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Although entanglement is considered as an essential resource for quantum information processing,
whether entanglement helps for energy conversion or output in the quantum regime is still lack of
experimental witness. Here, we report on an energy-conversion device operating as a quantum engine with
the working medium acted by two entangled ions confined in a harmonic potential. The two ions are
entangled by virtually coupling to one of the vibrational modes shared by the two ions, and the quantum
engine couples to a quantum load, which is another shared vibrational mode. We explore the energy
conversion efficiency of the quantum engine and investigate the useful energy (i.e., the maximum
extractable work) stored in the quantum load by tuning the two ions in different degrees of entanglement as
well as detecting the change of the phonons in the load. Our observation provides, for the first time,
quantitative evidence that entanglement fuels the useful energy produced by the quantum engine, but not
helpful for the energy conversion efficiency. We consider that our results may be useful to the study of
quantum batteries for which one of the most indexes is the maximum extractable energy.
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Quantum engines (QEs) operated with quantum sub-
stances are expected to surpass their classical counterparts
in terms of output power and efficiency by utilizing
quantum features [1–6]. The recently growing interest in
QEs is additionally motivated by the experiments of single-
spin QEs executed from trapped-ion systems to optome-
chanics [7–19].
Entanglement [20] is a unique resource in quantum

information processing, which speeds up computation [21],
ensures the information security in communication [22–24]
and improves the signal-to-noise ratio in precision meas-
urement [25–29]. Recently, various ideas with entangle-
ment involved in QEs have been proposed [30–35],
indicating that entanglement helps improve the efficiency
of the engine over the classical counterparts. Experi-
mentally, enhanced performance of the QE was demon-
strated with linear optics [36] due to entanglement between
different degrees of freedom in single photons as well as
local measurements. However, a deeper understanding of
the QE performance associated with entanglement needs
quantitatively tuning entanglement in the working medium,
which is hard for single-photon experiments.
In the present work, by quantitatively varying the degree

of entanglement, we experimentally investigate, for the first
time, the energy conversion from the QE involving bipartite

entanglement to a quantum load [37], in which the useful
energy extracted (also referred to as the work extraction)
from the quantum load is focused. As clarified later, we
witness that the entangled working medium of QE can fuel
the work extraction from the load, but it is not helpful for
the efficiency of the energy conversion from QE to the load.
The working medium of our QE is composed of two

40Caþ ions confined in a linear Paul trap. We encode the
qubits into the pseudospin states of each of the ions, i.e.,
jSi ¼ j42S1=2; mJ ¼ −1=2i and jDi ¼ j32D5=2; mJ ¼
−3=2i with the magnetic quantum number mJ. The two-
ion system owns two vibrational modes, i.e., the center-of-
mass mode (with frequency of ωc=2π ¼ 0.794 MHz) and
the breath mode (with frequency of ωb=2π ¼ 1.37 MHz)
along the axial direction. To reduce the detrimental effect
from decoherence, we employ the breath mode to help
entangle the two ions by the Mølmer-Sørensen (MS) gate
[38], in which the two qubits are virtually coupled to the
breath mode under global irradiation of 729-nm laser
beams. Besides, we detect the output energy by measuring
the variation of the average phonon number in the load (i.e.,
the axial center-of-mass mode).
The quantization axis is parallel to the axial direction by

a magnetic field applied with approximately 3.45 G at the
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trap center. Prior to the experiment, we have accomplished
both the Doppler and sideband cooling, which reduces the
thermal phonons to the average phonon number nh ≈ 0.03
of the breath mode and nc ≈ 0.13 of the center-of-mass
vibrational mode with the Lamb-Dicke parameter of
ηp ¼ 0.0574. This is sufficient to avoid thermal phonons
yielding offsets of Rabi oscillations, and ensure correct
observation of the output energy from the phonons.
Figure 1(a) sketches the entanglement realization with
the MS gate, where the two ions are driven globally by
red-detuned and blue-detuned 729-nm laser beams with the
symmetric detuning δ from the breathe mode. By exactly
tuning the duration of the 729-nm laser irradiation, we may
achieve, from the initial state jSSi, entanglement between
jSSi, and jDDi.
For our purpose [e.g., the fourth stroke as plotted in

Fig. 1(b)], we must introduce a dissipative channel for the
qubits. To this end, we employ an extra energy level
j42P3=2; mJ ¼ −3=2i (labeled as jPi), which couples to jDi
by a 854-nm laser (with Rabi frequency Ω1 and π
polarization) and dissipates to jSi by spontaneous emission
with the decay rate of Γe=2π ¼ 23.1 MHz [see Fig. 1(a)].
This achieves, under appropriate laser irradiation, an
effective two-level model with the decay γeff ¼ Ω2

1=Γe
[11,39], and described by the Lindblad master equation as
ρ̇m ¼ −i½Hs; ρm� þ

P
2
i¼1ðγeff=2Þð2σi−ρmσiþ − σiþσi−ρm−

ρmσ
iþσi−Þ, where i is the denotation representing the ith ion,

ρm denotes the density operator of the working medium,Hs
is the Hamiltonian of the working medium in the fourth
stroke, and σ− ¼ ðσþÞ† ≡ jgihej is the annihilation oper-
ator of the qubit.
The operations of this QE are depicted in Fig. 1(b),

which consists of four strokes. The first stroke is the heating
stroke for absorbing energy, which is operated by the MS

gate and governed by the Hamiltonian

H1st
s ¼

X2

i¼1

ηpΩr

2
ðσiþeiδr tah þ σi−e−iδr ta

†
hÞ

þ
X2

i¼1

ηpΩb

2
ðσiþeiδbta†h þ σi−e−iδbtahÞ; ð1Þ

whereΩr (Ωb) and δr (δb) represent the Rabi frequency and
detuning of the red (blue) sideband transition of the breath
vibration mode, respectively, ah and a†h are phononic
operators associated with the axial breath vibration mode.
In our experiment, we may simply consider δr ¼

−δb ¼ −δ, Ωr ¼ Ωb ¼ Ω. Throughout this work, we fix
Ω to be Ω=2π ¼ 245.8 kHz. In this first stroke, we produce
different degrees of entanglement of the two ions by exactly
tuning the MS-gating time, which corresponds to the
absorption of different numbers of photons, as clarified
below. Experimentally, the degree of entanglement pro-
duced by the MS gate is quantized by the gating fidelity
[40]. For the working medium initialized from jSSi, the
absorbed optical photon quanta Δnt is defined by 2PDD þ
PSD þ PDS [41], where PDD, PSD, and PDS represent the
populations of jDDi, jSDi, and jDSi, respectively.
Then, we rapidly tune the laser frequency to couple

the center-of-mass vibrational model. In this case, the
two ions interact with the globally irradiated 729-nm
laser, respectively, given by the Hamiltonian H2nd

s ¼
P

2
i¼1ðηpΩ=2Þσiþðe

−i
R

0

ωb−ωcþδ
δðtÞdt

acþe
i
R

0

ωb−ωcþδ
δðtÞdt

a†cÞþH:c:

with ac and a†c representing phononic operators associated
with the axial center-of-mass mode. Because of the rapid
change of laser frequency in a very short duration, the
populations in both the qubit states and the vibrational
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FIG. 1. (a) Level scheme of two 40Caþ ions entangled via the breath mode state jni of the axial vibration. The arrows in red and blue
represent, respectively, the red- and blue-detuning irradiation of the 729-nm laser for achieving the MS gate, where δ is the value of the
symmetric detuning. The π-polarized 854-nm laser beam and the 393-nm spontaneous emission construct the dissipative channel. (b) A
quantum thermodynamic cycle, where the first stroke absorbs photons by implementing the MS gate; the second stroke operates with
declining detuning; the third stroke is carried out by red-sideband transition to couple to the load (i.e., the center-of-mass mode); and the
fourth stroke encloses the cycle by enlarging the detuning under dissipation.
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mode remain unchanged during this stroke. The third stroke
aims to transform the internal energy (represented by the
number of the absorbed optical photons) to the external
energy (represented by the number of the produced
phonons in the load), which is accomplished by a
Jaynes-Cummings interaction under the government of
the HamiltonianH3rd

s ¼ P
2
i¼1ðηpΩ=2Þðσiþac þ σi−a

†
cÞ. The

fourth stroke is the time-reversed process of the second
stroke. However, in this stroke, for enclosing the cycle, we
switch on the dissipative channels in the two ions,
i.e., γeff ≠ 0.
Before specifying the experimental details, we elucidate

some key points relevant to the energies and efficiencies of
the QE under our consideration. We evaluate the number of
the absorbed optical photons by the net increase of
populations in the qubit levels [41], and the converted
energy to the load by the number of the produced phonons
in the center-of-mass mode. Moreover, since the energy of
the phonons is tiny compared with that of the photons, it is
not helpful to define the QE efficiency in terms of energies.
To evaluate the effect of the energy conversion from optical
photons to vibrational phonons, we follow the idea in [41]
by considering the efficiency of conversion of quanta,
i.e., by defining the conversion efficiency of our QE as
ηc ¼ Δnt=Δno, where Δnt and Δno represent the net
increase of the mean phonon number in the load and the
absorbed photon quanta in the working medium, respec-
tively. Furthermore, for quantitatively figuring out the
useful energy extracted from output phonons as well as

the associated efficiency, we employ the concepts of
ergotropyW [42] and quantummechanical efficiency ηm ¼
W=ðΔnoℏωcÞ where Δnoℏωc represents the obtained
energy of the output phonons. Ergotropy is defined by
the maximum energy extracted using unitary operations,
quantified by the difference in energy between the original
state ρp and the passified state ρ̃p, i.e., W ¼ tr½Hpρp�−
tr½Hpρ̃p�, where Hp is the Hamiltonian of the phonons, the
passified state corresponds to the considered density matrix
being diagonal in the representation of energy eigenstates
with the diagonal terms (i.e., the occupation probabilities)
decreasing for the enlarging energy eigenvalues [43–45].
Experimentally, we first execute the QE with the

maximum entanglement produced in the first stroke, i.e.,
with the fidelity F ¼ 0.9625with respect to the perfect case
[40]. This is accomplished by the MS gate for a time
duration Tgate ¼ 2π=δ ≈ 36 μs with δ ¼ 2ηpΩ. From
Figs. 2(a) and 2(b), we observe the time evolution of both
the populations in qubit states and the mean number of
phonons, respectively. At the end of this stroke, we
have PDD ≈ 0.4851 and PSD þ PDS ≈ 0.025 41, indicating
the absorbed optical photons Δno ¼ 0.995 61 [40]. In the
second stroke, rapidly reducing the detuning of the center-
of-mass mode from 859 kHz to 0 is accomplished by four
successive steps with each of 0.1 μs. As monitored in
Figs. 2(a) and 2(b), the populations in qubit states and the
mean number of phonons are almost unchanged during this
process which is of very short time duration. The third
stroke is very crucial in our QE cycle, which outputs the

40 45 50 55 60 66.1679 67.1679 68.1679 69.167965.16790 5 10 15 20 25 30 35

0

0.2

0.4

0.6

0.8

1

35.54 35.64 35.74 35.84 35.94

(a)
Po

pu
la

tio
ns

First stroke Second stroke Third stroke

Fourth stroke

First stroke

2

Second stroke Third stroke

Time )( sμ

Ph
on

on
s

(b)
Time )( sμ

40 45 50 55 600 5 10 15 20 25 30 35

0

0.2

0.4

0.6

0.8

1

1.2

35.54 35.64 35.74 35.84 35.94 65.1679 66.1679 67.1679 68.1679 69.1679

FIG. 2. Experimental measurement of energy conversion. (a) Time evolution of the populations, where jSSi, jSDi þ jDSi, and jDDi,
are colored, respectively, in blue, black, and red. (b) Time evolution of the mean number of the phonons. The lines are obtained by
theoretical simulation and dots are experimental results. The error bars indicating the statistical standard deviation of the experimental
data are obtained by 10 000 measurements for each data point.
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energy of the QE to the load. This is achieved by a red-
sideband transition of the 729-nm laser irradiating globally
the two ions. After well compensating the Stark effect, we
have found the optimal duration of the laser irradiation for
the energy conversion, which is 26.5 μs, leading to Δnt ≈
0.91 − 0.13 ¼ 0.78 (for excluding the initial value 0.13). In
this stroke, to experimentally evaluate the ergotropy of the
output phonons, we measure the populations Pn, which are
the diagonal elements of the phononic density matrix ρp, by
fitting the experimental data of the blue-sideband transition
of the two ions [40]. This is an approximate treatment based
on the assumption that the off-diagonal elements in ρp are
negligible [41]. Although it is not as good as in the single-
qubit case [41], this approximate treatment has the nearly
identical variation to the exact result [40]. Therefore, due to
the initial thermal state (passified state) of the load, we
estimate approximately the useful energy of the load to be
W=ℏωc ≈ 0.373. The fourth stroke enlarges the detuning to
the center-of-mass mode from 0 to 859 kHz using five
successive steps with each of 1 μs. Since this is the last
stroke, we have to enclose the QE cycle by switching on the
dissipative channel. We turn on the 854-nm laser, intro-
ducing an effective decay with γeff ¼ 5Ω. Therefore, the
efficiencies of this QE are ηc ¼ 0.7834 and ηm ¼ 0.49,
respectively.

To have deeper insight into the role of entanglement in
the QE, we need to quantitatively evaluate the performance
of the QEs by tuning the degree of entanglement of the
working medium in the first stroke. This is accomplished
by exactly tuning the gating time t due to the fixed value of
Ω. Experimentally, we choose multiple time intervals
around the Tgate [40] and monitor variation of the absorbed
optical quanta as well as the mean numbers of the net
increased phonons, as illustrated in Figs. 3(a) and 3(b).
From these values, we acquire the efficiency ηc at different
degrees of entanglement, see Fig. 3(c). We also investigate
the useful energy stored in the load by fitting the exper-
imental data of the blue-sideband transition at the end of
third stroke [40], see Fig. 3(d). It is evident that the
maximum value of ηm appears at the maximum entangle-
ment of the working medium with values of W=ℏωc≈
0.4242, Δnt ¼ 0.8108, and ηm ¼ 0.523 [40], while ηc
remains nearly constant with respect to the change of
entanglement. This indicates that the working medium in
entanglement is not helpful for energy conversion, but
strongly supports the mechanical efficiency. Considering
the exact solution of ergotropy that varies from zero to the
maximum with the variation of entanglement, we conjec-
ture that it is the entanglement in our case that fuels the
useful energy in the load [40].
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FIG. 3. Time evolution of the characteristic parameters of the system. (a) Time evolution of populations and entanglement of the
qubits. (b) Time evolution of the phonons as well as entanglement of the qubits, where the dashed line n̄1 and the solid line n̄3 represent,
respectively, the mean phonon numbers in the final states of the first and third strokes. (c),(d) Time evolution of the conversion efficiency
ηc and mechanical efficiency ηm in comparison with entanglement variation of the qubits. The vertical gray line represents the time point
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The relatively large error bars presented in (c),(d) are due to the fact that detecting phonon numbers with ultimate precision is intricate
using current techniques.
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In summary, we have experimentally executed a QE with
the working medium of tunable bipartite entanglement,
working as an energy-conversion device to output energy to
a quantum load. The impact of entanglement of the
working medium on the quantum load has been witnessed
quantitatively by measuring the efficiencies of ηc and ηm. In
particular, the study of the ergotropy and ηm associated with
the maximum extractable energy of the load would be
helpful for understanding the process of charging the load,
if the vibrational mode of the ions is acted as a quantum
battery [46]. Therefore, our findings would inspire further
investigation of microscopic energy devices, e.g., QEs and
quantum batteries, with entanglement involved.
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