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Abstract
We investigate the stabilization mechanism of open quantum batteries driven by a classical field
in the weak or strong system-reservoir coupling regime. A protocol to improve the steady-state
energy storage performance is proposed by engineering the spectral density of a band-gap
environment which is described as the superposition of two inhomogeneous Lorentzian
spectrums with different weights. We find out that the interplay between the battery-
environment-bound state and the reservoir memory effect plays a crucial role in the stabilization
performance against energy dissipation. The formation of the bound state and the non-
Markovian effect will be strengthened by adjusting the weights of the environment spectral
density. In the charging process, the classical field contributes to enhancing the steady ergotropy.
Moreover, the manipulation of the spectrum weights results in the speedup scheme of carrying
out the energy storage due to the existence of bound states. In the self-discharging process,
increasing the spectral weight allows the battery to maintain a higher steady ergotropy. These
results provide a practical approach to achieving optimal quantum batteries with better
stabilization performance.
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1. Introduction

In recent years, the advancement of quantum technology has
sparked great interest in harnessing quantum effects to
achieve miniaturization of technology [1–5]. This break-
through has paved the way for exciting possibilities in the
fields of quantum computation [6], quantum sensing [7, 8],
and other quantum technologies [9, 10]. Research over the
past several decades has shown that many modern technolo-
gies based on quantum mechanics [11–16] can outperform
classical ones. The design of energy storage devices in the
quantum domain, called quantum batteries [17–21], is of
increasing interest. The utilization of quantum resources such
as quantum coherence and entanglement enables quantum
batteries to have superior performance in terms of energy
storage density, extractable work, and charging power.

The physical models of quantum batteries have rapidly
developed from closed systems [22, 23] to open systems
[24–33] due to the fact that practical systems unavoidably
interact with their surrounding environments. Quantum
decoherence arising from the system-environment couplings
leads to energy leakage from quantum batteries to reservoirs.
Recent studies [34–36] have demonstrated that the adverse
impacts of the environment on quantum battery performance
can be significantly mitigated via some specific designs. The
non-Markovian effect can contribute to enhancing the char-
ging performance of open quantum batteries. The noise-
assisted method was applied to collective charging processes.
In the previous works, the environment coupled to quantum
batteries was often treated as a single entity described by a
simple type of spectral density function. However, the prac-
tical environment has so much more degrees of freedom that
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the modes of the environment can be referred to as a set of
pseudomodes which are identified through evaluating the
poles of the complex spectral density function [37, 38].
Among them, one kind of band-gap environment can be
modelled by the spectral density function in which both
Lorentzians are centered at the same frequency, and one of
them is given a negative weighting [39]. This physical setup
can be realized by a two-level atom embedded in a photonic
crystal cavity with periodic dielectric structures. The present
experiments can provide us the possibility to engineer the
environment by adjusting the geometrical parameters of
photonic crystal structures.

To realize optimal quantum batteries, attention has been
paid not only to quantum batteries with high ergotropy of a
charging process, but also to ones with low dissipation of a
self-discharging process. When quantum batteries are
immersed in an environment, another obstacle in achieving
high performance is how to efficiently stabilize the charging
or self-discharging process against energy dissipation. It is of
great value to maintain an open quantum battery in its high
and stable ergotropy state. In this paper, we put forward a
stabilization mechanism of open quantum batteries in a
complex environment like a photonic band-gap structure. The
efficient manipulation of the environment spectral density
enables the fast generation of battery-reservoir bound states
which plays a key role in the stabilization of charging and
self-discharging. We find that a classical driving field in
resonance with an open quantum battery can result in optimal
steady-state charging. We demonstrate that the stabilization
performance is dependent on the interplay between the exis-
tence of the bound states and environmental memory effects.

This paper is organized as follows. In section 2, we
review the energy transfer of an open quantum battery by
introducing some figures of merit for charging or self-dis-
charging. In section 3, quantum dynamics of a classical
driving battery coupled to a band-gap environment are ana-
lyzed. We derive the steady state of the open quantum battery
in the charging or self-discharging process. In section 4, the
stabilization performance of quantum batteries is determined
by the existence of the bound states between the battery and
environment. According to the eigenspectrum of the whole
system, we derive the condition of the formation of the bound
state. The dynamical behavior of the ergotropy is also related
to the memory effect of the band-gap environment. Finally,
the conclusion is drawn from the present study in section 5.

2. Performance of open quantum batteries

A good open quantum battery needs to exhibit robust energy
storage capabilities in the charging or self-discharging pro-
cess. Equivalently, good performance means two conditions:
one is to have a steady and high ergotropy in a short charging
time, and the other is the ability to stabilize the stored energy
against the energy loss from the interactions between batteries
and environments. A quantum battery is quantified by a
bounded internal Hamiltonian HB where a high energy state
and a low energy state represent a maximally charged and

discharged battery state, respectively. In contrast to a closed
quantum battery, an open quantum battery evolves under the
influence of the environment. The nature of a quantum battery
is a work reservoir where the energy can be extracted in a
unitary process. The energy of the battery at time t is repre-
sented by ( ) [ ( ) ]r=E t t HTrB B B . The average charging power
at time t is given by

( ) ( ) ( )=
-

P t
E t E

t
, 1B

B G

where EG is the ground state energy of the quantum battery.
To characterize the performance of the quantum battery, the
maximal amount of the extractable work is defined as the
ergotropy,

( ) [ ( ) ] ( ) ( )r s= - rW t t H HTr Tr , 2B B BB

where srB
represents a passive state of the quantum battery,

which is the state where no work can be extracted during a
unitary operation [40–42]. The evolved state ρB(t) of the
quantum battery is closely related to the charging protocol
and self-discharging process. The passive state srB

can be
expressed by the spectral decompositions of the Hamiltonian
and the evolved state of the quantum battery

∣ ∣ ( )ås e e= ñár r , 3
j

j j jB

where rj is the eigenvalue of the state ρB with the decreasing
order of rj � rj+1. Meanwhile, according to the increasing
eigenvalues of εj � εj+1, the eigenstates {|εj〉} of the
Hamiltonian HB are properly ordered.

As another performance, the ratio between the ergotropy
and energy value of the battery can be used to evaluate the
efficiency of energy storage,

( ) ( )
( )

( )=
-

 t
W t

E t E
. 4

B G

In the self-discharging process, the evolved state of the
open quantum battery ρB(t) is governed by quantum dynam-
ics, i.e., ∂tρ(t) = − i[HB + HE + HI, ρ(t)] where HB is the
Hamiltonian of the quantum battery, HE denotes the Hamil-
tonian of the environment, and HI represents the interaction
between the battery and reservoir. The discharging state of the
quantum battery ( ) [ ( )]r r=t tTrB E is obtained after tracing
the degrees of freedom of the environment. The stabilized
ergotropy is determined by ( )=

¥
W W tlimd

t
during the self-

discharging period. The higher ergotropy in the steady state,
the better the stabilization performance in the discharging
process.

Moreover, we propose a charging protocol by means of
classical field driving. With respect to a two-level system, a
quantum battery is generated by the Hamiltonian of
HB = ω0σ

+σ− where ω0 denotes the energy transition
between an excited state |e〉 and a ground state |g〉. The
operators σ± signify the rising and lowing one, respectively.
To realize a charging process, we can utilize a classical
coherent field ( ) ( )t w t=E E cos L0 to drive the battery.
During a charging time interval t, the external driving field
exchanges energy with the battery via the dipolar interaction.

2
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In the interaction picture, the charging Hamiltonian of the battery
is expressed as ( ) ( )s m t s s= + W +D + -HB

c
z2

where μ(τ) = 1
(0� τ� t) describes the control function. The Rabi frequency is
Ω = − degE0 with deg being the transition dipole moment. The
parameter Δ = ω0 − ωL represents the detuning frequency
between the system and classical field. At an initial moment of
τ = 0, the system is prepared in the ground state, which
represents a depleted battery. Through classical field driving, the
energy is transferred from classical fields to the quantum battery.
Similarly, the charged quantum battery will be stabilized in a
steady state with a constant ergotropy under the influence of the
environment. The shorter the charging time of the steady state,
the better the stabilization performance in the charging process.

With respect to a two-dimensional quantum battery, the
expression of the ergotropy is written in the form of the
density matrix of the evolved state [31, 43],

( ) [ ( ) ∣ ∣ ] ( )w
= - + + -  W t

2
1 2 4 1 2 . 5gg eg gg

0 2 2

Here the density matrix ρB(t) = ∑j,k=e,gñjk(t)|j〉〈k| is defined
as the evolved state of the quantum battery. The conditions of
ñgg + ñee = 1 and = *eg ge are satisfied due to the Hermitian
property of the state. It is obvious that the dynamical behavior
of the battery states plays an essential role in the performance
of open quantum batteries.

3. Dynamics of open quantum batteries in a band-
gap environment

We consider a two-level atom embedded in a photonic band-
gap environment as an open quantum battery. The classical
field is applied to drive the quantum battery. Through the
unitary transformation ( )/w s= -U texp i 2R L z in the rotating
reference frame, the Hamiltonian of the whole system
including the classical driven battery and the bosonic
environment is given as,

( )

†å ås s w s=
D

+ W + + +w+H a a g a
2

e H.c. ,

6

z x
k

k k k
k

k k
ti L⎜ ⎟

⎛
⎝

⎞
⎠

where gk describe the coupling between the battery and the
reservoir. †ak and ak represent the creation and annihilation
operators of the kth mode with frequency ωk of the reservoir.
To obtain the dynamics of the quantum battery, we transform
the total Hamiltonian H into the effective one by using the
dressed states of {|E〉, |G〉},

˜

( ˜

˜
˜ ) ( )

†å

å

s w

s

s

s

= +

+

+

+ +

w

h w

w

w

+

-

H a a

g a

g a

g a

cos e

e

e H.c. , 7

z
k

k k k

k
k k

t

k k z
t

k k
t

eff 2

2
2

i

i

i

D

L

L

L

where w = D + W4D
2 2 is the dressed frequency, The new

operator ˜ ∣ ∣ ∣ ∣s = ñá - ñáE E G Gz and the new raising operator
˜ ∣ ∣s = ñá+ E G . The unitary transformation with respect to the

dressed states is expressed as

∣
∣

˜ ∣
∣

∣
∣

( )
ñ
ñ

=
ñ
ñ

=
-

ñ
ñ

h h

h h
E

G
U

e

g

e

g

cos sin

sin cos
, 82 2

2 2

⎜ ⎟ ⎜ ⎟ ⎜ ⎟
⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

⎛

⎝
⎜

⎞

⎠
⎟

⎛
⎝

⎞
⎠

with the parameter ( )/h = W Darctan 2 . By transforming Heff

into the interaction picture, we obtain

[ ˜ ˜

˜ ]
( )

( ) ( )

( )

å s s

s

= +

+ +

h w w w w w

w w w

+ + - -

- - -

H g a g a

g a

cos e e

e H.c. .

9

I

k
k k

t
k k z

t

k k
t

eff
2

2
i i

i

L D k L k

L D k

In general,  ∣ ∣ ∣ ∣ ∣ ∣w w w w w+ -D k k D k , so the terms
˜ ( )s w w w+ + -g a ek k

ti L D k , ˜ ( )s w w-g a ek k z
ti L k and their complex con-

jugates are high-frequency oscillating terms relative to
˜ ( )s w w w- - -g a ek k

ti L D k and can be neglected. The above
equation can be simplified to

[ ˜ ] ( )( )åh s= +w w w+ + -H g acos
2

e H.c. . 10I

k
k k

t
eff

2 i L D k

According to the effective Hamiltonian of equation (10),
we demonstrate that there is no more than one excitation in
the total system when the environment is initially in the
vacuum state. The Hilbert space will be restricted to the fol-
lowing subspace spanned in the dressed bases:
∣ ∣ ∣y ñ = ñ Ä ñG 0 E0 , ∣ ∣ ∣y ñ = ñ Ä ñE 0 E1 , ∣ ∣ ∣y ñ = ñ Ä ñG 1k k E,
where ∣ ∣ ∣ñ =  ñ ñÄ

¹1 0 1k E j j E k j E represents the state with one
excitation in the kth mode of the environment.
∣ ∣ñ =  ñÄ0 0E j j E denotes the vacuum state. We assume that the
initial state of the total system is

∣ ( ) ∣ ( )∣ ( )y yY ñ = ñ + ñC C0 0 . 110 0 1 1

After a charging time interval t, the evolved state is obtained by,

∣ ( ) ∣ ( )∣ ( )∣ ( )åy y yY ñ = ñ + ñ + ñt C C t C t , 12
k

k k0 0 1 1

where |C0|
2 + |C1(t)|

2 + ∑k|Ck(t)|
2 = 1 satisfies the normal-

ization condition.
To derive the form of equation (12), we need to calculate

the closed integral differential equation

 ( ) ( ) ( ) ( )ò
h

= - -C t t f t t C tcos
2

d , 13
t

1
4

0
1 1 1

where the kernel ( ) ( ) [ ( )( )]ò w w w w w- = + - -f t t J t td exp i D L1 1 is
given by a certain two-point correlation function of the reser-
voir [44].

We use the limitation ∣ ∣ ( )ò w wå g J dk k
2 where J(ω) is

the spectral density function characterizing the structured
environment. According to pseudomode theory [38, 45, 46], it
is feasible to consider complex environments as the super-
position of several spectral environments with different
weights. In regard to a photonic band-gap environment, we
consider a spectral density in the form

( ) ( )
( )

( ) ( )

( )

w
l
p w w w w

=
G

- +
-

G

- +G G
J

W W

2
,

14

c c

1 1

2
2

2
2 2

2
2

2
1 2

⎡

⎣

⎢
⎢

⎤

⎦

⎥
⎥
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where λ the overall coupling strength, Γ1 the bandwidth of
the flat background continuum, and Γ2 the width of the band-
gap. Here W1 and W2 represent the relative weight of the
background and band-gap, respectively. The condition of
W1 − W2 = 1 is satisfied. Both Lorentzians are centered at the
same frequency ωc. Because the density function must be
positive we have W1Γ1 > W2Γ2. In particular, for a perfect
band-gap model, J(ωc) = 0, i.e., W1/Γ1 − W2/Γ2 = 0. The
relative ratio between the negative Lorentzian and positive
one β = W2/W1 can be adjusted by tuning the geometrical
parameters of the photonic crystal structure. The effect of the
Lorentzian with negative weight is to characterize the dip of
the spectral density where the coupling between the battery
and the environment will be inhibited.

In this case, the correlation function of the band-gap
environment can be written as

( ) [ ( )]
[ ( )] ( )

l
l

- = - -
- - -

f t t W M t t
W M t t

exp
exp , 15

1 1 1 1

2 2 1

where ( )w w w= + - -G
M ij c D L2

j . We apply the Laplace

transform of equation (13) and then obtain ˜ ( ) ( )
˜ ( )

=
+ hC s C

s f s1
0

cos
1

4
2

where ˜ ( ) ( )l= -
+ +

f s W

s M

W

s M
1

1

2

2
denotes the Laplace transform

of the kernel. By using the inverse Laplace transform, we derive
that C1(t) = C1(0)ξ(t), where ( ) åx = =t K e

j j
s t

1

3
j is determined

by the three roots {sj} of the equation ( ) ( )= +D s sR s
( ) ( )l l+ - + =h hW s M W s Mcos cos 04

2 1 2
4

2 2 1 . Here ( )=R s

( ) +
=

s M
j j1

2
, ( ) ( )/= ¢K R s D sj j j and ( ) ( )¢ = ¶D s D ss is the

first order derivative.
Without loss of generality, the initial state of the total is

assumed to be

∣ ( ) ( ∣ ∣ ) ∣ ( )q q
Y ñ = ñ + ñ Ä ñfg e0 cos

2
e sin

2
0 . 16E

i

According to equation (16), the evolved state of the total
system can be given by

∣ ( ) ( ) ∣ ∣

( ) ∣ ∣

( ) ∣ ( ) ∣ ∣ ( )

x

x

Y ñ= + ñ ñ

+ - + ñ ñ

+ ñ - ñ ñ

h h

h h

h h

t c c t g

c c t e

d t g d t e

cos sin 0

sin sin 0

cos sin 1 , 17

E

E

k E

0 2 1 2

0 2 1 2

2 2

⎡⎣ ⎤⎦

⎡⎣ ⎤⎦

⎡⎣ ⎤⎦

where = -q h fc cos cos e0 2 2
i q hsin sin

2 2
, = -q h fc cos sin e1 2 2

i

q hsin cos
2 2

, ( ) ∣ ( )∣ ∣ ∣x= - -d t c t c1 1
2

0
2 . The elements of

the density matrix of the quantum battery can be expressed as

( ) ∣ ( )∣

[ ( ) ( )]

( ) ∣ ( )∣

( ) ( ) ( )

x h

x x h

x h

x x

= -

+ +

= - +

- +

h

h h





* * *

* * *

t c t

c c t c c t

t c t

c c t c c t

cos cos

sin ,

sin

sin cos . 18

gg

eg

2
2 1

2

1

2 0 1 0 1

1

2 1
2

0 1
2

2 0 1
2

2

⎡⎣ ⎤⎦

To study the stabilization performance of the open
quantum battery, we need to evaluate the steady-state ρB(∞)
in the charging or self-discharging process. When the
quantum battery is charged via the classical driving field,
three roots of the equation D(s) = 0 satisfy the relation of
sj < 0. Under the condition of t → ∞, ξ(∞) = 0 and the
charging steady state is described as

( ) ( )r ¥ =
-

-

h h h

h h h

sin sin cos

sin cos cos
. 19B

c
2

2 2 2

2 2
2

2

⎛

⎝
⎜

⎞

⎠
⎟

It is found that the charging steady state is just related to the
classical field and independent of the initial states and
environment.

If the quantum battery undergoes the self-discharging
process where Ω = 0 and η = 0, three roots of equation D
(s) = 0 satisfy the relation of s1 = 0 and sj≠1 < 0. Under the
condition of t → ∞, ( )x ¥ = =K M M

s s1
1 2

2 3
and the discharging

steady state is written as

( )
∣ ∣

∣ ∣
( )r ¥ =

-

*

* *

c K c c K

c c K c K1
. 20B

d 1 1
2

0 1 1

0 1 1 1 1
2⎜ ⎟

⎛

⎝

⎞

⎠
It is shown that the self-discharging state can be stabilized
and determined by the initial condition and the spectral
density of the environment.

4. Stabilization mechanism of open quantum
batteries

The recent work has demonstrated that the bound state
between the quantum battery and the environment is the
fundamental reason for suppressing the self-discharging pro-
cess in the structured environment [47]. Moreover, the non-
Markovian memory effects from the environment can con-
tribute to the energy storage in open quantum batteries in the
previous research [36]. Therefore, the energy transfer is
dependent not only on the existence of the system-reservoir
bound state but also on the non-Markovianity of the
environment. These enlightening results have stimulated us to
study how the interplay of both factors can have an effect on
the stabilization performance of quantum batteries in the
charging or self-discharging process.

4.1. Charging stabilization performance

According to the above analysis of quantum dynamics, the
stabilized ergotropy for the charging steady state can be given
by

( ) ( ) ( )w
h

¥ =W sin
2

. 21B
c

0
2

It is seen that the stabilized ergotropy in the charging process
has no connection with the initial states and the environment.
With the classical driving field, the stabilized ergotropy gra-
dually rises to an optimal value in figure 1(a). The optimal
value of ( ) w¥ =W 0.5B

c
0 can be achieved in the resonant

condition of ωL = ω0 or η = π/2. The physical reason that the
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ergotropy during the charging period can be stabilized is the
formation of the bound state between the battery and
environment. To check the spectrum of the total Hamiltonian
like equation (6), we first solve the eigenvalue equation

∣ ∣j jñ = ñH EE E with ∣ ∣ ( )∣åj y yñ = ñ + ñc c tE
E

k k
E

k0 1 . Sub-
stituting Heff into the eigenvalue equation, we can obtain a
transcendental equation as,

( )( ) ( )

( )

ò
w h w

w
w= -

- +
=

w

¥
y E

J

E
E

2
cos

2
d ,

22

D 4

0
2
D

⎛
⎝

⎞
⎠

where ( )w w w= - + W4D L0
2 2 is related to the frequency

ωL of the driving field. A system-environment bound state is
an eigenstate with real eigenvalue in the total Hamiltonian of
the whole system. When equation (22) has a real resolution
for E < − ωD/2, it is proved that the whole system possesses
a bound state [48, 49]. Since y(E) decreases monotonically
with the increase of E and ( ) = w

-¥
y Elim

E 2
D , the condition for

equation (22) to have at least one root is E < − ωD/2. In the
band-gap environment with the complex spectral density like
equation (14), the fact of

( )
( ) = -¥

 -w
y Elim

E D
2

demonstrates

that y(E) always satisfies the condition of ( )- < -w wy
2 2
D D . In

the regime of E > − ωD/2, we can see that y(E) is divergent,
which means that no real root E can make equation (22) well
defined. The point intersection of the plots of y(E) and E is
clearly illustrated in figure 1(b). This result means that there
exists the battery-environment bound state during the char-
ging period via the classical driving field. As the stationary
state of the entire system, the excited state population of the
bound state remains unchanged over time, which means that
the formation of the bound state can suppress decoherence.

However, the charging behavior of the ergotropy prior to
the stabilization is related to the memory effect of the
environment. To quantify the memory effect, we use the non-
Markovianity [4, 5],

[ ( ) ( )] ( )
( ) ( ) ò s r r=

r r s>
 t tmax , 0 , 0 d , 23

0 , 0 0
1 2

1 2

where σ[t, ρ1(0), ρ2(0)] = dD[ρ1(t), ρ2(t)]/dt is the
rate of change of the trace distance defined by

[ ( ) ( )] ∣ ( ) ( )∣/r r r r= -D t t t t, Tr 21 2 1 2 . Here the norm of

Figure 1. (a) The stabilized scaled ergotropy ( )/w¥WB
c

0 in the charging process as a function of the ratio of Rabi frequency to detuning
frequency. (b) Diagrammatic solutions of equation (22) in the charging process where Ω = 0.1ω0, λ = ω0, Γ1 = 0.4ω0 and β = 0.6. The black
solid represents the case of y(E) = E and the red dashed line denotes the condition of Γ1 = 0.4ω0.

Figure 2. The contour of the non-Markovianity as a function of the
coupling strength λ/Γ1 and the relative ratio between the negative
Lorentzian and positive one β.
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Figure 3. The scaled ergotropy /wWB
c

0, average power PB/ω0 and efficiency  in the charging process as a function of ω0t: (a,c,e) in the weak
coupling regime where λ = ω0 and Γ1 = 10ω0 (b,d,f) in the strong coupling regime where λ = ω0 and Γ1 = 0.4ω0. The black solid curves
correspond to the case of β = 0.6 and red dotted curves correspond to the case of β = 0. The initial state of the battery is prepared at the
ground state.
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∣ ∣ †=A A A is given. The condition of σ[t, ρ1(0), ρ2(0)] � 0
represents the time-dependent Markovian evolution. In regard
to a pair of initial states, the evidence of σ[t, ρ1(0), ρ2(0)] > 0
demonstrates that the dynamical process is non-Markovian
and has memory effects. To maximize the non-Markovianity,
we can choose the optimal pair of initial states such as
ρ1,2(0) = |±〉〈±| with ∣ (∣ ∣ )/ñ = ñ + ñe g 2 . Then, we plot
the variation of the non-Markovianity with the parameters of
λ/Γ1 and β in figure 2. We find that there is no memory effect
in the weak coupling case of λ = Γ1. It is also shown that a
remarkable non-Markovian evolution occurs in the strong
coupling regime of λ > Γ1. The increase of the negative
weight, i.e., the large values of β, can suppress the memory
effect. The maximum of the non-Markovianity corresponds to
the limiting condition of β → 0 in the strong coupling case.

In the weak coupling regime of λ < Γ1, the dynamical
behavior of the ergotropy takes on a gradual increase and then

rapidly reaches a stable value, which is shown in figure 3(a).
The improvement in the extractable work results from the
constant driving by the classical field. The bound-state energy
for β = 0.6 is −0.1593ω0 while the bound-state energy for
β = 0 is −0.1005ω0 in the charging process under a Mar-
kovian environment. Under the condition of the large bound-
state energy, the maximum of the ergotropy is large. Mean-
while, the dissipation from the Markovian environment also
impedes energy storage. In contrast to the nearly monotonic
increase, the rapid oscillations of the ergotropy are plotted in
figure 3(b) in the strong coupling case. The non-Markovian
memory effect leads to the continuous revival of the ergo-
tropy. In figures 3(c)–(f), we plot the evolution of the char-
ging power PB and efficiency  during the charging process
under the corresponding parameters. The results indicate that
the maximum charging power Pmax of the quantum battery
increases with the increase of β under weak coupling

Figure 4. (a) The scaled ergotropy /wWB
d

0 and (c) the efficiency  in the self-discharging process as a function of ω0t with different β in the
weak coupling regime with λ = ω0 and Γ1 = 10ω0. The black solid line denotes the case of β = 0, the red dashed line represents the case of
β = 0.6, and the blue dotted line corresponds to the case of β = 0.9. (b) The stabilized scaled ergotropy ( )/w¥WB

c
0 and (d) the stabilized

efficiency ( )¥ in the self-charging process as a function of β. The initial state of the battery is prepared at the coherent state
of (∣ ∣ )ñ + ñe g1

2
.
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conditions. In strong coupling conditions, the increase of β
has a weak impact on the maximum charging power. Fur-
thermore, under both coupling regimes, the increase of β

positively influences the efficiency of the quantum battery.
The enhanced stabilization performance can result from two
factors: larger β and smaller non-Markovianity can stabilize
energy.

4.2. Self-discharging stabilization performance

How to prevent spontaneous discharging and make quantum
batteries capable of maintaining so much ergotropy for a long
time has been paid attention to in recent years. In this sub-
section, we focus on the stabilization mechanism of open
quantum batteries in the band-gap environment during the
self-discharging period. We expect to find a feasible approach
to enhancing the self-discharging stabilization performance.
In accordance with the steady state described by

equation (20), the stabilized ergotropy is dependent on the
quantum effects of the environment.

On one hand, the time-dependent behavior of the ergo-
tropy and efficiency can be illustrated in figures 4(a) and (c)
when the couplings between the battery and environment are
weak. In this case, the initial state of the battery is chosen to
be a coherent state of (∣ ∣ )ñ + ñe g1

2
with the initial ergotropy

of W0 = 0.5ω0. It is seen that the ergotropy and efficiency
quickly decline to a stable value which corresponds to the
steady state. The higher the negative Lorentzian weight is, the
faster the self-discharging ergotropy and efficiency stabilize.
With the increase of the parameter β, the stable values of the
ergotropy and efficiency can upgrade to high ones, which is
shown in figures 4(b) and (d). According to the pseudomode
theory [38], the high value of the negative weight leads to a
remarkable inhibiting effect of the decay of quantum batteries
in the weak coupling regime. The reason that the self-

Figure 5. (a) The scaled ergotropy /wWB
d

0 and (c) the efficiency  in the self-discharging process as a function of ω0t with different β in the
strong coupling case with λ = ω0 and Γ1 = 0.4ω0. The black solid line denotes the case of β = 0.6 and the red dashed line represents the case
of β = 0. (b) The stabilized scaled ergotropy ( )/w¥WB

c
0 and (d) the stabilized efficiency ( )¥ in the self-charging process as a function of

β. The initial state of the battery is prepared at the coherent state of (∣ ∣ )ñ + ñe g1

2
.
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discharging battery can bed stabilized is the formation of the
bound state between the battery and environment.

On the other hand, the self-discharging ergotropy and
efficiency in the strong coupling regime show the oscillation
attenuation with time in figures 5(a) and (c). The non-Mar-
kovianity of the environment gives rise to the revivals of the
extractable work during the self-charging period. However,
the significant memory effect with the large non-Marko-
vianity is considered as one obstacle to stabilizing quantum
batteries. Owing to the strong coupling between the battery
and environment, the notable energy leakage leads to small
values of stabilized ergotropy and efficiency. The stable
values of self-discharging ergotropy and efficiency are
improved by increasing the negative Lorentzian weight in
figures 5(b) and (d), which is similar to the result in the weak
coupling regime. The non-Markovianity of the environment
can be suppressed by the parameter β.

In a word, the stabilization performance of open quantum
batteries is mainly determined by the formation of the bound
state between the battery and environment. The stored energy
for the steady state is also modulated by the non-Marko-
vianity of the environment. The condition of the existence of
the bound state in the self-discharging process is demon-
strated in figure 6. It is found that the bound-state energy in
the strong coupling regime is lower than that in the weak
coupling regime. That is, the faster formation of the bound
state is achieved when the quantum battery decays in the
weak coupling condition. It is of great value to form a bound
state of the entire system, which can inhibit the decoherence
of the system to combat the energy loss of the battery. The
weak coupling can form the bound state faster in the process
of self-discharging, and the weak coupling can effectively
inhibit self-discharging. Therefore, the formation speed of the
bound state is related to energy storage. The lower bound

state energy corresponds to a faster formation rate. Corre-
spondingly, the more energy can be stored in the battery.

5. Discussion

In conclusion, we have investigated the stabilization mech-
anism of the classical field driven quantum battery in a non-
Markovian environment. As an example, the photonic band-
gap environment is considered due to the feasible manipula-
tion of the spectral density which is composed of one positive
and one negative Lorentzian part. When the quantum battery
is charged, the stabilized ergotropy is only dependent on the
classical field. In the resonant condition of ωL = ω0, the stable
value of the charging ergotropy is optimized to be one-half of
the maximal internal energy. The revivals of the charging
ergotropy occur due to the non-Markovianity of the
environment. During the self-discharging period, the quantum
battery is rapidly stabilized to a steady state with a high value
of the ergotropy in the weak coupling regime. Similarly, the
oscillation declination happens in the strong coupling regime.
The ergotropy with respect to the steady states can be adjusted
by the negative weight. Such memory effects are remarkable
in the strong coupling regime with small values of the
negative weight. We derive and numerically demonstrate the
conditions of the existence of the bound state between the
battery and environment. It is found that the weak coupling
condition and large values of the negative weight can con-
tribute to the fast formation of the bound state. The weak
battery-environment couplings can suppress the non-Marko-
vianity of the environment and the increase of the negative
weight can inhibit the dissipation of the quantum battery.
Therefore, the stabilization performance of open quantum
batteries is related not only to the non-Markovianity of the
environment, but also to the formation of the battery-
environment bound state. These results are of both theoretical
and experimental interest in exploring the potential of stabi-
lizing open quantum batteries to attain long and steady stored
energy under the influence of the environment.
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