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A scheme for implementing quantum batteries in a realizable and controllable platform based on a trapped ion chain
driven by a mechanical oscillator is proposed. The effects of the hopping interaction between the two-level ions and the
coupling interaction between the ions and the external mechanical oscillator on the charging process of the battery are
investigated. The importance of the counter-rotating wave terms in the system’s Hamiltonian, which are often ignored, is
analyzed, and it is found that the charging energy and the ergotropy of the battery are dramatically affected by the counter-
rotating wave terms. The quantum phase transition of the two-level system is restrained by the counter-rotating wave terms
due to the destruction of the quantum coherence. Lastly, the power-law dependence of the charging process on the distance
between the ions is discussed. Our theoretical analysis provides a solid foundation for the development of a practical

quantum battery.
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1. Introduction

The battery is an important device that can store, deliver,
and convert energy. Such a device has produced a huge im-
pact on modern civilization and attracted great enthusiasm
for researches since its invention. With the development of
the science and technology, more and more researchers have
been trying to apply the quantum theories and techniques to
the battery for improving its performance. In the process of
the development, the concept of the quantum battery was put
forward.[!! In 2013, the fundamental theory of the quantum
battery’s charging was first established and the relationship be-
tween the passive states, the ergotropy and the Gibbs canonical
density matrix is investigated by Alicki and Fannes!?! based
on the work given in Ref. [3]. In the same year, a method at
the price of time to extract all possible work without creat-
ing any entanglement was provided, and the relation between
the entanglement and the ergotropy was discussed.* In 2015,
the protocol for charging the single qubit was demonstrated
and then extended to the system containing N qubits.>) Cam-
paioli et al. pointed out that the charging power would be en-
hanced if N batteries are charged collectively.[®! In 2018, it
has been found that the anisotropic interactions for the spin
chain can provide a boost to the charging power, but the anal-
ysis was done under the condition of the weak interaction.”]
Andolina et al. studied the reason of the fast charging of
quantum batteries, including the effects of many-body inter-
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action and quantum-mechanical nature of the model itself, the
result indicated that it depends on the specific models and
parameters.[8! In 2020, it is pointed out that the quantum co-
herence in the battery or the battery-charger entanglement is
a necessary resource for generating nonzero extractable work
during the charging process.!”) Optimal control methods are
used for preparing quantum states and recently they are ex-
ploited for fast charging quantum batteries.['%-11]

In addition, the realistic quantum system is affected by
environment inevitably, and an increasing number of research
works are devoting to the study of quantum batteries under

5.[12-14] The charging problem

the framework of open system
of quantum batteries in non-Markovian environments shows
that the memory effect of the environments can allow the
energy in the battery to be present for a longer period of
time.!!3] The effect of environmental decoherence can be ef-
fectively suppressed in the presence of two Floquet states in
the quasienergy spectrum and the aging of the battery can be
extended.!'®! Using the thermal reservoir as an energy source,
it is found that the multiple coupled spin bits can convert
thermal energy into useful work for charging of the quantum
battery, which is the opposite of what happens with a single
bit.!'”) Furthermore, the significance of the presence of a cat-
alyst system between the battery and the charger for charg-
ing has also been investigated.!'®! The explorations above and
other related works (such as Refs. [19-22]) have laid foun-
dation for the further investigation of the practical quantum

© 2025 Chinese Physical Society and IOP Publishing Ltd. All rights, including for text and data mining, Al training, and similar technologies, are reserved.

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

100302-1


https://doi.org/10.1088/1674-1056/add50d
https://cstr.cn/32038.14.CPB.add50d
mailto:liguanqiang@sust.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B 34, 100302 (2025)

batteries.

Inspired by the recent progress, a question arises: is there
a realistic platform, which is easy to be prepared and manip-
ulated, to develop the quantum batteries? At present, several

schemes of quantum batteries based on superconductors, >3]

[24] (5] and nuclear

quantum dots, organic microcavities,
spin[?l have been proposed, but they are still far from prac-
tical applications. The ion trap, which has been thought
as an excellent platform, has demonstrated many impor-
tant applications in the quantum fields, including quantum

phase transition,?7-28] [29,30]

quantum simulation, and quan-
tum computation.3'-32! In particular, the study done by Duan
and coworkers has realized a quartic trapping potential and
allowed one to trap and control 512 ions experimentally. 3!
How to realize the quantum batteries in the platform of ion
trap? The technique of the quantum optics allows us to reg-
ulate and control the trapped ions accurately,[*’] which is the
basis of realizing the quantum batteries of trapped ion chains.

In the present paper, a practical proposal to implement the
quantum battery based on a trapped ion chain is shown. The
ions trapped in a Paul trap are coupled with a mechanical har-
monic oscillator, as shown in Fig. 1. The pump field is used
to drive the oscillator. The coupling between the mechanical
mode and the spin due to the gradient magnetic field is tun-
able precisely.?! The magnetic field is produced by a mag-
netic film deposited on a cantilever with nanoscale thickness.
The system can transfer the energy of phonons to the quan-
tum battery by the interactions of the spin and mechanical de-
gree of freedom. The N two-level ions are assumed to couple
the external mechanical oscillator with the same strength. We
investigate the charging process of the trapped ion quantum
battery affected by the hopping interaction between the ions
and the coupling interaction between the ions and the mechan-
ical oscillator, discuss the effect of the counter-rotating wave
terms of the system’s Hamiltonian on the process, and obtain
the maxima of the charging energy and ergotropy under certain
situations. It is hoped that our research can provide a reference
for the development of the realistic quantum batteries.

The rest parts of the paper are structured as follows. In
Section 2, we introduce the Hamiltonian of our charging sys-
tem, define some important physical quantities to characterize
the charging process of the system. Section 3 gives the numer-
ical results and explains the physics behind the phenomena. A
brief conclusion is given in the last section.

2. Model and characterizing method

Figure 1 is the sketch of our charging system. An ion
chain with N two-level ions, in which the level splitting of each
ion is @,, is coupled by a mechanical harmonic oscillator with
the angular frequency w.. The coupling strength between the

chain and the oscillator is presented by a controllable param-
eter A. The hopping interaction between the different ions is

proportional to J/ |z, — z,|”, in which z,, and z,, are the scaled
equilibrium positions for the m-th and n-th ions, respectively.
The value of the tunable exponent p is chosen at the range

[0,3].12734] The Hamiltonian of the system is

H = H.+H, + Hy,

+

N 6x6x
o o0 Y 3
n=1 n=1m>n 1*Mm

N
Ae=1Y (¢+2")6). (1)

n=1

A, = w.l'e,

Here, 6,76, = (I, + 6%)/2 with 6;- = (67 +167)/2. 6% and
I, are the Pauli and identity matrices for the n-th ion, Where
n=1,2,.
mechanical harmonic oscillator, ¢ (¢7) is the corresponding an-

.,N and o = x,y,z. H. is the Hamiltonian of the

nihilation (creation) operator of phonon. H, includes their own
energy of the two-level ions and the hopping energy between
the different ions. H,. represents the coupling interaction be-
tween the trapped ion chain and the oscillator. The Hamilto-
nian A in Eq. (1) can be regarded as the Dicke-Ising model.
We have set 71 = 1 in the above Hamiltonian. For convenience
but without losing the physics, the parameter @, = @, = 1.0 is
chosen.

75 Trapping field
= Two-level ions
Cantilever @‘D]”
(D) =

Pump field

Fig. 1. Schematic diagram of a quantum battery based on a trapped ion
chain coupled with a mechanical harmonic oscillator (the cantilever that
is fixed at one end and suspended at the other). The pump field is used to
drive the oscillator and the coupling parameter A between the ion chain
and the oscillator is tunable precisely. The green region represents the
trapping field for the ion train.

We consider the charging process of the system which
consists of the mechanical harmonic oscillator and five (N =
5) two-level ions under the view of the closed system. Our aim
is to construct a charging scheme of the quantum battery which
can collect low-frequency vibration energy. The influence of
the hopping interaction between the ions and the coupling in-
teraction between the ions and the oscillator on the charging
process is investigated, with a particular focus on the signifi-
cance of the counter-rotating wave terms associated with these
two interactions.!33! The initial state of the two-level ions is
the ground state |g), obtained by numerically diagonalizing
H,. The mechanical oscillator is assumed to be prepared in
. =V0.6/10) +/0.4]15).

There have been a lot of theoretical studies that have sug-

the superposition of Fock states |®)

gested synthesizing superpositions of Fock states in different
systems. 32 Experimentally, the multi-phonon Fock states

100302-2



Chin. Phys. B 34, 100302 (2025)

and their superposition states have only been obtained in-
side a high-overtone bulk acoustic wave resonator as far as
we know.!*3! In the following context, we assume that the
initial wavefunction of such a coupling system is [¥(0)) =
|®),. ® |g),. and the scaled equilibrium positions z, of the five
trapped ions are [—1.7429,—0.8221,0,0.8221,1.7429] in the
Paul trap.[**! The dynamical evolution for the system is based
on

P(1) = e ¥(0)), )

and p(r) = [¥(2)) (¥ (1)
Pa(t) = Trc[p(¢)] and the subscript ¢ indicates a partial trace.

The reduced density operator is

The total energy of the ion chain can be calculated by E(t) =
Tt[H,Pa(t)]. The energy obtained from the mechanical oscilla-
tor is E¢(t) = E(¢t) — E(0), which represents the actual charg-
ing energy of the battery. Another key quantity is ergotropy
defined as E(t) = E(t) — Yxrx(t)er,P’) and the eigenvalues
ri(¢) and ey are determined by

pa(t) = Yore() ) (], Ha=Yexlex) el 3)
k k

Here, r;(t) are arranged in descending order but e in ascend-
ing order. The ergotropy is used to describe the maximal
extractable work from the ion chain. The dynamics of the
model (1) cannot be obtained analytically. The Hilbert space
of the quantum harmonic oscillator must be cut off for numer-
ical calculations. The dimension of the space is set to 101
after the space has been truncated, and the eigenstate for the
highest energy level is |100). The dimension number of the
Hilbert space exceeds four times of the phonon’s number for
the harmonic oscillator. (43

Several other quantities are introduced to characterize the
charging process of the system. o, represents the expecta-
tion value of 6, 8, , which is defined as (6,6, ), and G, =
Om — Oy. In order to show the quantum phase transition, we
need to introduce M = (g|S;|g), /N and O, = (g $?|g), /N?,
where S; = ﬁ,V: 1 0%. The entropy is significant in both clas-
sical and quantum physics, and the von Neumann entropy is
used to quantify entanglement of the pure states.*®! Accord-
ing to the definition, the von Neumann entropy is expressed
as S(t) = — Yy re(t) log, ri(2). Tt generally requires the dimen-
sions of the two subsystems to be the same, but our model
does not meet this condition. The calculated values of the von
Neumann entropy for the two subsystems are equal. So we
can use the von Neumann entropy to describe the disorder of
the subsystem and the degree of entanglement for the whole
system.

3. Results and their physical interpretations

To guarantee that the quantum battery on our platform

receives sufficient energy, we have assumed that the number

of the phonons is 12, which is greater than two times of the
number of the ions. Actually, the charging process of the
quantum batteries is dynamical one, which can be investigated
based on Egs. (1) and (2). The quantities for characterizing
the process are determined by numerically solving the above
equations. Figure 2 displays the dynamical evolution of the
charging energy E.(t), the ergotropy E.(), and the entropy
S(t). In Fig. 2(a), the evolution of E.(¢) and E.(¢) gives an
irregular oscillation with a small amplitude around an average
value after experiencing a relaxation process. The difference
between the local maxima and minima (except for # = 0) for
E (1) is relatively small. Such results also hold for the time
range @t € [0,100]. They are very different from the results
in Ref. [47] since there exists beating structure in the evolution
of E.(t) therein. In addition, the difference between the lo-
cal maxima and minima (except for t = 0) of E¢ ¢ (¢) are larger
than ours. Both of the counter-rotating wave terms and the
non-nearest-neighbour hopping have been considered in our
model. For J = 0.2, the effect of the nearest-neighbor hopping
is relatively small, and the effect of the non-nearest-neighbour
hopping can be ignored. Therefore, the main reason for the
above results is due to the role played by the counter-rotating
wave term I-Alamw =1 Zﬁlvzl (676, +¢6;) in the Hamiltonian
H, for the coupling interaction between the ion chain and the

oscillator.
4
4l (a) —— Eo(t) (b)
33 W ’
\
N ) S
= N =
:% 2 ‘l'll\\ y I"‘\'/\ lf W ‘\_ ,".‘_'I‘\. I"‘-—» Ay ‘n‘l/\ n 2
R 1
%10 =20 30
wet
. A(A)/\/W\/WA
0.4
&
0.2
0 .
0 10 20 30 40 0 10 20 30 40
wet wct

Fig. 2. The charging process of the quantum battery in our model. (a) The
evolution of the charging energy E.(z) and the ergotropy E.(t). (b) The
evolution of the entropy S(z). (c) The dynamics of the expectation value
(6565 ) of the third ion. (d) The difference of the expectation value be-
tween the different ions. The parameters have been set as A = 0.25,J = 0.2,
and p = 3.

Maybe, some people have a doubt that whether the
counter-rotating wave term can play an important role in our
system because of A /@, = 0.25 in Fig. 2? In fact, the counter-
rotating wave term must be taken into account for A /@, > 0.1
since the system has entered the so-called ultrastrong cou-

pling regime.[*8) Previous studies have demonstrated that the
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counter-rotating wave term can induce the collapse and re-
vival of the quantum dynamics.!*>>°! In 2008, Zheng et al.
highlighted that the Zeno time is longer by 2 orders of mag-
nitude than that calculated without considering the counter-
rotating wave term.!! Here, the counter-rotating wave term
destroys the quantum coherence and leads to the disappear of
the beating structure, and finally restrains the energy exchange
between the two-level ions and the mechanical oscillator. In
Fig. 2(b), the entropy S(¢) rapidly increases from the initial
time and then approximately approaches to a stable value. This
means the entanglement between the ion chain and the external
driving mechanical oscillator is stabilized with the increase of
charging time. As an important quantum resource, the change
of the entanglement does not show a positive correlation with
E.(t) and E. () during the charging process. Similar result was
also revealed by investigating the (dis-)entanglement via open
quantum systems and the Sachdev—Ye—Kitaev battery charg-
ers in Ref. [52], showing that the charging power is not an
entanglement monotone by computing the negativity measure
of entanglement. The dynamics of o3, which corresponds to
the average energy of the most intermediate ion in the chain,
is demonstrated in Fig. 2(c). o,, , indicates that there is the en-
ergy difference of the m-th and n-th ions although they couple
the mechanical oscillator with the same strength, as shown in
Fig. 2(d). It indicates that the contribution to the charging pro-
cess of every ion is different, and the third ion is not superior
or inferior although it has a special position in the ion chain.
Figures 3(a) and 3(b) show the evolution of E.(¢) and
E.(t) under different coupling strength A, respectively. Sim-
ilar to the result for A = 0.25 and J = 0.2 given in Fig. 2(a),
there exist some irregular oscillations after relaxation at the
initial stage. The oscillation amplitude of E ¢ (¢) is larger than
the other two cases corresponding to A = 0.5 and A = 1.0 in
Fig. 3(a) since the role played by the counter-rotating wave
term I-AIHC’cw is relatively small for A = 0.1. The counter-
rotating wave term I-AIaC,CW becomes more and more impor-
tant with increasing A. The local maxima of E.(¢) and E,(t)
have been suppressed heavily for larger A. The speed of en-
ergy exchange in the process is increased by increasing the
coupling strength A and then reducing the oscillation period,
which leads to the shorter time to reach the first local maxi-
mum. The general tendency for the stable value of S(r) after
a long period of time is improved by increasing A, as shown
in Fig. 3(c) except the value for small A. The quantum entan-
glement between the ion chain and the mechanical oscillator
is enhanced correspondingly. But it has no promoting effects
for the maximization of E.(¢) and E.(¢).!>3! From the view
of the subsystem, the disorder of the two-level system can be
described by the entropy S(z). According to the classical ther-

modynamics, the disorder energy is more difficult to convert
into the useful work, so that the ergotropy E,(¢) decreases with
increasing A shown in Fig. 3(b) can be explained. If the charg-
ing time is defined by the time at which E(¢) firstly reaches
its local maximum, the charging becomes quicker for larger A.
So increasing A can improve the charging speed but suppress
the ergotropy. A reasonable strength of the coupling interac-
tion between the ions and the oscillator should be taken for the
actual battery platforms.

alha | .\JA-MB Fl
u‘,gifv.-ﬁ’c‘i_".-.\!.,‘.ﬁ:}ﬁt{;,\
1 —A=0.1
—-=A=0.5
-=-A=1
0
0 10 20 30 40
wct
4.0 . . r : r : : .
(c) P Io‘f Y
a8 : °0‘wp o, ¥
T 4 o]
R o l\é[ M
o) P Ay
S 3.6 4 ¥
H ‘I\
=, ® ® ¥
334F et
0 /
\EY
3.2 F b ¥
30 1 " 1 1 1 i I I
0.1 0.2 03 04 05 06 07 08 09 1.0

AJwe

Fig. 3. The comparisons of the charging process for the charging energy
E(t) in panel (a) and the ergotropy E.(¢) in panel (b) under different coupling
strength A. The change of the final entropy S(o.r = 40) with 1 /@, € [0,1] is
given in panel (c). The other parameters are set as J = 0.4 and p = 3.

Figures 4(a) and 4(b) show the time evolution of E.(¢)
and E.(¢) under different J, respectively. According to the re-
sult in Fig. 4(a), the final value of E.(¢) exceeds about 5@,
(the highest energy of five two-level ions without consider-
ing the hopping energy) for larger J after the initial relax-
ation. As increasing the hopping interaction, the ground en-
ergy becomes more lower and the energy spectrum is ex-
panded dramatically [as shown in Fig. 6(a)], which is bene-
ficial for charging and storing more energy in the quantum
battery. But for small value of J = 0.1, the final value of
E.(t) is smaller that 3@,. The reason is that only a subset
of the ions are excited in this situation, and the contribution
from the hopping interaction is insufficient for small J. In
Fig. 4(b), the final value of E.() for J = 2.0 is smaller than
that for J = 1.0. That is to say, the final value is not mono-
tonic with increasing J. The similar result can also be ob-
tained for E.(¢) when J = 1.0 and J = 2.0 from Fig. 4(a). This
can be interpreted by the enhancement of the counter-rotating

wave term I:ILCW = Jzizv:l Z%>n(6j6nf + 6, 6,)/ lzm— ZnP
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between the ions. Figures 4(c) and 4(d) show the results un-
der the same conditions as in Figs. 4(a) and 4(b), but without
considering the role of the counter-rotating wave term A 7 cw-
The final values of E.(t) and E.(¢) increase with increasing J
in Figs. 4(c) and 4(d). As a higher-order nonlinear effect, the
counter-rotating wave term H 7cw between the ions plays an

important role in the charging process of the quantum battery.

() °[®)
a) "M oo
6 I\J/\\(‘\\_‘\/’,“f "“‘)'\;\.74\\'\._: 4 fhbaY \n AL
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—~ I = Iy \
- ! ~ \
\f s 2 4~
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OO 10 20 30 40 OO 10 20 30 40
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i qt! . i 3f Yy b !
= ! /"\""""“\—,‘»x‘,\:u JENREY =
< 1 W <92 K
= 2/ & J
[ —J=0.1 --J=2 1 —J=0.1--J=2
0 —-——J=1 0 —-—J=1
0 10 20 30 40 0 10 20 30 40
wet wet

Fig. 4. The comparisons of the charging process for the charging energy E. (1)
in panel (a) and the ergotropy Ee () in panel (b) under different strengths of
the hopping interaction J. Panels (c) and (d) present the corresponding results
without considering the counter-rotating wave term between the two-level
ions. The other parameters are set as A = 0.5 and p = 3.

The maxima of E.(r) and E.(¢) at the time range @, €
[0,30] are not monotonic functions of J and A, as shown in
Fig. 5. The charging energy is always larger than the ergotropy
of the battery. The dependence of the maxima of E.(¢) and
E.(t) on A is given in Fig. 5(a). The peak is at A ~ 0.2, which
is the balance point of the competition between the rotating
wave term and the counter-rotating wave one in the Hamil-
tonian H,.. The counter-rotating wave term ﬁac’cw plays less
important role in the charging process for A < 0.2. That is why
in most of the references the rotating wave approximation has
been used for studying the quantum dynamics when the value
of A is small. Generally, the maxima of E.(z) and E.(¢) de-
crease with increasing A for A > 0.2. The counter-rotating
wave term FIaC’CW between the ion chain and the mechanical os-
cillator becomes dominant for larger A, which is not conducive
for the battery’s charging. The dependence of the maxima of
E.(r) and E.(¢) on J is given in Fig. 5(b). The changes of max-
ima of E.(¢) and E.(¢) with J have several extremum points in
Fig. 5(b). Increasing the hopping strength J reduces the low
energy levels and expands the whole energy spectrum, but im-
proves the role of the counter-rotating wave term A 7 cw Of the
hopping interaction. The former is helpful for the storage of

the energy in the ion chain, but the latter breaks the quantum

coherence and suppresses the charging. The extremum points
come from the competition between both of them in the charg-

ing process.

4.5 8
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Fig. 5. The change of the maximum of the charging energy E.(¢) and the
ergotropy E.(t) with the coupling strength A in panel (a) for J = 0.3 and
the strength of the hopping interaction J in panel (b) for A = 0.4. The time
range of the calculation is .7 € [0,30] and the exponent p = 3 is used.
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Fig. 6. The change of the eigenvalues ¢; for A, with J in panels (a) and (c)
and M; and O; in panels (b) and (d). The counter-rotating wave term H ¢y is
considered in panels (a) and (b), but not in panels (c) and (d). The exponent
p = 3 is used for both of the cases.

A quantum phase transition is supposed to occur in the
thermodynamic limit of an infinite number of spins. In
Ref. [54], the authors have pointed out that there is no quantum
phase transition for the system with finite two-level ions by
only considering the nearest-neighbor hopping interaction be-
tween the ions. Figures 6(a) and 6(b) show the changes of en-
ergy spectrum of the ion chain, O, and M, with J for consider-
ing the counter-rotating wave term A 7.cw. Itis shown that there
is no quantum phase transition although the nearest- and non-
nearest-neighbor hopping interactions between the five ions
are all considered in our model. Figures 6(c) and 6(d) show
the change of the energy spectrum, O, and M, with J with-
out considering the counter-rotating wave term A 7 cw- The re-
sult about the quantum phase transition is consistent with that
given in Ref. [47], which ignores the counter-rotating wave
term in the Su—Schrieffer—-Heeger quantum battery. That is to
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say, the counter-rotating wave term between the two-level ions
suppresses the quantum coherence and leads to the disappear-
ance of the quantum phase transition.

Furthermore, the influence of the non-nearest-neighbor
hopping interaction for E.(¢) and E.(¢) is considered. When
J is relatively small (J < @), the effect of the non-nearest-
neighbor hopping interaction can be ignored. However, if J
has a relatively large value, the non-nearest-neighbor interac-
tion exerts a discernible influence on the charging process. In
particular, the influence also works through the power-law de-
pendence of the distance |z,, — z,| for the exponent p. The hop-
ping interaction has infinite range for p =0 and is short-ranged
for p = 3. The power-law dependence in the hopping interac-
tion between the ions is demonstrated in Fig. 7. By choosing
different values of the exponent p, the evolutions of the charg-
ing energy E. (1), the ergotropy E.(t), the entropy S(¢), and the
difference of the expectation value between the first and third
ions 03,1 are given. When p = 0, the system has the high-
est symmetry since the hopping interaction does not depend
on the distance and the time mean of E.(¢) and E.(¢) is larger
than others with p # 0, as shown in Figs. 7(a) and 7(b). The
evolution of E.(7) and E.(z) does not change very much with
the exponent p when p > 2, showing that the change of p has
a little effect on the charging ability of the battery. The de-
gree of the entanglement characterized by the final entropy is
increased with increasing p until p > 2 from Fig. 7(c). The
dynamics of 031 in Fig. 7(d) has similar changing trends for
different p except p = 0. That is to say, the hopping interac-
tion between the ions exhibits the short-ranged behavior for
p > 2 and the result presented in Fig. 2 for p = 3 serves as a

representative example.

Fig. 7. The charging process of the quantum battery for p =0, 1, 2, and 2.5
in the hopping interaction. The evolutions of the charging energy E.(7) in
panel (a), the ergotropy E.(¢) in panel (b), the entropy S(7) in panel (c), and
the difference of the expectation value between the first and third ions o3 ; in
panel (d) are given. The values of the other parameters are same with those
in Fig. 2.

Practical quantum batteries must consider the impact of
the environment. In the introduction, we present some recent
progress on charging of quantum batteries from the view of
open systems. For our Dicke—Ising quantum battery of an ion
chain, some qualitative arguments about the effects of the en-
vironment can be made. As we all know, the environment is
either Markovian or non-Markovian. If the resonator is cou-
pled to the Markovian environment and the battery has no in-
teraction with the environment, the final quantum state of the
battery is determined by the environment. If the environment
is a thermal bath, the harmonic oscillator ends up in the ther-
mal state. It is found that if the number of photons in the ther-
mal reservoirs exists, the extractable work of the multiple-spin
quantum battery during thermal charging will not be zero and
eventually converge to a stable nonzero value.!!”! Our model
also takes into account the coupling between the trapped ions.
The nonzero non-diagonal elements in the Hamiltonian sug-
gests the existence of the quantum coherence of the system.
The present of thermal phonons in the Markovian environment
will make the extractable work of our battery nonzero. Com-
pared to the Markovian environment, some of the information
lost to the environment is returned to the system for the non-
Markovian environment. The quantum resources (i.e., coher-
ence) in the system are better preserved than in a Markovian
environment. In the non-Markovian environment, it is noted
that the coefficients of dissipation and fluctuation are positive
at some times and negative at others, but their final behavior
tends to zero, the system is similar to one without dissipation
and decoherence.!>! If our model takes into account the role
of the non-Markovian environment, after a sufficiently long
time, the charging dynamics of the system behaves similarly
to that of a unitary closed system.

Existing experimental techniques pave the way for the ex-
perimental realisation of our charging scheme in two ways.
On the one hand, the confinement of the two-level ions can be
realised in an ion trap. The method of using a laser to con-
trol the strength of the interaction between the ions (includ-
ing the adjustment of the pairwise power exponent) has been
demonstrated in Ref. [34]. On the other hand, the method to
couple the two-level spin system with a mechanical oscillator
is presented for example in Ref. [33]. The coupling strength
between the spin and the mechanical mode can be varied by
the strength and gradient of the magnetic field. The mechani-
cal oscillator can transfer the vibration energy to the two-level
system to realise the charging of the quantum battery. With
the effective combination of these two technologies, it is not
difficult to implement our proposed quantum battery charging

scheme.
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4. Conclusion

In the present work, we have offered a proposal to real-
ize the quantum batteries in the system of trapped ions, and
pointed out that the energy of low-frequency vibration can be
converted, stored and utilized. The effects of the hopping in-
teraction between the two-level ions and the coupling inter-
action between the ions and the external mechanical oscilla-
tor on the charging process of the battery are mainly inves-
tigated. The complicated roles played by the counter-rotating
wave terms in the ultrastrong coupling regime are revealed and
discussed by the analytical and numerical calculations. The ef-
fect of the environment on the charing dynamics and the avail-
able experimental techniques for implementing the charging
scheme are discussed in the final remarks. Our work provides
a solid foundation for the implementation of quantum batteries

and will promote the experimental research in this direction.
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