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Quantum information theorems state that it is possible to exploit collective quantum resources to greatly
enhance the charging power of quantum batteries (QBs) made of many identical elementary units. We here
present and solve a model of a QB that can be engineered in solid-state architectures. It consists of N two-
level systems coupled to a single photonic mode in a cavity. We contrast this collective model (“Dicke
QB”), whereby entanglement is genuinely created by the common photonic mode, to the one in which each
two-level system is coupled to its own separate cavity mode (“Rabi QB”). By employing exact
diagonalization, we demonstrate the emergence of a quantum advantage in the charging power of Dicke

QBs, which scales like V/N for N> 1.
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Introduction.—In the last few decades, batteries [1,2]
have been the driving force behind the revolution in
personal electronics and, more recently, in the automotive
sector [3]. Currently, there is also an ever-increasing
demand on energy storage systems able to manage large
power densities [4], an issue that has been so far partially
addressed by the use of supercapacitors [5,6]. Batteries and
supercapacitors essentially operate on the basis of robust
electrochemical principles developed between the 18th and
19th centuries [1,2]. While it is pivotal to continue research
on advanced materials [7] to optimize the performance of
available energy storage devices, it seems timely to ask
ourselves whether it is useful to transcend conventional
electrochemistry to create an entirely new class of powerful
batteries.

Quantum phenomena, such as phase coherence and
entanglement, constitute remarkable resources that may
enable superior performance of future technological devi-
ces. The prime example is quantum computing performed
with quantum bits (realized, e.g., with superconducting
circuitry [8,9]) as compared to classical computing per-
formed with classical bits [10]. While in quantum comput-
ing quantum phenomena are employed to achieve efficient
manipulation and processing of information, an emerging
theoretical research activity is currently focused on utilizing
genuine quantum resources to achieve superior perfor-
mances in the manipulation and processing of energy
[11-20].

Given this context, we are naturally led to consider
whether quantum resources may be employed to improve
the performance (e.g., by speeding up the charging time) of
“quantum batteries” (QBs). To this end, we consider a
quantum system—see red box in Fig. 1(a)—having a
discrete energy spectrum, which can be kept well isolated
from its environment so as to hold its energy for a
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sufficiently long time relative to the intended use. Many
of such systems can be considered together, making a QB.
In Figs. 1(a) and 1(b) we see two examples. In Fig. 1(a),
each quantum system—in this case a two-level system
(TLS)—is coupled to a separate cavity, each hosting a
single photonic mode. In Fig. 1(b), an ensemble of many
TLSs is embedded in a single cavity and interacting with a
common photonic mode. Charging of a QB requires a
protocol of “interaction” of the QB itself with some
external body or field (the “energy source,” namely, the
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FIG. 1. (a) An array of identical Rabi quantum batteries
operating in parallel. The elementary building block (red box),
consists of a two-level system with an energy separation Awm,
between the ground |g) and excited state |e). Each two-level
system is coupled to a separate photonic cavity (blue). The red
arrow indicates a particle-hole transition induced by the photon
field. (b) A Dicke quantum battery, where the same array of two-
level systems is now embedded into a single cavity and
interacting with a common photonic mode. (c) Charging, storage,
and discharging protocol, as described in the text.
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cavity field in our example), which raises its energy over a
timespan that is much shorter than the QB lifetime.

Early pioneering works [21-24] have considered a
special subclass of charging protocols, namely, those
that can be described by unitary quantum gates acting
on arrays of QBs. The main finding of these works is that
addressing N QBs at once, by means of a “global
entangling operation,” can result in a speed-up of the
averaged charging power (stored energy over charging
time) as compared to charging them individually, in a
parallel fashion. As noted in Ref. [24], however, such
global entangling operations involve highly nonlocal inter-
actions, which may be difficult to realize in practice.

In this Letter, we propose a practical architecture for a
QB constituted by an array of N TLSs (see Fig. 1). We fully
relax the constraint on the unitary evolution of the QB
employed in previous theoretical works. Such unitary
evolution regime occurs only when the dynamics of the
energy source is very slow compared to the QB dynamics
(i.e., in the Born-Oppenheimer limit). This, although
certainly interesting, is motivated more by mathematical
convenience than adherence to reality. Here, we consider
the more realistic situation in which no time scale sepa-
ration exists between the QB and energy source subsys-
tems. Accordingly, we treat the system “QB+energy
source” in a fully quantum mechanical fashion, which
generally results in a nonunitary reduced dynamics of the
QB alone. In the proposed architecture, the nonlocal
entangling interaction among the N TLSs is achieved by
coupling all of them to the same quantum energy source.

Our analysis relies on modeling the array of TLSs,
entangled by a common quantized electromagnetic energy
source, through the Dicke model [25]; see Fig. 1(b).
Interestingly, we find a quantum collective enhancement
of the charging power of a factor /N, independent of the
strength of the TLS-cavity coupling.

Model and charging (discharging) protocol.—We con-
sider the charging process of N TLSs prepared in their
ground state |g), via coupling to a single cavity mode
residing in the N photon Fock state [26] |N). The initial
state of the total system therefore reads

ly™(0)) = [N) ® |g.9.-...9). (1)
N

We model the quantum dynamics of the N TLSs coupled
to a single cavity mode via the following time-dependent
Dicke Hamiltonian [25]

AN = hod'a + 0,0, + 2040, (@7 +a).  (2)

Here, d (4") annihilates (creates) a cavity photon with
frequency w, and J, = (f1/2) S_N 6% with @ = x, y, z as the
components of a collective spin operator expressed in terms

A

of the Pauli operators 6¢ of the ith TLS. The quantity Aw, is

the energy splitting between the ground |g) and excited
state |e) of each TLS. Below, we focus on the resonant
regime, w, = w,... The strength of the TLS-cavity coupling
is given by the dimensionless parameter 4,, whose explicit
dependence on time ¢ specifies the charging (discharging)
protocol. For the sake of definiteness, we consider the
protocol sketched in Fig. 1(c). (i) The interaction between
the TLSs and the cavity is turned on at time ¢ =0T,
Ao+ = A, and kept at this value for 0 < ¢ < 7,.. During this
charging step, energy transfer occurs from the cavity to the
array of TLSs. (ii) The interaction is then turned off at time
7t ie., A+ = 0, and kept off for 7. < t < 7, + 7,. During
this storage step, the TLSs are assumed to be isolated from
the environment and hence keep their energy. Finally,
(iii) the interaction is again turned on for a time 74, 4, =
A for 7, + 7, < t <7, + 7, + 74 During this discharging
step, energy is transferred from the TLSs to the cavity. An
alternative protocol, which is fully feasible experimentally
[27,32], may rely on a time-independent 4, — g coupling
and a nonzero time-dependent A, = @, () — w. detuning.
The equivalence of these two protocols is discussed in
Sec. S1 of the Supplemental Material [33].

Parallel charging.—We begin by considering the case in
which charging occurs in a parallel fashion; see Fig. 1(a).
Namely, we consider N copies of TLSs, each coupled to a
distinct cavity. In the case of a single TLS, the Dicke
Hamiltonian (2) reduces to the Rabi Hamiltonian [36,37].

The energy E%ll) (z.) stored at time 7, in a parallel fashion by

N copies of such resonant (i.e., w, = @.) Rabi QBs is N
times the energy €;(z.) stored in a single Rabi QB,

Nhw,
E/%H)(Tc) = Nej(z.) =

[ ()16 vt (z.))

2
= (wV(0)[8 |y (0))]. (3)

with 6, = |e)(e| — |9)(gl.

The label 4 in E%”) (7.) reminds us that the stored energy

depends on 1. The symbol |1//%l) (z.)) stands for the evolved
initial state |y(")(0)) = [1) ® |g), according to 7%/%” for a

. . 1 —iAW;
time 7., i.e., [y (z.)) = "5 /My (0)).

We now introduce the maximum stored energy (i.e., the
“capacity”) and charging power in the parallel-charging
mode: Ef—ln) = max, [E/%H)(TC)} and Pg') = max, [P%ll)(rc)],
where [23.24] P\ (z.) = E{(z,) /..

Both E%”) and P%”) scale linearly with N (yielding a
constant energy and power per QB): E/%H) =hw NFg(A)x
N and Pf—ln) = hw2NF p(1) x N, where F (1) and Fp(2)
are dimensionless functions of 1, which can be calculated
exactly [38]. Their expression greatly simplifies in the
weak-coupling 4 < 1 limit, where the Rabi Hamiltonian
can be approximated by the Jaynes-Cummings one [39].
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The stored energy takes the form E/%[il(rc) -

Nho, sin? (Aw,.), and hence [40] Fg(A< 1) — 1 and
Fp(A< 1) = 0.7244. Since we are interested in the
collective charging case and in scalings with N, we will
not dwell upon deriving exact expressions for Fp(4)
and Fp(2).

Collective charging.—We now investigate the maximum
stored energy and maximum charging power when the N
TLSs are coupled to the very same cavity [see Fig. 1(b)] as
described by Eq. (2). The latter has a conserved quantity
given by the so-called cooperation number [41,42]
J? = Zazx‘y,zfg. A convenient basis set for representing
the Hamiltonian (2) is |n,j, m), where n indicates the
number of photons, j(j + 1) is the eigenvalue of J?, and m
denotes the eigenvalue of J .. With this notation, the initial
state (1) reads |y ™) (0)) = [N, (N/2),—(N/2)), while the
matrix elements of the Dicke Hamiltonian can be found in
Ref. [43] and in Sec. S2 of the Supplemental Material [33].

We remark that the number of photons is not conserved
by the Dicke Hamiltonian, nor it is bounded from above,
hence taking, in principle, any arbitrarily large integer
value. In practice, we need to introduce a cutoff Npp > N
on the maximum number N, of photons. This is chosen in
such a way that a larger value of it, N;h > Npp, would not
produce any noticeable difference in the computed stored
energy. In the following, we show numerical results
obtained from an exact numerical diagonalization scheme
for N =1, ...,20. We have checked that excellent numeri-
cal convergence is achieved by choosing N, = 4N. (A
linear scaling of N, with N has also been found
in Ref. [43]).

The energy E/%n) (7..) stored collectively at time 7. by the
N TLSs is given by

EP(z.) = o [t e )T wi" (z.)
— (™).l ™ (0))]. (4)

()
e~ T/ "y ™)(0)). The dependence

of E%ﬁ) (z.) on 7, is reported in Fig. 2 for a few values of A.

where [y (z,)) =

We observe smooth oscillations for 1 < 1 (red solid line in
the inset of Fig. 2), which are in full agreement with results
obtained for the Tavis-Cummings model [41,42] (black
dotted line in the inset of Fig. 2). In the latter, counter-
rotating terms are absent, leading to the conservation of the
number of excitations. A more complicated pattern with
beatings appears for increasing A (green dashed and blue
solid lines in Fig. 2).

Figures 3(a) and 3(c) show the maximum stored
energy E%n) = max, [E/%n)(rc)] and charging power P/%w

max,c[E%m(fc)/rc] in the collective case, as functions

of N, for various values of 1. Note that the vertical axes
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FIG. 2. The dependence of the stored energy E%n) (z.) (in units

of Naw,) on 7, (in units of 1/w,) for 2 = 0.5 (green dashed line)
and A = 2.0 (blue solid line). (Inset) Same as in the main panel
but for 2 = 0.05 (red solid line). Results for the Tavis-Cummings
model are denoted by a black dotted line. All shown data have
been computed by setting N = 10.

of Figs. 3(a) and 3(c) are rescaled by N and ANV/N,
respectively. We clearly see that such rescaled quantities

rapidly converge to an asymptotic value as N increases.

()

This implies that, for sufficiently large values of N, E/—f and

P/%n) follow the scaling laws
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FIG. 3. (a) The maximum stored energy E%n) (in units of Naw,)
as a function of N. Black squares denote results for the Tavis-
Cummings model at 4 = 0.05. Results for Dicke QBs refer to
2 =0.05 (red circles), 2 =0.5 (blue triangles), and 1 =2.0
(green diamonds). Dashed lines indicate the values relative to
the parallel-charging case. (b) Same as in (a), but as a function of
A for N = 6 (black squares), N = 8 (red circles), N = 10 (blue
triangles), and N = 12 (green diamonds). (c) The maximum
charging power P%n) (in units of ANv/Nhw?) as a function of N.
Color coding and labeling is the same as in (a). The thin
horizontal lines are best fits to the numerical results, indicating
the asymptotic values of the maximum power at large N:
limys P\ /(AN VNR@?) = 0.586 for 1= 0.05 (red), 0.858 for
A = 0.5 (blue), and 0.847 for A = 2 (green). (d) Same as in (c),
but as a function of Z. Color coding and labeling as in (b).
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()
E5 « N (5)
and
® 3/2
P o N3/, (6)

The superlinear scaling of the maximum charging power in

Eq. (6) constitutes direct evidence of a /N quantum
advantage associated with collective charging [24] as

compared to parallel charging; see expression for P/%H) .

Such advantage is related to a scaling law of the time

required to reach the maximum power, 7, « 1/4/N, and has
a quantum mechanical origin. The quantum speed-up is
indeed associated with the fact that, unlike in the case of the
parallel evolution, the collective evolution proceeds
through states characterized by quantum entanglement
among the TLSs. Thus, our Dicke QBs clearly display
the powerful charging mechanism described in abstract
terms in Refs. [23,24]. Finally, Figs. 3(b) and 3(d) illustrate
the dependencies of the maximum stored energy and
charging power of Dicke QBs on the coupling constant

A, for various values of N. Plotting the same rescaled

quantities, E%m /(Nhw,) and P%ﬁ) /(ANV/Nho?), versus the
effective coupling parameter [44] A = 1 +/N, one notices a
collapse onto universal curves, as shown in Sec. S3 of
Ref. [33]. We remind the reader that the ground state of the
Dicke model displays a superradiant quantum phase
transition (SQPT) at A = 1/2. A feeble reminiscence of
such SQPT is also seen in the maximum charging energy of
Dicke QBs, as illustrated in Sec. S3 of Ref. [33]; see
also Ref. [45].

Storage and discharging.—We now briefly comment
upon storage and discharging phases of our Dicke QBs. We
assume the storage time 7, is much shorter than any
decoherence or relaxation time scale in a real solid-state
implementation. Under this assumption, the Dicke QB
retains its energy during the storage step. In the parallel
case, and when 1< 1 (in which case the rotating wave
approximation holds), independent of the duration
of the storage time z,, the initial state (1) is recovered at
the end of the discharging phase if the condition 7. + 7, =
n/(Aw.) is met. In the collective case, as either N or 1
increases, such recoverability is lost. Accordingly,

the smaller 1 the higher E/%n), the higher the recoverability

(not shown). This is a signature of energy injection
incurred when turning the coupling on and off,

n N NN (N (N
namely, that 6E" = <1//j1 )(0)|H§0+) —Hﬁo_)|y/§ )(0)> and
SEST = <1///%N)(z-c)|7-(51i\:)+ - HEZHI//%N)(Q)) are generally
nonvanishing.
Experimental considerations.—The TLS+cavity system

may be realized with state-of-the-art solid-state technology,
by using, e.g., superconducting qubits coupled to

superconducting line resonators [32,52-54] or nanofabri-
cated quantum dots (see, e.g., Refs. [55,56]) combined with
superconductive microwave circuits [56-61], photonic
crystals [62], or terahertz planar microcavities [63].
Concerning the typical values of the relevant physical
parameters discussed in this Letter, the implementations
of Rabi and Dicke Hamiltonians in such solid-state devices
[27,32,57] have a resonant frequency o, =~ @, ranging
from gigahertz to terahertz values and an individual
interaction parameter g, = Aw, typically taking values in
the range 10-100 MHz. This leads to 1~ 1073 — 1072,
which fully justifies the rotating wave approximation
discussed for the Rabi model. Moreover, the relevant time
scales of relaxation and decoherence processes have to be
compared with gj'. In particular, one can introduce the
decoherence rate I'; and the electron relaxation rate T',
[8,64]. The proposed charging (discharging) protocol—
together with all other possible quantum-computing
implementations—is meaningful under the condition
Iy ST, < go, which is satisfied in the experiments dis-
cussed in Refs. [27,32,57]. This condition is even further
justified in the Dicke model, where the global coupling
scales as g = gov/N. Recent experimental work has also
demonstrated that the strong-coupling 4 =~ 1 limit can also
be reached [65-67]. Colloidal quantum dots such as core-
shell CdSe dots [68,69] may offer another possible solution
for implementing Dicke QBs, bringing the resonant fre-
quency to hundreds of terahertz. This could facilitate the
coupling of the dots with the photonic (micro)cavity mode
and also yield an improved stored energy density.
Conclusions.—We have introduced the concept of a
“Dicke quantum battery,” consisting of an array of
entangled two-level systems. Our aim is to put on concrete
and experimentally feasible grounds the intriguing abstract
ideas previously presented in Refs. [23,24]. The main
physics is captured by the toy model in Eq. (2), which
can in principle be engineered in a solid-state platform and
displays collective powerful charging [Eq. (6) and
Fig. 3(c)]. In particular, the interaction of an array of
two-level systems with a common quantized electromag-
netic mode in a cavity automatically creates entanglement
among the N two-level systems. This is ultimately due to an
effective long-range interaction between the two-level
systems mediated by the cavity photons. We observe a
V/N-fold enhanced scaling of the maximum charging
power with respect to the parallel case, independent of
the value of the coupling strength 1; see Eq. (6). We further
note an interesting trade-off between power and reversibil-
ity of the charging process. Highest values of the maximum
power are achieved at strong coupling. These come,
however, at the cost of a lower stored energy, accompanied
by a decrease in the efficiency of energy transfer from the
quantum batteries to the cavity in the discharging phase. On
the other hand, at weak coupling, one finds larger values of
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the maximum stored energy and a higher efficiency of
energy transfer in the discharging step, at the cost of lower
values of the maximum power.
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