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Vacuum-enhanced charging of a quantum battery
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Quantum batteries are quantum systems that store energy which can then be used for quantum tasks. One
relevant question about such systems concerns the differences and eventual advantages over their classical coun-
terparts, whether in the efficiency of the energy transference, input power, total stored energy, or other relevant
physical quantities. Here, we show how a purely quantum effect related to the vacuum of the electromagnetic
field can enhance the charging of a quantum battery. In particular, we demonstrate how an anti-Jaynes-Cummings
interaction derived from an off-resonant Raman configuration can be used to increase the stored energy of an
effective two-level atom when compared to its classically driven counterpart, eventually achieving full charging
of the battery with zero entropic cost.
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I. INTRODUCTION

The quest for advanced quantum technologies or the ir-
reversible role of measurements in quantum dynamics are
examples of subjects that have stimulated the study of thermo-
dynamics in the microscopic world. An important recent topic
of investigation involves the role played by quantum resources
in the storage and use of energy by quantized systems [1–28].
For example, coherence and entanglement have been proven
useful to speed up or to superextend the charging of quan-
tum batteries [29–38]. Experimental results have also shown
advances towards the production of microscopic quantum
thermal machines and quantum batteries [39–47]. Most results
regarding quantum properties influencing the performance of
quantum batteries, however, focus on increasing the power of
the process rather than enhancing the charging capacity. That
is because the latter usually requires entropy-producing mech-
anisms [7–12,22,26] that have deleterious effects in properties
such as coherence and entanglement.

In this paper we investigate how the quantized nature of
part of an entropy preserving charging circuit can influence
the charging of a quantum battery. The circuit comprises
a classical power source (p.s.) and an auxiliary frequency
changer (f.c.). We compare the variation of the internal energy
stored in the battery and the efficiency of the work extrac-
tion from the p.s., both for a classical and quantum version
of the f.c. component. In both cases, the overall dynamics
is unitary and therefore comes at zero entropic cost. In the
classical scenario, both p.s. and f.c. are connected to the bat-
tery for a fixed amount of time τc (c for classical), unitarily
charging its initially thermal state ρB(τc) = Uc(τc)ρT

B U −1
c (τc),

where Uc(τc) is derived from the coupling Hamiltonian Hc =
HB0 + Vp.s.(t ) + Vf.c.(t ), Vj (t ) is the potential created by the
circuit component j, and HB0 is the free Hamiltonian of
the battery. Thermal states are free resources in thermody-
namics [48–50] and therefore ideal to establish the classical
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benchmark to be challenged by the quantum version. The
charging is measured by the variation �U of internal energy
of the battery, where U = Tr[ρBHB0]. In the quantized version,
Vf.c.(t ) is replaced by the interaction Hamiltonian HB-f.c.(t ) and
the initial state must include the f.c. system which is also in
a thermal state: ρ(0) = ρT

B ⊗ ρT
f.c.. The variation of energy

of the battery is now given by �U = Tr{[ρB(τq) − ρT
B ]HB0}

(q for quantum) where ρB(τq) = Trf.c.Uq(τq)ρ(0)U −1(τq) and
Uq is the time evolution operator obtained from Hq = HB0 +
Hf.c.0 + HB-f.c.(t ) + Vp.s.(t ). Note that in both cases we assume
isolation from the environment and the charging does not pro-
duce any entropy. For completeness, we later add dissipative
nonunitary terms to the dynamics to verify how our results are
affected by the heat exchanged with surrounding reservoirs.

II. MODEL AND THEORETICAL RESULTS

We investigate the classical protocol in a particular setup
where the battery is an oscillating two-level system of fre-
quency ωeg, the p.s. generates an oscillating potential of
frequency ωL > ωeg, and the f.c. generates another poten-
tial of frequency ωq = ωL − ωeg. This situation is commonly
found in many different quantum optical experiments [51–57],
where the battery consists of two nondegenerate ground
states {|g〉, |e〉} (ωeg ≡ ωe − ωg > 0) of a real or artificial
atom and two modes of the electromagnetic field play the
role of the power supply and f.c. The couplings are in-
termediated by a third atomic level |m〉 working as an
ancilla as depicted in Fig. 1(a). Level |m〉 should only
contribute virtually to the transference of energy and has
to be adiabatically eliminated from the dynamics. This
is achieved when each of the p.s. and f.c. couples off-
resonantly one of the lower levels of the battery to |m〉 in a
Raman configuration, where HB0 = h̄

∑
j=g,e,m ω jσ j j (σ jk ≡

| j〉〈k|), Vf.c.(t ) = h̄�q(σemeiωqt + σmee−iωqt ), and Vp.s.(t ) =
h̄�L(σgmeiωLt + σmge−iωLt ). If � = ωmg − ωL = ωme − ωq �
�L,�q, the corresponding time evolution Uc(t ) induces Rabi
oscillations between levels |g〉 and |e〉 that are equivalent to
directly coupling them through one effective classical field
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FIG. 1. (a) Off-resonant Raman configuration: The battery is a
two-level atom ({|g〉, |e〉}); the p.s. is a laser of frequency ωL (cou-
pling �L), and the f.c. is another harmonic oscillator of frequency ωq

and couplings �q (classical) and gq (quantum). Level |m〉 is an ancilla
that intermediates both couplings. Each channel can also exchange
heat with the surrounding reservoirs.the battery. (b) Selective scheme
to charge the battery: In each step N , a selective Rabi flip transfers
energy from |g, N − 1〉 to |e, N〉.

of coupling strength �̄ = �L�q

�
[58]. The optimal charging

of the battery is then obtained for a full Rabi flip that
swaps the populations pT

g,e in the original thermal state ρT
B =∑

j=g,e pT
j σ j j , where pT

j = e
h̄ω j
KBT

ZB
and ZB = ∑

j e
h̄ω j
KBT . In this

case, �U c = h̄ωeg[pT
g − pT

e ]. Note that this is the most that
a unitary transformation can charge an initially thermalized
two-level battery and corresponds to the ergotropy Ec of
the resulting state, ρB(τc) = pT

e σgg + pT
g σee. Ergotropy is de-

fined as Eρ(τ ) = ∑
k, j rkE j (|〈rk|Ej〉|2 − δk j ), where Ej are the

eigenenergies of H0 in increasing magnitude, i.e., Ei � Ej for
i > j, and rk are the eigenvalues of ρ(τ ) in decreasing order,
i.e., ri � r j for i > j [59].

If now the classical f.c. is replaced by a quantized field,
we need to add its free energy Hf.c.0 = h̄ωqb̂†b̂ to the Hamil-
tonian, where b̂† creates an excitation, and replace Vf.c.(t )
by the interaction term HB-f.c. = h̄gq(σemb̂† + σmeb̂). Once
again, for � � �L, gq, we eliminate level |m〉 and, as shown
in Refs. [60–62], the dynamics of the battery-f.c. system
becomes approximately given by the effective Hamiltonian
(h̄ = 1)

Heff = −g2
qN

�
σgg − g2

qb̂†b̂

�
σee + �Lgq

�
(σgeb̂ + σegb̂†). (1)

Note that Heff also includes a small correction to the en-
ergy difference between levels |g〉 and |e〉, given by h̄�N

eg =
h̄

�2
L−g2

qN

�
. This term, of the same order of Heff, does not af-

fect the conditions for eliminating |m〉 and can be physically
implemented by applying a dc Stark shift to the atom.

There are a few aspects of Heff useful for us: First, the
ac Stark shift correction to level |e〉 depends on the num-
ber of excitations of the f.c. and |e, 0〉 is an eigenstate of
Heff with eigenvalue 0; second, the Rabi oscillations oc-
cur in the joint Hilbert space of atom and f.c., splitting
it into doublets {|g, n〉, |e, n + 1〉}. This corresponds to the
anti-Jaynes-Cummings (anti-JC) configuration where the p.s.
excites both the battery and the f.c. at the same time. Third,
each doublet oscillates at its own Rabi frequency given by

�n = √
�2

n/4 + G2
n, where �n = r2�2

L (n+1−N )
�

, Gn = r�2
L

√
n+1

�
,

and r ≡ gq

�L
, i.e., each doublet is detuned from resonance by

an amount �n proportional to the number of excitations of the
f.c.

Such Hamiltonians were predicted and implemented in
trapped ions, cavity QED, and superconducting circuits, and
for r � 1, they operate in a selective regime where �n � Gn

and the Rabi oscillation in all the doublets is highly detuned
except if n = N − 1. In this case, {|g, N − 1〉, |e, N〉} oscil-

lates resonantly (�N−1 = 0, �N−1 = r�2
L

√
N

�
). Therefore, by

properly choosing �N
eg the battery population exchange is con-

ditioned on the number of excitations of the f.c. field as shown
in Refs. [60,61]. For example, for N = 1, after an interaction
time τq = π�

2r�2
L
, the population in the {|g, 0〉, |e, 1〉} subspace

swaps while all other states only gain number-dependent
phases. That takes the initial state ρ(0) = ρT

B ⊗ ρT
f.c. to

ρ(τq) = pT
e pT

0 |e, 0〉〈e, 0| + pT
g pT

0 |e, 1〉〈e, 1|
+ pT

e pT
1 |g, 0〉〈g, 0|

+ pT
g pT

1 |g, 1〉〈g, 1| +
(∑

n>1

pT
n |n〉〈n|

)
⊗ ρT

B . (2)

Here, ρT
f.c. = ∑

n pT
n σnn, pT

n = e− nh̄ωq
KBT (1 − e− h̄ωq

KBT ). A simple
algebraic manipulation shows that this swap increases the
charge of the battery by �Uq = (pT

0 pT
g − pT

e pT
1 )h̄ωeg. In this

case, there is an advantage over �U c if pT
e

pT
g

>
1−pT

0

1−pT
1

. We can

better understand this condition at low temperatures. When
KBT � h̄ωq, h̄ωm, the probabilities pT

n are negligible for n >

1 and so is pT
m and we can approximate 1 − pT

1 ≈ pT
0 and

pT
e ≈ 1 − pT

g , meaning that �Uq > �U c if pT
e pT

0

pT
g pT

1
≈ e

h̄ωeg(ξ−1)
KBT >

1, where ξ = ωq

ωeg
. This happens whenever ξ > 1, i.e., when-

ever the battery’s gap is smaller than one excitation of field b̂.
In principle, the larger the value of ξ , the more accentuated
is the enhancement due to the vacuum of field b̂. This is a
purely quantum effect due solely to the vacuum of the f.c.
component.

Note, however, that the quantum protocol allows for the
relaxation of the ξ > 1 condition and an even more enhanced
charging, which is a much more powerful result, due to the
selectivity of Heff. In fact, similar Rabi flips can be sequen-
tially applied, each one tuned to resonance by adjusting �N

eg
in consecutive subspaces (N = 2, 3, . . .) as pictorially shown
in Fig. 1(b). In principle, this sequence must be infinite to
maximize the charging of the battery but, in practice, pT

n
tends rapidly to zero unless T is very high, and only a few
cycles are required to approach maximum charging. After the
sequence, the final state reads ρ(

∑
j τq j ) ≈ [pT

e (1 − pT
0 )σgg +

(pT
g + pT

e pT
0 )σee and the variation of internal energy is �Uq =

�U c + pT
e pT

0 h̄ωeg � �U c. This shows an advantage for any
positive temperature and independent of ξ . More than that, in
the limit of h̄ωq � KBT , pT

0 → 1 and the quantized protocol
fully charges the battery, independent of its initial state. This
is a purely quantum effect due to the vacuum of the f.c. and
consists in the main result of this paper. Note that similar
charging can be obtained with open system entropy producing
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dynamics, such as optical pumping. Here, we match it in an
entropy-preserving protocol.

This sequence of cycles, however, can be cumbersome
and, in practice, escapes from the isentropic condition of
no heat exchanged with external reservoirs. Furthermore,
the classical protocol is much faster, only requiring one
Rabi flip. One may wonder then if the quantized advan-
tage still holds under equivalent restrictions. To analyze
this, we compute, from now on, single-shot scenarios de-
signed with a sole detuning adjustment. The energy variation
is obtained by solving the von Neumann equation with
Heff. The separation of Heff in doublets makes it easy
to derive the time evolution of the eigenstates of HB0 +
Hf.c.0. The anti-JC dynamics is similar to the JC and
it is simple to show that an initial state |�(0)〉 = |g, n〉
evolves to |�(t )〉 = e−i�nt/2[(cos �nt + i�n

2�n
sin �nt )|g, n〉 −

iGn
�n

sin �nt |e, n + 1〉]. A similar expression can be found for
the initial state |e, n + 1〉. Therefore, after evolving for τq, the
state of the battery changes to ρB(τq) = Trf.c.[e−iHeffτq/h̄(ρT

B ⊗
ρT

f.c. )e
iHeffτq/h̄] = ∑

p jσ j j where pg = pT
g − S(τq), pe = pT

e +
S(τq), and pm = pT

m (due to the elimination of level |m〉).
Here, S(τq) = ∑∞

n=0 An[pT
g pT

n (0) − pT
e pT

n+1] sin2( �nτq

2 ), An =
1

1+ r2 (n+1−N0 )2

4(n+1)

, and r = gq

�L
. In this case, �Uq = h̄ωegS(τq) and

the battery’s ergotropy reads Eq = h̄ωeg[pT
e − pT

g + 2S(τq)] =
2�Uq − Ec. The quantized version will be advantageous
whenever �Uq > Ec.

III. NUMERICAL RESULTS

A quick inspection of S(τq) shows that, for single shots
(ss), it is the nonselective regime of r � 1 that optimizes the
charging of the atom. In this case, all the doublets evolve
almost resonantly, each of them contributing to enhance the
charge. Because they oscillate at different Rabi frequencies, it
is impossible to choose a τq,ss that simultaneously maximizes
the energy transfer in all of them. The optimal interaction
time, which depends on T , has to be numerically extracted by
maximizing S(t ) and, because higher excited states oscillate
faster, it gets shorter for higher temperatures. In Fig. 2 we plot
the relative gain Kq ≡ �Uq

ss−�U c

�U c = �Uq
ss

�U c − 1 induced by the
single-shot quantized protocol as a function of ξ and for two
temperatures. Note that, similar to the single-shot selective
case, Kq increases with T and requires ξ > 1 to represent
positive gain over the classical counterpart.

We also plot in the same figure the efficiency of the work
extraction, defined as η ≡ Eq

WL
, where WL is the work injected

by the power supply. The first law of thermodynamics says
that WL = �Uq + �U f.c. where �U f.c. = h̄ωqS(τq) is the en-
ergy variation of the f.c. Therefore, the efficiency assumes
the very simple formula η = 1

1+ξ

1+2Kq

1+Kq
. For a fixed value of

ξ , the best efficiency η = 2
1+ξ

is achieved when Kq � 1. On
the other hand, because ξ > 1 is a necessary condition for the
advantage of the single-shot quantum protocol and because Kq

increases for larger values of ξ , it is clear that the best gains
are achieved at lower efficiencies. This should be expected
since ξ � 1 means that most of the energy injected by the
power supply is actually going to the f.c. Note that for each

FIG. 2. Relative gain Kq = �Uq−�Uc

�Uc (blue, straight) and effi-
ciency η = Eq

WL
(red, curved) as a function of parameter ξ = ωq

ωeg
for

different values of the adimensional temperature T̄ = KBT
h̄ωm

(≈0.1 for

solid and ≈0.4 for dashed lines). �

2π
= 1 MHz, gq = �

600 , �L = �

20 .

temperature, there is an ideal value of ξ if one wishes for the
best gain at a given efficiency.

So far, we have considered the isentropic injection of
energy by the external source. However, neither the battery
nor the f.c. are ever fully isolated from their environment
and there will always be heat exchanged with the external
reservoir. From the battery’s perspective, if both |g〉 → |m〉
and |e〉 → |m〉 transitions are dipole coupled, levels |g〉 and
|e〉 must be of the same parity and therefore cannot be dipole
coupled themselves. That means that the timescale for di-
rect energy exchange between them is usually much slower
than any other timescale of the problem and, in general,
the corresponding heat channel can be ignored. Considering
the standard weak coupling to thermal reservoirs, the overall
dynamics of the system is then governed by a master equa-
tion of the form ρ̇ = − i

h̄ [Hq, ρ] + L(ρ) [63], where L(ρ) =∑
s s[2LsρL†

s − {L†
s Ls, ρ}], with s = gm, mg, em, me,+,−.

The rates of the nonunitary parts are given by  jm = γ0 j (n̄ j +
1), m j = γ0 j n̄ j , − = γ0q(n̄q + 1), and + = γ0qn̄q. Here,
the γ0’s indicate the spontaneous decay rates and n̄’s the aver-
age number of photons of the thermal reservoir at frequencies
ωm j and ωq. The respective jump operators are Ljk = σ jk ,
L− = b̂, and L+ = b̂†.

The couplings to the thermal reservoirs establish at least
four typical regimes to the problem, depending on their
strength. The first one, already addressed, corresponds to γ0’s
much smaller than the effective coupling gq�L

�
and kBT �

h̄ωeg, h̄ωq. This is well approximated by the isentropic dy-
namics considered so far. However, we saw that the higher the
temperature, the more advantageous is the quantum protocol.
This may not hold true when we take into consideration the
heat exchanges with the reservoir. As the spontaneous decay
rates increase, a combination of effects begins to affect the
charging of the battery and may even create optimal tempera-
tures for better quantum gain.

In Fig. 3 we present Kq as a function of the adimensional
temperature T̄ ≡ kBT

h̄ωm
for different values of γ0. T̄ is relevant

to the problem because it regulates the population of level |m〉.
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FIG. 3. Relative gain as a function of the adimensional temper-
ature T̄ ≡ kBT

h̄ωm
for different values of spontaneous decay rates γ0

and for ξ = 99, �

2π
= 1 MHz, gq = �

600 , �L = �

20 . The solid curve is
obtained from the unitary evolution with Heff. The dotted curves are
numerical solutions of the open system dynamics (master equation)
with full Hamiltonian Hq.

Although each reservoir has its own spontaneous decay rate,
they all produce similar effects on both Kq and η, therefore
we have considered a single γ0 for all of them. The result
was obtained by solving the full dynamics of the open quan-
tum system and choosing the best τq,ss for each temperature.
In these plots, ωm

2π
= 1012 Hz, � = 2π MHz = 600g = 20�L,

ξ = 99, r = 1/30. As previously discussed, for γ0 � gq�L

�

we reach the unitary regime calculated with Hamiltonian (1)
(solid curve), except for very high temperatures (T̄ ∼ 2) when
the population of level |m〉 becomes too significant and starts
to affect the protocol as a whole. As we increase γ0, effects
such as decoherence of the f.c. field and the augmented re-
laxation rates  j begin to limit the quantum advantage. These
effects become particularly relevant when ’s rates approach
the effective battery-f.c. coupling gq�L/�. Note, however,
that even for such values of dissipation, the quantum proto-
col can still produce gains 30 times larger than its classical
counterparts for ξ = 99. Finally, a fourth effect takes place for
higher values of γ0 and at much higher temperatures: When
’s become of the order of � the heat exchange eventually
brings the transitions back into resonance in which case level
|m〉 can no longer be adiabatically eliminated and the charging
scheme breaks down.

In Fig. 4 we repeat the numerical calculations of the open
system dynamics (same parameters), but this time for effi-
ciency. Again, we see that very low γ0’s are consistent with
the isentropic hypothesis, whereas higher values of the spon-
taneous decay rates severely affect the efficiency, especially

FIG. 4. Efficiency as a function of the adimensional temperature
T̄ ≡ kBT

h̄ωm
for different values of spontaneous decay rates γ0 and

for ξ = 99, �

2π
= 1 MHz, gq = �

600 , �L = �

20 . The solid curve is
obtained from the unitary evolution with Heff. The dotted curves are
numerical solutions of the open system dynamics (master equation)
with full Hamiltonian Hq.

for higher values of T̄ . Note that for some parameters, the
plotted efficiency is corrected to η = Eq

WL+Qem
to adjust for

the fact that the |e〉 → |m〉 reservoir may also inject energy
in the system in the form of heat Qem. The correction takes
place whenever we obtain Qem > 0.

IV. CONCLUSION

To conclude, we have shown that the quantized nature of a
component of a charging circuit can significantly enhance the
isentropic charging of a quantum battery when benchmarked
against its classical counterpart. This is a purely quantum
effect due to the vacuum state of the quantized component
and the ability to selectively manipulate quantum states in
the Hilbert space. We have also shown that our protocol can
achieve the same full charging capacity of open system en-
tropy producing equivalent schemes. We have demonstrated
the effect in a typical setup of off-resonant Raman population
transfer in a three-level λ configuration where the power sup-
ply is an external laser field and the quantized component is
a harmonic oscillator. This example is particularly useful due
to its broad presence in a variety of quantum optical setups
such as trapped ions and atoms, cavity QED, superconducting
qubits, quantum dots, and many other equivalent experiments.
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