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The quantum battery (QB) makes use of quantum effects to store and supply energy, which may
outperform its classical counterpart. However, there are two challenges in this field. One is that the
environment-induced decoherence causes the energy loss and aging of the QB, the other is that
the decreasing of the charger-QB coupling strength with increasing their distance makes the charging
of the QB become inefficient. Here, we propose a QB scheme to realize a remote charging via coupling the
QB and the charger to a rectangular hollow metal waveguide. It is found that an ideal charging is realized as
long as two bound states are formed in the energy spectrum of the total system consisting of the QB, the
charger, and the electromagnetic environment in the waveguide. Using the constructive role of the
decoherence, our QB is immune to the aging. Additionally, without resorting to the direct charger-QB
interaction, our scheme works in a way of long-range and wireless-like charging. Effectively overcoming
the two challenges, our result supplies an insightful guideline to the practical realization of the QB by
reservoir engineering.
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Introduction.—The miniaturization of electronic devices
has inspired a rapid development of quantum technologies,
which are expected to bring a lot of technological innova-
tions [1–3]. Among them, quantum thermodynamics [4–6]
has emerged as a field aiming to reconstruct thermodynam-
ics via basic laws of quantum mechanics and to break
through the constraint of classical physics to device perfor-
mance by quantum effects [7–12]. As an energy-storing and
-converting device in atomic size, the quantum battery (QB)
promotes the application of quantum effects in thermody-
namics [13,14]. With the aid of quantum resources, such as
quantum coherence and entanglement, the QB possesses a
potential of stronger charging power, higher charging
capacity, and larger work extraction than its classical
counterpart [15–21].
An efficient QB scheme is a prerequisite for its reali-

zation and further applications. The widely studied QB
model is based on two-level systems (TLSs), which are
charged by the coherent coupling to other TLSs [22–26] or
external fields [27–33]. Experiments on the single-body
QB were carried out in nuclear magnetic resonance [34],
superconducting circuit [35,36], semiconducting quantum
dot [37,38], and photonic [39] systems. It was also found
that the collection of more TLSs exhibits more energy
storage capacity and the collective charging benefiting from
quantum correlation induces stronger charging power of the
QB [40–61]. However, the practical performance of the QB

is challenged by two facts. One is that its energy during
the long-time storage process is depleted by the environ-
ment-induced decoherence, which is called the aging of the
QB [62]. The other is that its charging becomes inefficient
when the charger-QB coupling is weakened due to certain
reasons. Several schemes using feedback control [63],
dark states [64], Floquet engineering [65], and environment
engineering [66–77], have been proposed to beat the deco-
herence effects. However, how to suppress the decoherence
effects on the QB and improve the charging efficiency
simultaneously is still an open question.
Inspired by the development of quantum interconnect to

establish correlation among distant quantum entities [78],
we propose a remote-charging QB scheme via coupling the
QB and the charger to a rectangular hollow metal wave-
guide [79–81]. Utilizing the non-Markovian decoherence
induced by the electromagnetic field (EMF) in the wave-
guide, we find a mechanism that allows for a persistent
energy exchange between the noninteracting charger and
QB in the steady state. It is due to the formation of two
bound states in the energy spectrum of the total system
formed by the charger, the QB, and the EMF. Not causing
the aging of the QB, the decoherence in our scheme plays a
constructive role in the charging. Without resorting to the
direct charger-QB coupling, our charging works in a long-
range and wireless way. Overcoming the aging and low
charging efficiency in the weak charger-QB coupling
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condition simultaneously, our scheme supplies an insight-
ful guideline to the practical realization of the QB.
Remote-charging QB model.—We consider a long-range

charging QB scheme, which consists of two TLSs acting as
the charger and the QB residing in a rectangular hollow
metal waveguide (see Fig. 1). Without direct interaction,
the charger and QB couple to a common EMF in the
waveguide. The Hamiltonian reads [80–82]

Ĥ ¼ ω0

X
j¼1;2

σ̂†j σ̂j þ
Xþ∞

k¼−∞

�
ωkâ

†
kâk

þ
X
j¼1;2

ðgk;jσ̂†j âk þ H:c:Þ
�
; ð1Þ

where σ̂j ¼ jgjihejj is the transition operator from the
excited state jeji to the ground state jgji with frequency ω0

of the charger when j ¼ 1 and of the QB when j ¼ 2 and
âk is the annihilation operator of the kth mode with
frequency ωk of the EMF. The coupling strength between
the jth TLS and the kth mode of the EMF is
gk;j ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ωk=ð2ϵ0Þ

p
dj · ukðrjÞ, where ϵ0 is the vacuum

permittivity, dj is the dipole moment of the jth TLS,
and ukðrjÞ is the spatial function of the EMF. The
dispersion relation of the EMF is ωk ¼ ½ðckÞ2 þ ω2

mn�1=2,
where c is the speed of light, k is the longitudinal wave
number, and ωmn ¼ c½ðmπ=aÞ2 þ ðnπ=bÞ2�1=2, with a and
b being the transverse lengths of the waveguide, is the
cutoff frequency of the transverse mode of the EMF.
Assuming that the two TLSs are polarized in the z
direction, i.e., d1 ¼ d2 ¼ dzz, and considering only the
dominated EMF mode with m ¼ n ¼ 1, the coupling
strength is further characterized by the spectral density

Jjj−j0jðωÞ ¼
Γ11

2π

cos
h
zj−zj0

c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ω2 − ω2

11

p i
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðω=ω11Þ2 − 1

p Θðω − ω11Þ: ð2Þ

Here, Γ11 ¼ ð4ω11d2z=ϵ0abcÞsin2ðπx0=aÞsin2ðπy0=bÞ is
the radiation rate of the TLS with transverse position
ðx0; y0Þ into the waveguide and Θðω − ω11Þ is the

Heaviside step function. The spectral density J0ðωÞ
induces an individual spontaneous emission and Lamb
frequency shift to the jth TLS, while J1ðωÞ induces
a correlated spontaneous emission and dipole-dipole
interaction between the two TLSs. Different from
Refs. [24,47,54,59,72], we use such an incoherent corre-
lation to charge the QB.
Our scheme begins from a pump laser to initialize

the charger to its excited state. When a charging to the
QB is needed, the QB is taken to the waveguide not
necessarily too near to the charger. The EMF in the
waveguide is expected to mediate a charger-QB energy
transfer. This process under the condition jΨð0Þi ¼
je1; g2; f0kgi is described by jΨðtÞi ¼ ½Pj cjðtÞσ̂†j þP

k dkðtÞâ†k�jg1; g2; f0kgi. Here, cjðtÞ and dkðtÞ are the
excited-state probability amplitudes of the TLSs and the
EMF with only one photon in the kth mode, respectively.
From the Schrödinger equation, we obtain [83]

ċjðtÞ þ iω0cjðtÞ þ
X
j0¼1;2

Z
t

0

fjj−j0jðt − τÞcj0 ðτÞdτ ¼ 0; ð3Þ

where fjj−j0jðxÞ ¼
R∞
0 Jjj−j0jðωÞe−iωxdω, c1ð0Þ ¼ 1, and

c2ð0Þ ¼ 0. Equation (3) reveals that, although the direct
charger-QB interaction is absent, an effective charger-QB
coupling is induced by the mediation role of the EMF in
the waveguide. The convolution in Eq. (3) renders the
dynamics non-Markovian. The energy of the QB is

EðtÞ ¼ Tr½ρBðtÞĤB�; ð4Þ

where ĤB ¼ ω0σ̂
†
2σ̂2 and ρBðtÞ ¼ Tr1½jΨðtÞihΨðtÞj�.

According to the second law of thermodynamics, not
all of EðtÞ can be converted into work [85]. The maximum
of the extractable energy called ergotropy is defined
as [18,19]

WðtÞ ¼ Tr½ρBðtÞĤB� − Tr½ρ̃BðtÞĤB�; ð5Þ

where ρ̃BðtÞ ¼
P

k rkðtÞjεkihεkj is the passive state, rkðtÞ
are the eigenvalues of ρBðtÞ ordered in a descending sort,
and jεki are the eigenstates of ĤB with the corresponding
eigenvalues εk ordered in an ascending sort.
In the special case of the weak TLS-EMF coupling, we

apply the Markovian approximation to neglect the memory
effect and extend the upper limit of the τ integral in Eq. (3)
to infinity. The approximate solution is

cMA
j ðtÞ ¼ e−ðiω0þϒ0Þt½e−ϒ1t − ð−1Þjeϒ1t�=2; ð6Þ

where ϒj ¼ πJjðω0Þ þ iδj, with δj ¼ P
R∞
0 dω½JjðωÞ=

ðω0 − ωÞ� and P denoting the Cauchy principal value.
Equation (6) reveals that the EMF in the waveguide indeed
can mediate an energy exchange between the charger and

TLS battery

One dimensional waveguide

TLS charger

FIG. 1. Scheme of a remote-charging QB. The noninteracting
charger and QB formed by TLSs are separated in a distance Δz in
a rectangular hollow metal waveguide. An efficient remote
charging to the QB is realized by the mediation role of the
EMF in the waveguide.
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the QB. However, it is transient and the energies in both of
them exponentially damp to zero in the long-time condition
due to the destructive role of the Markovian decoherence.
In contrast to the above approximate result, the mediated

charger-QB coupling can induce a persistently reversible
energy exchange between themeven in the steady state in the
non-Markovian dynamics. Equation (3) is only numerically
solvable. However, its long-time form is analytically obtain-
able by the Laplace transform method. It converts Eq. (3)
to c̃jðsÞ ¼ f1=½ΞðsÞ þ f̃1ðsÞ� − ð−1Þj=½ΞðsÞ − f̃1ðsÞ�g=2,
where ΞðsÞ ¼ sþ iω0 þ f̃0ðsÞ and f̃jj−j0jðsÞ ¼R∞
0 ½Jjj−j0jðωÞ=ðiωþ sÞ�dω. cjðtÞ is obtained by making
the inverse Laplace transform to c̃jðsÞ, which needs finding
the poles of c̃jðsÞ from

Y�ðEÞ≡ω0−
Z

∞

0

J0ðωÞ�J1ðωÞ
ω−E

dω¼E; ðE¼ isÞ: ð7Þ

Note that the roots E of Eq. (7) are just the eigenenergies of
Eq. (1). To prove this, we expand the eigenstate as jΦi¼
½Pjαjσ̂

†
j þ

P
kβkâ

†
k�jg1;g2;f0kgi. From ĤjΦi¼EjΦi, we

obtain ðE − ω0Þαj ¼
P

j0
R
∞
0 ½Jjj−j0jðωÞαj0=ðE − ωÞ�dω,

which readily results in Eq. (7) after eliminating αj [83].
Thus, on one hand, Eq. (7) governs the dynamical
evolution of cjðtÞ, and on the other hand, it determines
the eigenenergies of the total system. This means that the
dynamics of the TLSs is essentially determined by the
energy-spectrum feature of the total system. Y�ðEÞ is ill-
defined and jumps rapidly between �∞ in the regime
E > ω11 because of the divergence of the integrand. Thus,
Eq. (7) has infinite roots in E > ω11, which form a
continuous energy band. In the regime E < ω11, Y�ðEÞ
are monotonic decreasing functions of E and an isolated
root Ebþ or Eb

− is formed provided Yþðω11Þ < ω11 or
Y−ðω11Þ < ω11. We call the eigenstates corresponding to
Eb
� bound states. Substituting these poles from Eq. (7) into

the inverse Laplace transform, the bound-state energies
Eb
� contribute two nontrivial residues; while the band

energies in the continuum contribute a branch cut, which
tends to zero in the long-time limit due to the out-of-phase
interference [86,87]. Thus, we have

cjð∞Þ¼

8>><
>>:

0; 0 bound state;

Zþe−iE
b
þt; 1 bound state;

Zþe−iE
b
þt−ð−1ÞjZ−e−iE

b
−t; 2 bound states;

ð8Þ

where Z� ¼ 1
2
(1þR

∞
0 f½J0ðωÞ�J1ðωÞ�=ðEb

�−ωÞ2gdω)−1
is the residue contributed by Eb

� to cjðtÞ. Equation (8)
indicates the decisive role played by the energy-spectrum
feature of the total TLS-EMF system in the non-
Markovian dynamics of the TLSs. It is remarkable to
see that the formation of the bound states prevents jcjðtÞj2

from damping to zero, which is not captured by the
Markovian result in Eq. (6) and can be used to remotely
charge the QB. When the QB is not needed for supplying
energy to other devices, it is kept in the waveguide.
Reversibly exchanging energy with the charger, the QB
does not experience the aging caused by the energy loss in
this storage process [83].
Equation (8) reveals that the QB is dynamically syn-

chronous with the charger in the steady state. In the absence
of the bound state, no energy is left in both the QB and the
charger and the energy completely relaxes into the EMF of
the waveguide. If one bound state with eigenenergy Ebþ is
formed, then a stable energy Eð∞Þ ¼ ω0Z2þ is preserved
in the QB, which is equal to the one in the charger. As
long as two bound states with eigenenergies Eb

� are formed,
a periodic energy exchange of the QB with the charger
in a frequency Ebþ − Eb

−, i.e., Eð∞Þ ¼ ω0fZ2þ þ Z2
− −

2ZþZ− cos½ðEbþ − Eb
−Þt�g, is kept in the steady state.

Such a Rabi-like oscillation is naturally expected in the
case of the direct charger-QB coupling. However, the
charging realized by the direct coupling is generally fragile
to the environment-induced decoherence, which results in
the aging of the QB. Our result indicates that, different from
the destructive role in the direct-coupling case, the non-
Markovian decoherence caused by the common EMF can
be used to realize an ideal charging to the QB in the open
system framework. It is just the constructive role played by
the decoherence that generates such an efficient charging in
our scheme.
The persistent Rabi-like charger-QB energy exchange

endows our scheme with a substantial difference from
previous environment-assisted charging schemes either in
the Markovian approximation [66–73] or in the non-
Markovian dynamics [74–77]. Our charging performance,
which is as perfect as the ideal charging case by direct
charge-QB interaction, is guaranteed by the feature of the
energy spectrum of the total system consisting of the
charger, the QB, and the EMF in the waveguide. It makes
our scheme immune to the environment-induced aging. Our
scheme works in a way of long-range and wireless-like
charging, while the spatial charger-QB distance has never
been investigated. As an attractive feature in future appli-
cations, it overcomes the low-charging-efficiency problem
experienced by the conventional QB schemes when the
charger-QB coupling is weak.
Numerical results.—Choosing the charger-QB distance

Δz ≡ jz1 − z2j ¼ 0.1λ11, with λ11 ¼ 2πc=ω11, which is
much larger than the typical range of the dipole-dipole
interactions, we plot in Fig. 2 the energy spectrum of the
total system formed by the QB, the charger, and the EMF
and the evolution of the QB energy EðtÞ in different
frequency ω0 of the TLSs. It is interesting to find that,
in contrast to the damping to zero in the Markovian case,
EðtÞ approaches a finite value for a moderate ω0, while it
exhibits a lossless Rabi-like oscillation for a small ω0.
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These diverse behaviors can be explained by the energy-
spectrum feature. We see that two branches of bound states
in the band gap region separate the energy spectrum
into three regimes. When ω0 ≥ 2.8ω11, no bound state is
formed and EðtÞ damps to zero exclusively. When
1.1ω11 ≤ ω0 < 2.8ω11, one bound state is formed and
EðtÞ tends to a finite value. As long as two bound states
are present when ω0 < 1.1ω11, EðtÞ exhibits a lossless
Rabi-like oscillation. The matching of the long-time
behaviors in the three regimes with the analytical result
in Eq. (8) verifies the distinguished role played by the
bound states and non-Markovian effect in the charging
performance of our scheme. The result reveals that we can
properly choose the working frequency ω0 of the QB and
charger such that a remote charging to the QB is dynami-
cally realized without resorting to the direct charger-QB
interactions.
To verify the tolerance of the scheme to the increase of

the charger-QB distance, we plot in Fig. 3 the eigenenergies
of bound states, the long-time evolution of EðtÞ, and the
extremal values of Eð∞Þ as a function of Δz. The result for
ω0 ¼ 1.4ω11 shows that when Δz < 0.3λ11, one bound
state is present and EðtÞ evolves to a finite Δz-dependent
value. When 0.3λ11 ≤ Δz < 1.7λ11, two bound states are
formed and EðtÞ tends to a persistent Rabi-like oscillation
in a frequency Ebþ − Eb

− characterizing a coherent energy
exchange between the QB and the charger. When
Δz ≥ 1.7λ11, the eigenenergies of the two bound states
become degenerate and EðtÞ tends to zero according to
Eq. (8). Therefore, our charging scheme can work well
when Δz is freely changed within the range from 0.3λ11 to
1.7λ11. The result in Fig. 3(b) also reveals that the maximal
stored energy max Eð∞Þ can be enhanced by properly
choosing the working frequency ω0 of the QB and the

charger. This gives us sufficient room to optimize the
performance of our remote-charging scheme. Note that the
presence of two bound states in Fig. 4(a) and nonzero Eð∞Þ
are not always accompanied by an extractable energy of
the QB described by the nonzero ergotropy Wð∞Þ, see
Fig. 4(b). Via optimizing ω0, we plot maxω0

Wð∞Þ in
Fig. 4(c) in different Δz, which exhibits a good perfor-
mance of our QB in quite a large charger-QB distance
regime.

FIG. 2. Energy spectrum E of the total system via solving
Eq. (7) and evolution of the QB energy EðtÞ via solving Eq. (3) in
different ω0 in the presence of zero (red dashed lines), one (blue
solid lines), and two (green dot-dashed lines) bound states. The
black dots mark the results evaluated from the analytical
equation (8). We use Δz ¼ 0.1λ11 and Γ11 ¼ 0.5ω11.

FIG. 3. (a) Bound-state eigenenergies Eb
� (red dashed lines) and

long-time evolution of EðtÞ, and (b) extremal values of Eð∞Þ as a
function of Δz when ω0 ¼ 1.4ω11. The cases of ω0 ¼ 1.2ω11

(blue blocks) and 1.0ω11 (green triangles) are also given in (b).
The other parameters are the same as Fig. 2.

FIG. 4. (a) Number M of the bound states, (b) maxima of the
ergotropyWð∞Þ in different ω0, and (c) maxima of the ergotropy
maxω0

Wð∞Þ via optimizing ω0 as a function of Δz. 2D means
two degenerate bound states. The other parameters are the same
as Fig. 2.
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Discussions and conclusion.—Although only the rectan-
gular hollow metal waveguide is considered, our result is
applicable to other systems. Applying it in the surface
plasmon polariton waveguide [88,89], we are even not
bothered to put the charger and theQB inside thewaveguide,
which reduces the experimental difficulty. Current exper-
imental advances of the waveguide QED provide support
for our QB scheme [90–93]. Especially, based on the solid-
state emitter, i.e., nitrogen-vacancy centers (NVC), a
series of integrated platforms have ensured the feasibility
of our proposal, such as microwave coplanar [94], silicon
nitride [95], laser-written [96], and nanowire [97] wave-
guides. The long-range interaction of NVCs in magnon
waveguide QED has been proposed [98]. In our setup,
proper values of the working frequency ω0 and the charger-
QB distance Δz are required. NVC is of the capability for
coherent manipulation by either light or microwave. In the
optical frequency regime, we can focus on the working
frequency λ0 ¼ 637 nm. To match ω0 ¼ 1.0ω11 for the
maximal stored energy E ¼ 0.6ω11, the transverse lengths
of waveguide are set as a ¼ b ¼ 0.45 μm. To match ω0 ¼
0.6ω11 for the maximal extractable energy W ¼ 0.3ω11,
they are set as a ¼ b ¼ 0.27 μm. In the microwave fre-
quency regime, the working frequency of NVC with zero-
field splitting 2.87 GHz has a tremendous tunability by an
external field. Generally speaking, the effective charging
distance could range from 1 μm in the optical waveguide to
0.1m in themicrowave one,which are far beyond the typical
length of the dipole-dipole coupling. The bound state and its
distinguished role in the non-Markovian dynamics have
been observed in both photonic crystal [99] and ultracold-
atom [100,101] systems, which sets a solid foundation to the
realizability of our scheme. Also, presenting a scalable and
tunable framework, our scheme is easily extended to the
multi-TLS scenarios.
In conclusion, we have proposed a remote-charging

scheme via coupling the QB and the charger to a rectan-
gular hollow metal waveguide. It is found that, contrary to
one’s belief that decoherence generally leads to the aging of
a QB, the non-Markovian decoherence induced by the
EMF in the waveguide can realize a persistent Rabi-like
energy exchange between the QB and the charger. Our
analysis reveals that such an ideal charging performance is
caused by the formation of two bound states in the energy
spectrum of the total system consisting of the QB, the
charger, and the EMF in the waveguide. Without resorting
to direct charger-QB coupling, our scheme avoids the
insufficient-charging difficulty encountered in the case
when the charger-QB coupling is weak. It provides a
useful path to the practical realization of antiaging QB.
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Flatté, Opportunities for long-range magnon-mediated
entanglement of spin qubits via on- and off-resonant
coupling, PRX Quantum 2, 040314 (2021).

[99] Y. Liu and A. A. Houck, Quantum electrodynamics near a
photonic bandgap, Nat. Phys. 13, 48 (2017).

[100] L. Krinner, M. Stewart, A. Pazmińo, J. Kwon, and D.
Schneble, Spontaneous emission of matter waves from a
tunable open quantum system, Nature (London) 559, 589
(2018).

[101] J. Kwon, Y. Kim, A. Lanuza, and D. Schneble, Formation
of matter-wave polaritons in an optical lattice, Nat. Phys.
18, 657 (2022).

PHYSICAL REVIEW LETTERS 132, 090401 (2024)

090401-8

https://doi.org/10.1103/PhysRevA.93.020105
https://doi.org/10.1103/PhysRevA.93.020105
https://doi.org/10.1103/PhysRevB.106.115427
https://doi.org/10.1038/nphys1284
https://doi.org/10.1038/nphys1284
https://doi.org/10.1103/PhysRevLett.106.020501
https://doi.org/10.1103/PhysRevLett.106.020501
https://doi.org/10.1103/RevModPhys.95.015002
https://doi.org/10.1103/PhysRevLett.122.173603
https://doi.org/10.1038/s41586-019-1196-1
https://doi.org/10.1126/science.aah6875
https://doi.org/10.1103/PhysRevLett.107.060502
https://doi.org/10.1103/PhysRevLett.107.060502
https://doi.org/10.1103/PhysRevX.5.031009
https://doi.org/10.1103/PhysRevApplied.15.054059
https://doi.org/10.1103/PhysRevApplied.15.054059
https://doi.org/10.1103/PhysRevApplied.17.014008
https://doi.org/10.1103/PhysRevApplied.17.014008
https://doi.org/10.1103/PRXQuantum.2.040314
https://doi.org/10.1038/nphys3834
https://doi.org/10.1038/s41586-018-0348-z
https://doi.org/10.1038/s41586-018-0348-z
https://doi.org/10.1038/s41567-022-01565-4
https://doi.org/10.1038/s41567-022-01565-4

