PHYSICAL REVIEW A 106, 042601 (2022)

Experimental investigation of a quantum battery using star-topology NMR spin systems
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Theoretical explorations have revealed that quantum batteries can exploit quantum correlations to achieve
faster charging, thus promising exciting applications in future technologies. Using NMR architecture, here
we experimentally investigate various aspects of quantum batteries with the help of nuclear spin systems in
a star-topology configuration. We first carry out numerical analysis to study how charging a quantum battery
depends on the relative purity factors of charger and battery spins. By experimentally characterizing the
state of the battery spin undergoing charging, we estimate the battery energy as well as the ergotropy, the
maximum amount of work that is unitarily available for extraction. The experimental results thus obtained
establish the quantum advantage in charging the quantum battery. We propose using the quantum advantage,
gained via quantum correlations among chargers and the battery, as a measure for estimating the size of the
correlated cluster. We develop a simple iterative method to realize asymptotic charging that avoids the oscillatory
behavior of charging and discharging. Finally, we introduce a load spin and realize a charger-battery-load circuit
and experimentally demonstrate battery energy consumption after varying the duration of battery storage, for

up to 2 min.
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I. INTRODUCTION

Recent advances in quantum technologies are revolutioniz-
ing the world with novel devices such as quantum computers,
quantum communication, quantum sensors, and a host of
other quantum-enhanced applications [1,2]. The latest addi-
tions include quantum engines [3,4], quantum diodes [5,6],
quantum transistors [7], and quantum batteries, energy-storing
devices [8-10] that are capable of exploiting quantum super-
positions [11-16]. While quantum batteries open up novel
applications, they are also exciting from the point of view
of quantum thermodynamics [17-19], a rapidly emerging
field that extends thermodynamical concepts to the quantum
regime. It has been theoretically established that quantum
batteries can exhibit faster charging in a collective charg-
ing scheme that exploits quantum correlations [12,13,20].
Recently quantum batteries with various models showing
quantum advantages have been introduced [21,22]. They in-
clude quantum cavities [9,14,23-29], spin chains [30-36], the
Sachdev-Ye-Kitaev model [37,38], and quantum oscillators
[8,15,39,40]. There also have been a few experimental in-
vestigations of quantum batteries, such as the cavity-assisted
charging of an organic quantum battery [41].

Here we describe an experimental exploration of quantum
batteries formed by nuclear spin systems of different sizes
in star-topology configuration. Although, one can consider
various other configurations, we find the star-topology sys-
tems to be particularly convenient for this purpose for the
reasons mentioned in Ref. [42]. Using NMR methods, we
study various aspects of a quantum battery by experimen-
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tally characterizing its state via quantum state tomography.
Thereby we monitor the building up of the battery’s energy
during collective charging and establish the quantum speedup.
We also estimate the quantity ergotropy, which quantifies
the maximum extractable work. By numerically quantifying
quantum correlation in terms of entanglement entropy as well
as discord, we reconfirm the involvement of correlations in
yielding the quantum speedup. We therefore propose using the
quantum speed to estimate the size of the correlated cluster.
We find this method to be much simpler compared to the
spatial phase-encoding method [43] or the temporal phase-
encoding method (e.g., [44]). Unlike classical batteries, the
charging of a quantum battery is oscillatory; i.e., the quantum
battery starts discharging after reaching the maximum charge.
Recent theoretical proposals to realize a stable nonoscillatory
charging were based on either the adiabatic protocol [45]
or the shortcut to adiabaticity [46]. Here we propose and
demonstrate a simple iterative procedure to realize asymp-
totic charging based on the differential storage times of the
charger and battery spins. Finally, we describe implementing
the quantum charger-battery-load (QCBL) circuit. A similar
circuit has recently been theoretically discussed in Ref. [47].
Using a 38-spin star system we experimentally demonstrate
the QCBL circuit with battery storage of up to 2 min before
discharging energy onto the load spin.

The article is organized as follows. In Sec. II, we describe
the theoretical modeling of the quantum battery and describe
the numerical analysis of the battery’s performance in terms of
relative purity factors of charger and battery spins. In Sec. III,
we describe the following experimental studies on the quan-
tum battery. The study of quantum advantage and ergotropy is
reported in Sec. III A. The proposal to use quantum advantage
as a measure of the cluster size is discussed in Sec. III B. The
scheme to avoid oscillatory charging is described in Sec. IIT C.

©2022 American Physical Society
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FIG. 1. A single spin-1/2 particle in an external magnetic field
By as a quantum battery. The ground state (a) and the excited state
(b) correspond respectively to uncharged and charged states of the
battery.

Finally, we describe implementation of the QCBL circuit in
Sec. I D before summarizing in Sec. I'V.

II. THEORY

A. A nuclear spin battery

The simplest quantum battery (B) consists of a two-level
quantum system, like a spin-1/2 particle placed in a mag-
netic field (Fig. 1). Here, the ground state |0) is modeled
as a discharged or empty battery, while the excited state |1)
is modeled as a fully charged battery. The spin battery can
be charged either directly using an external drive [12,14] or
indirectly via an ancillary spin, called the charger spin (C)
[30,47]. Let us now consider the B-C spin system. Each of
the two spins are governed by their local Hamiltonians Hp
and Hc, respectively, which for the sake of simplicity, are
chosen to have zero ground-state energy. Moreover, we as-
sume that the quantum system at an initial time ¢t = 0 is in a
factorized state,

pec(0) =10)(0lz ® 1) (1]c, (1)

with |1)(1]|¢ being the excited state of the charger.

We now introduce a coupling Hamiltonian Hgc(#) between
B and C, in order to transfer as much energy as possible from
the charger to the battery over a finite charging duration .
Under the global Hamiltonian of the system BC,

H(t) = Hp + Hc + Hpc (1), (2)
the joint system evolves as
ppc(t) = U(0)psc(O)U (1),
with  U(r) = Te o dH®) 3)

where T is the time-ordering operator. The instantaneous state
of the battery pp(t) = Trc[ppc(T)] is obtained by tracing out
the charger. The goal is to maximize the local energy of the
battery,

EJ™ = Ep(%) = Trl py (D) H3], ¥

with the shortest possible charging time T. For a given maxi-
mum energy charger Eg**, the charging power is defined as

P =EZ*/T. 5)
We now discuss two charging schemes, parallel
and collective [12,14,30], as illustrated in Fig. 2.
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FIG. 2. Two charging schemes: (a) parallel charging scheme
where a single battery is charged by an individual charger and (b) the
collective charging scheme where a single battery is charged by
multiple chargers.

In the parallel charging scheme [Fig. 2(a)], each
of the N batteries is independently charged to a
maximum energy Eg*/N by one of the N chargers
over a duration 7;. Conversely, in the collective charging
scheme [Fig. 2(b)], all the batteries together form a
battery pack that is charged to a maximum energy Eg**
simultaneously by N chargers over a duration Ty. The latter
scheme exploits quantum correlations and hence is more
efficient [12,14]. Let P; and Py be the the charging powers
of the parallel and collective charging schemes, respectively.
The quantum advantage of collective charging is defined as
[13]

PN Egl ax /?N Ty

=_—=—"l_""—=—. 6
P N(EF*/N)/T, Tn ©

We may also characterize the state of the battery during
charging in terms of ergotropy, or the maximum work that can
be extracted [48]. Following Refs. [16,48,49], the ergotropy of
a battery at time 7 is given by

E(pp(1)) = Ep(ps(v)) — Eg(ph(1)), )

where Eg(p) = Tr(pHjp) is the energy of the state p and p5(7)
is the passive state corresponding to pp(7). A passive state, or
a zero-ergotropy state, is the one from which no work can be
extracted by using unitary methods [48,49]. To construct the
passive state, we first spectrally decompose the state pp(7)
and the Hamiltonian Hp as

pp(t) =Y _rilry)(rjl, wherery =1 > -
J

Hp =) EE)(E where By SEx <o (8)
k

, and

The passive state is diagonal in the energy basis formed by
pairing the descending order of populations r; with the as-
cending order of the energy E; levels, i.e.,

ph(T) =Y rilE)HE;]. ©)

J

Note that the energy of the passive state is

Es(of(0) = 3. riE;. (10)
J

For a single spin battery described in Fig. 1, the eigenvalues of
instantaneous state are of the form (1 £ €)/2, where |e| < 1.
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Therefore,
1+e€ 1—¢
pp(T) = 10)(0] + ——[1)(1] and
2 2
1—¢
Ep(pp(7)) = hwp 7 (11)

As long as € > 0, the ground state is still more populated
than the excited state, and the battery remains in the passive
state and ergotropy £(pp(t)) = 0. After sufficient charging, €
becomes negative, and the passive state changes to

1—e€ 1+€
P(r) = —|1)(1
pp(T) 5 10){0 + > 1) (11,
14+€
Ep(ph(1)) = liwp 7
and ergotropy £(pp(t)) = —€hwp (€ < 0). (12)

For €| <« 1 we find that the dimensionless ratio
Epp(r) 2
—€Ep(pp(t)) 1-—¢€

In the following we describe the topology of the spin systems
used in our experiments.

~ 2. (13)

B. Star-topology network

We now consider the star-topology network in which a
single central battery spin uniformly interacts with a set of N
indistinguishable charger spins [42] as illustrated in Fig. 3(a).
The quantum battery in this configuration has been stud-
ied theoretically very recently [50]. The spin systems with
N =3,9, 12, 18, and 36 studied in this work are shown in
Figs. 3(b)-3(f).

We consider the local Hamiltonians for the battery and the
charger to be

HB = th(l/Z — SZ) and HC = ha)clz. (14)

Here S, , . represent the x, y, and z spin operators for the
battery spin with the Larmor frequency g, I;,. = Y~ , I,
represent the collective x, y, and z spin operators for the charg-
ers with the Larmor frequency wc = ywp, where y is the
relative gyromagnetic ratio. Following Ref. [15], we choose

the interaction Hamiltonian
Hpc(t) = m2uJ (Sl + S,1,), (15)

where J < |w¢)| is the coupling constant between the bat-
tery and the charger spins.

The spin system is prepared in the thermal equilibrium
state, which is in a generalized form of Eq. (1), i.e.,

pec(0) = pp(0) ® pc(0),  with

1+e 1—¢
pp(0) = TI())(OI + Tll)(ll and

_ 1 N
Y€ 10y(0] + +y€|1><1|) . (6)

1
pc(0) = ( 5 >

where € and ye are the purity factors of the battery and
charger spins, respectively. Under the high-temperature ap-
proximation relevant for NMR conditions, € ~ 1075,

(a) Star topology system (b) ACTN 1351,
H
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FIG. 3. (a) Star-topology configuration showing the central bat-
tery spin symmetrically surrounded by charger spins. (b)—(f) The
star-topology nuclear spin systems studied in this work. The strength
J of the battery-charger interaction for each system is shown with
the molecular structure, while other details are tabulated in panel (g).
Note that all the nuclei considered here (B and C) are spin-1/2 nuclei.

We evolve the whole system for a duration t under the
total Hamiltonian in the interaction frame defined by U (?) =
e !Hs+Ho) /I The dimensionless energy of the battery

(1) = Ep(t)/hwp = (1pp(7)|1) a7
is related to the normalized polarization of the battery

1 _
ms(T) = (02) pue)/€ Via en(t) = #(” (18)

For the special case of the pure state, i.e., ¢ = 1 and also set-
ting y = 1, we obtain the state and the dimensionless energy
as follows:

05(7) = cos2(v/N6/2)0)(0] + sin>(v/NO/2)|1)(1],
ep(1) :sinz(«/JVG/Z) in terms of 8 = 2w Jr. (19)
The energy is maximized for & = 77 /+/N at the optimal time

_ 0 1 T

N ] 2J\/N’ oo T = \/N, 21
clearly predicting the quantum speedup. The battery energy
evolutions for various numbers of charger spins are shown in
Fig. 4(a). Note that mixed-state curves deviate from the pure-
state curves for N > 3. Here, while eg exceeds the pure-state
value of unity, the maximum charging takes a longer duration.
The quantum advantage I" versus the number of charger spins
for y =1 and various values of € are shown in Fig. 4(b). In
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FIG. 4. (a) Battery energy ep versus charging phase 6 = 2nJt
for different numbers N of charger spins in pure (solid lines) and
mixed (dashed lines; € = 107°) state cases. (b) Quantum advantage
I" versus N for different purity values €.

the following we discuss the experimental investigation of the
quantum battery.

III. EXPERIMENTS

A. Establishing quantum advantage

Our first aim is to establish the quantum advantage de-
scribed in Sec. II B using various systems shown in Fig. 3.
A table containing information about the solvent, the relative
gyromagnetic ratio (y), and the 77 relaxation time constant
for each of the spin systems is shown in Fig. 3(g). All the
experiments were carried out in a 500-MHz Bruker NMR
spectrometer at an ambient temperature of 298 K. The NMR
pulse sequence for the experiments is shown in Fig. 5(a).
Starting from the thermal equilibrium state, we energize the
charger spins by inverting their populations with the help of a
7 pulse. This is followed by the charging propagator

Uxy (t/ng) = e Hrct/no
~ YUV XUzX 22)

Here, X (Y) = ¢ {SoHee)™/2 and U,, = = 5:0/" Note that
for N > 2, [S:ly, S,1,] #0, and therefore, we implement
the interaction propagator via integral iterations n € [0, ng]
of Uxy(t/ng) with sufficiently large ny such that 7/ny) <
1/(2J). Finally, after dephasing spurious coherences with the
help of a pulsed field gradient (PFG), we apply a /2 detec-
tion pulse and measure the battery polarization mg (7). During
the detection period, we decouple charger spins using the
WALTZ-16 composite pulse sequence [51].

The experimentally measured battery energy ep estimated
from mp using Eq. (18) for all five spin-systems shown in
Fig. 3 are plotted versus the normalized charging duration
7 /Ty in Fig. 5(b). For an ideal pure-state system, we expect

@) |
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FIG. 5. (a) The NMR pulse sequence for charging the quantum
battery and measuring its energy. The wide and the narrow rectangu-
lar pulses correspond to 7 and 7 /2 pulses, respectively. The shaped
pulse in the lowest row corresponds to the pulsed field gradient (PFG)
which dephases the coherences and retains populations. (b) The
symbols correspond to the experimentally measured battery energy
values ep versus the normalized charging duration t /Ty for the five
spin-systems shown in Fig. 3. Here the dotted lines are spline fits to
guide the eye. (c) The quantum advantage I" versus the number N of
charger spins showing /N dependence.

the maximum energy storage at T /Ty = 1. On the other hand,
for mixed-state systems with N > 3, 7 /7y slightly overshoots
the unit value. However, in practical systems, the charging
dynamics is affected by the experimental imperfections such
as RF inhomogeneity (RFI), offset and calibration errors, etc.
In spite of these issues, the results shown in Fig. 5(b) for
all the systems show a remarkable agreement with the ex-
pected maximum charging duration at 7. The corresponding
quantum advantage I" for all the systems are plotted versus
the number N of charger spins in Fig. 5(c), where the solid
line corresponds to the theoretically expected /N function.
Clearly, we observe a significant quantum advantage ranging
from about 1.5 to over 6.

We now explain the experimental measurement of er-
gotropy for the subsystem consisting of only the battery spin.
To this end, we carry out the complete quantum state tomog-
raphy [1] of the battery spin while tracing out the charger
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FIG. 6. The dots represent the experimentally estimated er-
gotropy of the battery spin versus the normalized charging duration
t/Ty for all five spin-systems. Here the ergotropy is scaled by
ehwgel™ [see Eq. (13)], where e™ is taken from Fig. 5(b) indicated
by solid squares. The solid lines in small spin-systems represent the
theoretical fits accounting also for the experimental nonidealities.

spins using heteronuclear composite pulse decoupling. After
reconstructing the density matrix pgp(t) we use Egs. (7)—(9)
to estimate the ergotropy value. The dots in Fig. 6 represent
the experimentally estimated ratio of ergotropy to maximum
energy [see Eq. (13)] plotted versus the normalized charging
time 7 /Ty. Here the solid lines are theoretical fits accounting
for experimental nonidealities such as RFI, relaxation effects,
etc. As explained after Eq. (11), the battery spin remains in a
passive state and exhibits zero ergotropy until its populations
are saturated. Ideally for y = 1, the saturation occurs at time
1/(4J V/N) [follows from Eq. (19)], while for y > 1, it occurs
earlier. Once the battery-spin populations begin to invert, the
ergotropy ratio starts building up towards the value 2 [see
Eq. (13)] and reaches its maximum at the normalized charging
time 7/Ty = 1. Thus, once again we observe the quantum
advantage in the charging of the quantum battery.

B. Determining the size of the correlated cluster

It has been shown that quantum correlation plays a key role
while charging the quantum battery via the collective mode
[12]. The same holds true for charging in the star-topology
system. In Fig. 7, we plot the entanglement entropy as well
as the quantum discord against the normalized charging time
7/T¢ for a star system with N =9 charger spins. For ref-
erence we also show the charging energy ep for both pure
(with e =1, ¥y = 1) and mixed states (with € = 107> and
y = 1). To evaluate the entanglement entropy we traced out
charger spins and evaluated the von Neumann entropy of the
battery state. For evaluating the quantum discord, we used
the two-spin reduced state obtained by tracing out all spins
except the battery spin and one of the charger spins. We
find that the maximum correlation is reached at t /79 = 0.5,
i.e., at half the maximum charging period. Both entanglement
entropy and discord vanish at the maximum charging period,
i.e., T/T9 = 1, and the spins get uncorrelated [11,12]. Since
(i) the quantum advantage is linked to the generation of the
correlated state [12] and (ii) the maximum charging period
depends on the size of the correlated cluster, here we propose

1.2 : . . .
1t Pt Ly
o
0.8+ —-egle=1y=1)
o6k /7 N\ | egle = 10°,4 =1)

= =Discord
——Entropy

0.47

0.2}

FIG. 7. Numerically calculated battery energy (with pure and
mixed states), entanglement entropy (for pure state; € = 1, y = 1),
and quantum discord (for mixed state; € = 10>, y = 1) versus the
normalized charging duration t /7o for the N = 9 star system involv-
ing a single battery spin and nine charger spins.

to use I'> + 1 as an estimate for the size of the correlated
cluster. This is justified by the good agreement between the
theory and experiment for all of the five systems investigated
in Figs. 5(b) and 5(c). For example, the experimentally ob-
tained value I' & 6 for Tetrakis(trimethylsilyl)silane (TTSS)
matches with the correlated cluster of 37 spins.

C. Asymptotic charging

We now propose a simple method to avoid oscillatory
charging and realize an asymptotic charging that keeps the
quantum battery from discharging. The method relies on the
differential storage times of the charger and the battery spins,
ie., T > TE. It involves iteratively reenergizing the charg-
ers, followed by transferring the charge to the quantum battery
after a carefully chosen delay. The scheme for the asymp-
totic charging is described by the pulse sequence shown in
Fig. 8(a). It involves a delay A before energizing the charger
followed by charging the battery. However, unlike the unitary
scheme described in Sec. III A, here the entire process, includ-
ing waiting time, reenergizing of the battery, and charging, is
iterated. The experimentally measured battery energy ep of
the asymptotic charging with the TTSS system is shown by
dots in Fig. 8(b), wherein the dashed lines represent the fits
to asymptotic charging functions ep(nA) = eg (1 — e "4/T),
Note that for the TTSS system, TIB = 115.4 s, which is much
longer than 7€ = 3.3 s [see Fig. 3(g)]. The estimated values
of the charging time constants T are plotted versus A in the
inset of Fig. 8(b). It is clear that there is an optimal delay
time A for which we observe maximum charging. Therefore,
we monitored the saturation charging, i.e., eg(20A) versus the
delay time A as shown in Fig. 8(c). For the TTSS system,
we find the optimal delay ranges from 7.5 to 10 s, to asymp-
totically achieve over 85% charging compared to the simple
unitary method described in Sec. IIT A.

D. Quantum charger-battery-load (QCBL) circuit

Now we describe the QCBL circuit consisting of a charger
(C), a battery (B), and a load (L). Here we again use the
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FIG. 8. (a) The NMR pulse sequence for asymptotic charging of
a quantum battery. (b) Battery energy ep versus charging duration
nA for three values of delay A. Here the dashed lines represent the
fits to asymptotic charging functions as described in the text. The
charging time constants for these three cases are plotted in the inset.
(c) Battery energy at saturation eg(20A) (after n = 20 iterations)
versus the delay A showing the optimal delay range from 7.5 to 10 s.
Here the dashed line is a spline curve fit to guide the eye.

TTSS system and consider all the proton spins together as the
charger, the central 2°Si spin as the battery, and the peripheral
29Si spin as the load. Given the 5% natural abundance of >°Si,
the probability of both the central and one of the four periph-
eral silicon nuclei to be a 2°Si isotope is 0.2%. In this system,
the strength of the 2°Si - 2°Si interaction, i.e., Jz; = 52.4 Hz.
The QCBL circuit and the corresponding spin labeling are il-
lustrated on the left side of Fig. 9(a). The NMR pulse sequence
for QCBL is shown on the right side of Fig. 9(a). We first
charge the battery (B) as described in Sec. III A and switch-off
the C-B interactions by decoupling the charger spins through-
out. Subsequently, we can introduce a battery storage duration
7y, after which we apply a Gaussian spin-selective 7 /2 pulse
on L followed by a PFG (Gy;). This ensures that there is no
residual polarization of the load (L) spin. We now introduce
the discharging scheme Uxy (t”) between B and L. Note that,
the Uyy propagator can be exactly implemented in the case of
a two-spin interaction. Finally, we measure the polarizations
of both B and L spins after destroying the spurious coherences
using a second PFG G,; and thereby estimate their energies
ep and ey, respectively. The experimental results of e and e,
are plotted versus Jp, 7’ in Fig. 9(b). In our experiment, the
load spin is beginning from a maximally mixed state instead
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c : ‘%L L— J
1 i ny(T/) J
o B— HE
(HC)sS| .
i — xy(T/ng [
HChSi-, \ N ¢ H lj §
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g ) decoupling I
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(H30)3SI ? G G

g . 2z
(b) .
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3 “\ ;‘ 0.6 \
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FIG. 9. (a) The QCBL circuit and its implementation in the
38-spin star-topology system (left) and the NMR pulse sequence for
the QCBL circuit (right). Here the dashed lines are spline curve fits
to guide the eye. (b) The energy of the battery (ep) and the load (e.)
versus the discharging parameter Jp, t’. (c) The energy of the load
(er) extracted from the battery after a storage time t,. The dashed
line is an exponential fit as discussed in the text.

of the ground state. Therefore, e, starts with a value around
0.5 before raising towards the maximum value of 1.0 for
Jpr ' = 0.5. At this value of Jp; T/, we vary the battery storage
time t; and monitor the load energy e, . The results are shown
in Fig. 9(c). As expected, the data fits to an exponential decay
function e~ /" [dashed line in Fig. 9(c)] with an estimated
battery storage time-constant 7y &~ 200 s. This completes the
demonstration of the QCBL circuit.

IV. SUMMARY AND OUTLOOK

Considering the potential applications of quantum tech-
nologies, it is of great interest to study energy storage and
usage at the quantum level. In this context, there is a signif-
icant contemporary interest in studying the quantum battery.
We investigated various aspects of the quantum battery using
nuclear spin systems in star-topology molecules in the context
of NMR architecture. We first theoretically compared the effi-
ciency of the collective charging scheme (involving quantum
correlation) with a parallel (classical) scheme.

Using NMR methods, we experimentally studied the
collective charging scheme in a variety of spin systems,
each having a single battery spin and a set of charger
spins whose number N ranged between 3 and 36. By
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measuring the polarization of the battery spin, we es-
timated the battery energy and thereby established the
quantum advantage I' = +/N of the collective charging
scheme.

An important parameter to characterize a quantum battery
is ergotropy, which quantifies the maximum amount of work
that can be extracted from a quantum system via unitary meth-
ods. For each spin system, we performed the experimental
quantum state tomography and estimated the ergotropy of the
battery spin and its evolution during charging. We observed
the v/N quantum advantage in ergotropy as well.

By numerically evaluating entanglement entropy and quan-
tum discord for star systems, we reconfirmed the established
fact that the quantum advantage is realized via quantum cor-
relation. Therefore, we proposed using I'> + 1 as an estimate
for the size of the correlated cluster. In particular, for a 37-spin
system, we obtained an experimental value of I' & 6, which in
this case matched well with the expected number.

We then addressed the issue of oscillatory charging
wherein the battery starts discharging after overshooting the
optimal charging duration. To this end, we proposed a simple
asymptotic charging method that involves iteratively reener-
gizing the charger with a suitable delay. We experimentally

demonstrated asymptotic charging and determined the opti-
mal delay range.

Finally, we introduced a load spin to which the battery can
deposit its energy after a suitable storage time, thus complet-
ing the complete charger-battery-load circuit. Using a 38-spin
system, we showed that the battery spin could store energy for
up to 2 min and yet was able to transfer the stored energy to
the load spin.

We believe this work paves the way for further methodol-
ogy developments towards the practical aspects of quantum
batteries. Such developments may also contribute towards
better understanding of quantum thermodynamics and its
applications. One may also envisage an advanced circuit in-
volving multiple elements such as quantum diodes, quantum
transistors, and quantum heat engines, in addition to quantum
batteries.
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