ν δ
σ ρ ρ

⊗ = − + + + ⊗

= −
+

+ + + ⊗

−

−

( ) ( )

( )
( )

t
H V H H

h t
H H

d

d
i Tr ,

i
( )

2
1 , , (5)

q R q m m q R R q R

z q R R q R

0

⎡⎣ ⎤⎦
⎡

⎣
⎢⎢

⎤

⎦
⎥⎥

where themean TLS population Pe(t) andTLS frequency shift δ t( ) are:

σ
ρ=

+
P t t( ) Tr

1

2
( ) , (6)e q

z
q

⎡
⎣⎢

⎤
⎦⎥

and

δ ρ= +( )t g b b t( ) Tr ( ) . (7)m m m
†⎡⎣ ⎤⎦

In agreement with the previous section, equation (4) shows that the TLS generates an optical force on the
MO, that displaces it from its rest position. The pump termproportional toPe(t) is analogous to the radiation
pressure in the context of cavity opto-mechanics [27, 32]. Note that by pushing the development to the second
order, it is possible to study the fluctuations of theMO induced by the fluctuations of the quantum emitter, but
this is beyond the scope of this paper. Here, our goal is to calculate the average energy exchanges, we therefore
only keep track of the first order.

Again in agreementwith thefirst section, equation (5) shows that theMOmodulates the TLS transition

frequency by an amount δ t( ), inducing an effective time-dependentHamiltonian σ= +ν δ+
H t( ) ( 1)q

h t
z

( ( ))

2
0

that acts on the TLS. This effectivemodulation is a strong signature of the TLS-mechanical coupling on the
optical properties of the quantum emitter. It has been observed both in the case of a semi-conductor quantum
dot [23], and of aNV center [24]. In practice, observing suchmodulation requires a large coupling strength gm,
such that δ γ∣ ∣ ≫ . Note that this condition is perfectly consistent with the semi-classical regime, defined as

γ≪gm . It generalizes previous studies valid in the case where thismodulationwas negligible [31, 32].
The typical evolution timescale ofHq(t) being themechanical one, it largely overcomes the typical

correlation timewithin the heat bath. Consequently, the bath can be reasonably traced out, resulting in the
followingmaster equation for the TLS:

ρ ρ ρ ρ γ σ ρ γ σ ρ= − + = − + + +( )H t H t t n t D t n t D˙ i ( ), i ( ), ( ) ¯ ( ) 1 [ ] ( ) ¯ ( ) . (8)q q q t q q q q q
†⎡⎣ ⎤⎦ ⎡⎣ ⎤⎦ ⎡⎣ ⎤⎦ ⎡⎣ ⎤⎦

As expected, the Lindbladianmodeling the interactionwith the bath is now time-dependent: the coupling
parameters depend on γ t( ) and n t¯ ( ), i.e. the spontaneous emission rate and average number of thermal
excitations in the EMbath at the frequency ν δ+ t( ( ))0 . Finally we are able to derive time evolutions of operators
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expected values, from the effectivemaster equations (4) and (5):

β Ωβ= − − g P˙ i i (9)m e

β β= − −( )N g P˙ i * (10)m e

γ γ= − + +( )P t n t P t n t˙ ( ) 2 ¯ ( ) 1 ( ) ¯ ( ) (11)e e

δ ν
γ= − + − +( ) ( )s t s

t
n t s˙ i ( )

( )

2
2 ¯ ( ) 1 . (12)0

Wehave introduced ρ σ=s t t( ) Tr [ ( ) ]q q themean TLS dipole amplitude where σ = ∣ 〉〈 ∣g e is the TLS dipole

operator, β ρ=t t b( ) Tr [ ( ) ]m m and ρ=N t t b b( ) Tr [ ( ) ]m m
† themeanMOamplitude and population

respectively.

3.2. First principle of thermodynamics
Owing to the above analysis, we can now evaluate the average energy exchanges between the TLS, theMOand
the EMbath froma thermodynamic point of view. In general, thefirst principle applied on a quantum systemof
densitymatrix ρ t( )q driven by a time-dependentHamiltonianHq(t) whose coupling to a reservoir is described

by a Lindbladian  ρ[ ]t can bewritten [10, 13] = +u w q˙ ˙ ˙, where ρ=u H t tTr[ ( ) ( )]q q is the internal energy of

the TLS,  ρ=q H t˙ Tr[ [ ] ( )]t q is the heat exchange ratewith the reservoir, and ρ=w H˙ Tr[ ˙ ]q q thework exchange

rate between the TLS and theMO. Like in the first section, we have ρ δ= =w H t hP t˙ Tr[ ˙ ( )] ( ) ˙
q q e .We consider an

isothermal transformation defined by the evolution of the opto-mechanical device between the initial time ti=0

andfinal time =t tf . The total work exchange can bewritten ∫ δ=w t uh u P u( ) d ˙ ( ) ( )
t

e0
. Such quantity can be

measured by recording the trajectory of the TLS, i.e. its state all along the thermodynamical transformation, as it
was for instance done in [6, 15].However in our case, we can alsomeasure the averagemechanical energyEm(t).
Taking into account equation (10), the derivative E t˙ ( )m reads δ= −E t h t P t˙ ( ) ˙ ( ) ( )m e .We thusfind that

− = −E t E w t( ) (0) ( )m m . This extends the results of the previous section to the case of isothermal
transformations: here again, thework performed on the TLS is fully provided by theMO,which therefore
behaves as a proper battery. It clearly establishes that in principle, an integrated quantity likework, that depends
on the full evolution of the system, can be directly read out by performing only two energymeasurements on an
experimentally accessible system, namely, the energy of theMOat the initial and final times of the
transformation. Therefore, this protocol is quite different from the two-measurement protocol [14]which
requires energymeasurements of the system and the bath.

In practice, themechanical energy can be inferred from the time-resolvedmeasurement of the deflection x
(t)[33]. In another context, thismechanical energy variation is identified as the back-action of the TLS on the
mechanicalmotion. Such phenomenon has been extensively studied in the pioneeringworks of cavity opto-
mechanics [34]. On the other hand, heat is emitted as photons of energy close to the TLS bare transition one, in
the EMenvironment. In principle, such heat exchanges can also be recorded by accurate spectroscopic/
calorimetricmeasurements [35].

In the last following sections, we show that such isothermal transformations are expected to be reversible
with state of the art opto-mechanical systems, and consider the possible applications in terms of information-to-
energy conversions.

3.3. Landauer erasure, Szilard engine : general principle
Let usfirst remind the original Landauer erasure and Szilard engine protocols (see also [3]). They involve a
classical TLS of levels denoted 0 and 1. The Shannon entropy of the TLS is H p[ ]
= − − − −p p p plog ( ) (1 )log (1 )2 2 , where log2 is the logarithm in base 2, and p the occupation probability of
the state 1. In Landauer’s protocol, both states are initially equiprobable, so that the initial entropy isHi=1.
Then, the TLS is reset to a determined state, such that its final entropy isHf=0. To do so, the TLS is coupled to an
external battery at the initial ti=0, and put in contact with a thermal bath of temperature ≫T E k(0) B, where

= −E t E t E( ) ( )1 0 is the energy difference at time t between both levels and kB the Boltzmann constant. E is
increased over time until it largely overcomes the thermal energy at the final time =t tf . Then theTLS has fully
relaxed into the state 0, so that initialization is complete. If the operation is performed slowly enoughwith
respect to the thermalization time, thermodynamic equilibrium is always realized. Therefore the probability P1
tofind the system in state 1 follows a Fermi–Dirac distribution, reading = +∞ − −P E( ) e (1 e )E k T E k T

1
B B . During

this operation, the battery provides awork ∫= ∞w t EP E( ) d ( )
t

0 1 , which in this quasi-static situation reaches

Landauer’s limit = −W k T H Hlog 2( )i f0 B . Eventually, this work is dissipated as heat in the thermal bath
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∫= − = ∞Q W E P Ed ( )
t

0 0 0 1 . The reverse transformation is known as Szilard engine: the TLS is initially in a

determined state, it is then coupled to a heat bathwhile its two levels are slowly brought back to degeneracy. In
the end of this operation, the information on the initial state is lost and the TLS is in amixed state 0 and 1, while
an elementary workW0 has been extracted from the bath and stored in the battery.

Landauer’s erasure and Szilard engines are fundamental Gedanken experiments, where elementary amounts
of information, quantified by the Shannon entropy of the encoding system, can be reversibly converted into
elementary amounts of energyW0. Later, their validity has been extended to quantum information, Shannon
entropy being replaced by vonNeumann entropy. It is the basis ofmany protocols investigating the operational
value of coherence and entanglement [3–5]. In these experiments, the proportionality between energy and
entropy is crucial, and entirely depends on the reversibility of the process: if the transformations are performed
too fast, energy is dissipated into irreversiblemechanisms, such that proportionality is broken.

Despite their fundamental character, experimental evidences of reversible information-to-energy
conversions in a battery offinite energy have remained elusive. If Landauer’sminimumwork has beenmeasured
[15], Szilard engines based onwork extraction in a battery offinite size are still degraded by irreversible
mechanisms, such that best information-to-work ratios nowadays reach 28% [16].More recently, optimal work
extraction has been demonstrated byKoski et al [6], for a single electron coupled to a classical battery of infinite
size. These results are fully consistent with the specific protocol studied in [12], wherework extraction is
theoretically shown to be optimal in the limit of a classical battery, i.e. undergoing no back-action from the
system. Aswe showbelow, opto-mechanical devices also allow realizing optimal work extraction, i.e. reaching
thermodynamic reversibility, while the battery’s energy isfinite.

3.4.Monitoring reversible information-to-energy conversions
In this sectionwe focus on the evolution of themechanical state over an entiremechanical period, andwe show
that a full cycle of information-to-energy conversions, corresponding to the situation described by
equation (13), can be evidenced. The EMfield is in a thermal state of temperatureT, such that the system iswell
described by equations (9)–(12). TheMO is initially pulled out of its rest position. For Ω γ≪ (quasi-static
condition), the TLS population follows themechanicalmotion. Therefore the TLS is in thermal equilibrium
with the heat bath at any time, and = ∞P t P E t( ) ( ( ))e 1 , where ν δ= +E t h t( ) ( ( ))0 is the TLS transition energy.
TheMOoscillationmodulates the TLS population between ∞P E( )1 min and ∞P E( )1 max , where Emin (resp. Emax )
is theminimal (resp.maximal) energy of the TLS transition. The TLS population and entropy decrease when δ
increases: this sequence corresponds to a Landauer erasure. During this step, work is extracted from theMO,
leading to a decrease of themechanical energy and elongation. Denoting again xm and xM theMOminimal and

maximal elongations, thework extracted from themechanics reads Δ= − = −ΩW E x x( )m
h

x M m4

2 2

0
2 . Conversely,

the TLS population and entropy increase when δ decreases: this sequence corresponds to Szilard engine, and to
an increase of themechanical energy. If the transformations are reversible, work exchanges during Landauer and
Szilard sequences should exactly compensate each other, leading to closedmechanical cycles. On the other hand,
if oscillations are too fast, themechanical work is irreversibly dissipated in the heat bath, therefore damping the
mechanical oscillations.

First, we have numerically solved equations (9)–(12), and derived themean evolution of theMOcomplex
state β t( )using a set of realistic parameters (see caption offigure 3). Results are plotted infigure 3(a) for
differentmechanical frequenciesΩ, starting from the same initial state β β= =t( 0) i.We remind that

Rδ ρ β= + =t g t b b g t( ) Tr [ ( )( )] 2 ( ( ))m m m m
† , whereR stands for the real part.Work inducedmodulations of

themechanical energy result in an ovoid shape of the cycle. In practice, the difference between theminimal and
maximal deflection that is related towork extraction can be accuratelymeasured after sufficiently long
integration time, allowing to get rid of quantum fluctuations andBrownianmotion [33]. In the left panel, we
have zoomed on β t( ) after onemechanical oscillation, around Ω=t 1 . As thefigure shows, the quasi-static
regime allows reaching reversibility in the thermodynamic sense, and results in closedmechanical cycles. For
higher values ofΩ, the quasi-staticity condition is broken. Therefore, extra-work is dissipated in the bath, such
that the radius β∣ ∣t( ) of the trajectory displays a net decrease after one period. Infigures 3(b) and (c), we have
represented theworkw(t) performed on the TLS during the erasure step. Reversibility is reached as soon as
Ω γ⩽ −10 2 , which is easily attained in opto-mechanical devices whereΩ typically ranges from a few kHz to a few
MHz, while γ scales like a fewGHz.

Restricting our study to the quasi-static case, we have checked that Clausius equality could quantitatively be
established. In the case of isothermal transformations under study here, it reads

Δ Δ− = = − +Q W H U W , (13)0

where ΔU is the change of the TLS internal energy, and ΔH the TLS Shannon entropy variation. Practically,
both quantities can simply bemeasured by performing fast QND readout of the qubit state at the timewhere
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minimal andmaximal elongations are reached. Formula (13), stating that heat exchanges are proportional to
entropy variations of the TLS, is valid even in the case of partial information-to-energy conversionswhere
Δ∣ ∣ = ∣ − ∣ <H H H 1f i . This is especially interesting in the case of opto-mechanical systems, where the elastic
limit imposes that Δν ν≪ 0, such that Δ ≪E E. Therefore, entropy variations are typically bounded to
Δ∣ ∣ ∼H 0.1, which is independent of the parameters used and is only due to the physics of the TLS-mechanical
coupling. Figure 3(d) shows the average heatQ deduced from themechanical energy variation from the formula

Δ Δ= +Q U Em.Q is plotted as a function of the TLS Shannon entropy variations ΔH , for different
temperatures of the bath. The expected proportionality between the two quantities clearly appears in thefigure:

Figure 3. (a) Right: evolution of β t( )over onemechanical oscillation for different values of themechanical frequencyΩ. All
evolutions have the same starting point βi. Left: zoom around β Ω=t( 1 ). (b) Averageworkw (in unit ofW0) performed on the TLS
after time t for different frequenciesΩ. The gray area is bounded on the bottomby the reversible work realizedwhen the TLS remains
in its steady-state, and on top by the quenchwork = −w t P E t E( ) (0)( ( ) (0))q e . (c)Work after half a periodW divided by the
reversible workWrev corresponding to the same transformation performed adiabatically as a function of γ Ω. Simulation parameters :
ν γ = 100

4, γ =g 0.1m , ν =kT 100 , β =(0) 103. (d)HeatQ deduced from themechanical energy variation, as a function of the bit
Shannon entropy variation ΔH , for different initial β (0)between 102 and 103 and for three different temperatures. Themechanical
frequency is Ω γ = −10 3, so that the transformations are reversible, and then the two quantities are proportional. Note that with
realistic parameters, ΔH remains smaller than 1. Simulation parameters : γ =g 20m , ν γ = ×5 100

3.
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this is amajor signature of reversibility, whichmanifests the proportionality between energy and information,
and lies at the basis ofmost protocols of quantum information thermodynamics. In this case, reversibility is
attained in a battery offinite energy, where the back-action from the TLS is visible. Our results offer a new
striking illustration that the classical behavior of a physical system is less related to its size, than to the fact that it
does not get entangledwith another system [36, 37]. As both conditions of reversibility and finite size battery are
met, this proposal paves theway towards direct evidences of optimal information-to-energy conversion in the
battery itself.

4. Conclusion

Wehave shown that a hybrid opto-mechanical system is a promising candidate to investigate thermodynamics
of information at the single bit level. This device provides direct experimental access to elementary work
exchanges between a battery and a single bit coupled to a heat bath.Our study shows that directmonitoring of
reversible information-to-energy conversions inside the battery is conceivable in the near future. The TLS
embedded in hybrid systems are also good quantumbits. Consequently, the study of heat engines based on one
or a few entangled qubits is a natural follow-up of the present work.Hybrid systems could therefore offer an
experimental playground to investigate the peculiarities of quantum information, like for instance thework
extractable from entanglement [3–5], or from engineered heat baths [38].

Acknowledgments

The authors thankOArcizet, G Bulnes Cuetara,MClusel, BHuard, EMascarenhas, GMilburn, JMRaimond,
MSantos, DValente, VVedral and PVerlot for fruitful exchanges.MR acknowledges the ERC starting grant
‘Handy-Q’n258608. AA acknowledges the support of the ANR-13-JCJC ‘INCAL’. CE andAA acknowledge
COSTActionMP1209.

References

[1] Szilard L 1929Z. Phys. 53 840
Rapport A andKnollerM1964Behav. Sci. 9 301 (Engl. transl.)

[2] Landauer R 1961 Irreversibility and heat generation in the computing process IBM J. Res. Dev. 5 183191
[3] Del Rio L, Åberg J, Renner R,DahlstenO andVedral V 2011The thermodynamicmeaning of negative entropyNature 474 61–63
[4] Oppenheim J,HorodeckiM,Horodecki P andHorodecki R 2002Thermodynamical approach to quantifying quantum correlations

Phys. Rev. Lett. 89 180402
[5] ZurekWH2003Quantumdiscord andMaxwellʼs demons Phys. Rev.A 67 012320
[6] Koski JonneV,Maisi Ville F, Pekola Jukka P andAverinDmitri V 2014 Experimental realization of a Szilard engine with a single

electron PNAS 111 13786
[7] AbahO, Rossnagel J, JacobG,Deffner S, Schmidt-Kaler F, Singer K and Lutz E 2012 Single ion, heat enginewithmaximumefficiency at

maximumpower Phys. Rev. Lett. 109 203006
[8] Silva J P P, Sarthour R S, Souza AM,Oliveira I S, Goold J,Modi K, Soares-PintoDOandCéleri L CExperimental demonstration of

information to energy conversion in a quantum system at the Landauer limit (arXiv: 1412.6490)
[9] Talkner P, Lutz E andHänggi P 2007 Fluctuation theorems: work is not an observable Phys. Rev.E 75 050102
[10] Solinas P, AverinDV and Pekola J P 2013Work and itsfluctuations in a driven quantum systemPhys. Rev.B 87 060508
[11] Suomela S, Solinas P, Pekola J P, Ankerhold J andAla-Nissila T 2014Moments of work in the two-pointmeasurement protocol for a

driven open quantum systemPhys. Rev.B 90 094304
[12] FrenzelMax F, Jennings D andRudolph T 2014Reexamination of pure qubit work extraction Phys. Rev.E 90 052136
[13] Binder F, Vinjanampathy S,ModiK andGoold J 2015Quantum thermodynamics of general quantumprocesses Phys. Rev.E 91

032119
[14] EspositoM,HarbolaU andMukamel S 2009Nonequilibriumfluctuations,fluctuation theorems, and counting statistics in quantum

systemsRev.Mod. Phys. 81 1665
[15] Bérut A, Arakelyan A, PetrosyanA,Ciliberto S, Dillenschneider R and Lutz E 2012 Experimental verification of Landauerʼs principle

linking information and thermodynamicsNature 483 187–9
[16] Toyabe S, SagawaT,UedaM,Muneyuki E and SanoM2010 Experimental demonstration of information- to-energy conversion and

validation of the generalized Jarzynski equalityNat. Phys. 6 988992
[17] Gleyzes S et al 2007Quantum jumps of light recording the birth and death of a photon in a cavityNature 446 297–300
[18] MurchKW,Weber S J,MacklinC and Siddiqi I 2013Observing single quantum trajectories of a superconducting quantumbitNature

502 211–4
[19] An S, Zhang JN,UmM, LvD, Lu Y, Zhang J, Yin ZQ,QuanHT andKimK2015 Experimental test of the quantum Jarzynski equality

with a trapped-ion systemNature Physics 11 193–9
[20] Dorner R, Clark SR,Heaney L, Fazio R, Goold J andVedral V 2013 Extracting quantumwork statistics andfluctuation theorems by

single qubit interferometry Phys. Rev. Lett. 110 230601
[21] Mazzola L, deChiara G and PaternostroM2013Measuring the characteristic function of thework distribution Phys. Rev. Lett. 110

230602

9

New J. Phys. 17 (2015) 055018 CElouard et al

http://dx.doi.org/10.1007/BF01341281
http://dx.doi.org/10.1002/bs.3830090402
http://dx.doi.org/10.1147/rd.53.0183
http://dx.doi.org/10.1038/nature10123
http://dx.doi.org/10.1038/nature10123
http://dx.doi.org/10.1038/nature10123
http://dx.doi.org/10.1103/PhysRevLett.89.180402
http://dx.doi.org/10.1103/PhysRevA.67.012320
http://dx.doi.org/10.1073/pnas.1406966111
http://dx.doi.org/10.1103/PhysRevLett.109.203006
http://arXiv.org/abs/1412.6490
http://dx.doi.org/10.1103/PhysRevE.75.050102
http://dx.doi.org/10.1103/PhysRevB.87.060508
http://dx.doi.org/10.1103/PhysRevB.90.094304
http://dx.doi.org/10.1103/PhysRevE.90.052136
http://dx.doi.org/10.1103/PhysRevE.91.032119
http://dx.doi.org/10.1103/PhysRevE.91.032119
http://dx.doi.org/10.1103/RevModPhys.81.1665
http://dx.doi.org/10.1038/nature10872
http://dx.doi.org/10.1038/nature10872
http://dx.doi.org/10.1038/nature10872
http://dx.doi.org/10.1038/nphys1821
http://dx.doi.org/10.1038/nature05589
http://dx.doi.org/10.1038/nature05589
http://dx.doi.org/10.1038/nature05589
http://dx.doi.org/10.1038/nature12539
http://dx.doi.org/10.1038/nature12539
http://dx.doi.org/10.1038/nature12539
http://dx.doi.org/10.1038/nphys3197
http://dx.doi.org/10.1038/nphys3197
http://dx.doi.org/10.1038/nphys3197
http://dx.doi.org/10.1103/PhysRevLett.110.230601
http://dx.doi.org/10.1103/PhysRevLett.110.230602
http://dx.doi.org/10.1103/PhysRevLett.110.230602


[22] Batalho TB, Souza AM,Mazzola L, Auccaise R, Sarthour R S,Oliveira I S, Goold J, deChiaraG, PaternostroMand Serra RM2014
Experimental reconstruction ofwork distribution and study of fluctuation relations in a closed quantum system Phys. Rev. Lett. 113
140601

[23] Yeo I et al 2014 Strain-mediated coupling in a quantumdot-mechanical oscillator hybrid systemNat. Nanotechnology 9 106
[24] Arcizet O, Jacques V, Siria A, Poncharal P, Vincent P and Seidelin S 2011A single nitrogen-vacancy defect coupled to a nanomechanical

oscillatorNat. Phys. 7 879–83
[25] Pirkkalainen JM,Cho SU, Li J, ParaoanuG S,Hakonen P J and SillanpääMA2013Hybrid circuit cavity quantum electrodynamics

with amicromechanical resonatorNature 494 211
[26] Messiah A 1993QuantumMechanics (NewYork: Dover)
[27] Auffèves A andRichardM2014Optical driving ofmacroscopicmechanicalmotion by a single two-level system Phys. Rev.A 90 023818
[28] Gasparinetti S, Solinas P, Pugnetti S, Fazio R and Pekola J 2013 Environment governed dynamics in driven quantum systems Phys. Rev.

Lett. 110 150403
[29] Szczygielski K,Gelbwaser-Klimovski D andAlicki A 2013Markovianmaster equation and thermodynamics of a two-level system in a

strong laser fieldPhys. Rev.E 87 012120
[30] Levy A andKosloff R 2014The local approach to quantum transportmay violate the second law of thermodynamics Europhys. Lett. 107

20004
[31] JähneK,Hammerer K andWallquistM2008Ground state cooling of a nanomechanical resonator via a Cooper par box qubitNew J.

Phys. 10 095019
[32] Rabl P 2010Cooling ofmechanicalmotionwith a two-level system: the high-temperature regime Phys. Rev.B 82 165320
[33] Sanii B andAshby PD2010High sensitivity deflection detection of nanowires Phys. Rev. Lett. 104 147203
[34] Kippenberg T J andVahala K J 2009Cavity optomechanics: backaction at the nanoscale Science 321 1172
[35] Hekking F and Pekola J 2013Quantum jump approach forwork and dissipation in a two-level systemPhys. Rev. Lett. 111 093602
[36] Bertet P,Osnaghi S, Rauschenbeutel A,NoguesG, Auffeves A, BruneM,Raimond JMandHaroche S 2001A complementarity

experiment with an interferometer at the quantum/classical boundaryNature 411 166
[37] Kim J I, Fonseca RomeroKM,Horiguti AM,Davidovich L,NemesMCand deToledo Piza A FR 1998Classical behavior with small

quantumnumbers: the physics of Ramsey interferometry of Rydberg atomsPhys. Rev. Lett. 82 4737
[38] Poyatos J F, Cirac J I andZoller P 1996Quantum reservoir engineeringwith laser cooled trapped ionsPhys. Rev. Lett. 77 4728

10

New J. Phys. 17 (2015) 055018 CElouard et al

http://dx.doi.org/10.1103/PhysRevLett.113.140601
http://dx.doi.org/10.1103/PhysRevLett.113.140601
http://dx.doi.org/10.1038/nnano.2013.274
http://dx.doi.org/10.1038/nphys2070
http://dx.doi.org/10.1038/nphys2070
http://dx.doi.org/10.1038/nphys2070
http://dx.doi.org/10.1038/nature11821
http://dx.doi.org/10.1103/PhysRevA.90.023818
http://dx.doi.org/10.1103/PhysRevLett.110.150403
http://dx.doi.org/10.1103/PhysRevE.87.012120
http://dx.doi.org/10.1209/0295-5075/107/20004
http://dx.doi.org/10.1209/0295-5075/107/20004
http://dx.doi.org/10.1088/1367-2630/10/9/095019
http://dx.doi.org/10.1103/PhysRevB.82.165320
http://dx.doi.org/10.1103/PhysRevLett.104.147203
http://dx.doi.org/10.1126/science.1156032
http://dx.doi.org/10.1103/PhysRevLett.111.093602
http://dx.doi.org/10.1038/35075517
http://dx.doi.org/10.1103/PhysRevLett.82.4737
http://dx.doi.org/10.1103/PhysRevLett.77.4728

	1. Introduction
	2. Adiabatic transformations
	2.1. System and model
	2.2. Average work exchanges
	2.3. Otto cycle

	3. Isothermal transformations
	3.1. Master equations
	3.2. First principle of thermodynamics
	3.3. Landauer erasure, Szilard engine : general principle
	3.4. Monitoring reversible information-to-energy conversions

	4. Conclusion
	Acknowledgments
	References



