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Abstract
We investigate the charging performance of an anisotropic XYZmodel ofHeisenberg SpinChain
QuantumBattery (HSQB) alongwith different components ofDzyaloshinskii-Moriya Interaction
(DMI) for three cases - short range, long range and infinite range interactions.We find that the
presence ofDMI enhances the charging power and total stored energy of theQB considered here,
when compared toHSQB inmost of the cases, by considering both local and collective charging
protocols. Themaximum stored energy increases linearly with the number of spins (N). An extensive
scaling ofmaximumcharging powerwith the number of spins is obtained inwhich themaximum
power approaches a scaling exponentα= 1.846 for collective charging of themodel consisting of
Heisenberg spin chainwith Y component ofDMI under infinite range interactions. Finally, we
optimize the performance of the battery bymeasuring the quantum energy fluctuations with in the
system.

1. Introduction

Recent years havewitnessed an outpouring of interest in the study and development of various new quantum
technologies ranging fromquantum thermalmachines, quantumheat engines, quantum refrigerators,
quantum supercapacitors, quantumbatteries etc [1–5]. These technologies stem from the emerging field of
quantum thermodynamics, which has the larger objective of giving a quantummechanical description of the
thermodynamic phenomena [6]. On the application side, one of themajor objectives is to build quantum
thermalmachines, including quantumbatteries, that exploit non-classical resources such as quantum coherence
and entanglement. Studies on quantumbatteries, especially, have gainedmuch attention since the critical work
byAlicki and Fannes [7].Quantum advantage, often proves a substantial incentive in the pursuit of these
technologies, just as it has been in other areas of earlier quantum technologies, be it quantum computation or
communication.QuantumBatteries (QBs) are devices or systems that can store and supply energywhich have a
distinct quantumadvantage when compared to their classical counterparts in atleast two aspects: a) faster
charging rates, and b) possibly fully reversible charging [8]. Of these two, faster charging rates are possible
critically due to entanglement among the quantum cells thatmake up the battery, a feature not possible in
classical batteries [7]. In addition, it has been shown that if energy is stored in quantummany-body systems,
entanglement generation also leads to faster work extraction [9].

The charging of a quantumbattery can be accomplished using two broadly different protocols, global
charging and parallel charging protocols [10]. In global charging protocol, the subsystems-cells of a battery are
charged collectively bymeans of global entangling operations, which is also referred to as collective charging.
Whereas in the case of parallel charging protocol, each subsystemof the battery is charged locally and
independently of each other, similar to the charging of conventional batteries. Parallel charging of a quantum
batterywould yeild a charging power P that is linearly dependent on the number of cells in the quantumbattery,
N, collective charging on the other hand, which fundamentally invokes quantum entanglement among the cells,
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can provide amaximum charging powerP∝Nα, with the exponentα� 1. Recently, Gyhm.et.al [11] have
shown the upper bound onα to be 2. This theoretical result sets the limit formaximum charging power that can
be attained by a quantumbattery, and consequently sets in a search for the appropriate physicalmodel governing
the quantumbattery that can yield us thismaximumvalue for the exponentα. Over the last decade, several
studies have focussed on the charging and discharging process in batterymodels [12, 13], andmaximisingwork
extraction(ergotropy) [14–16]. In recent years,many theoreticalmodels ofQBs have been proposed [17–33] and
a few experimental realisations have also been reported since [34–39]. Numerousmodels based on spin systems
have been reported in literature [40–45] of whichHeisenberg SpinChain (HS) basedQBmodels especially
garneredmuch attention for being among the simplest, yet versatile, conceivable quantummodels [46–62].

In 1960, T.Moriya introduced an antisymmetric type ofmagnetic exchange interaction known as
Dzyaloshinskii-Moriya Interaction (DMI) based onAnderson's superexchange formalism [63, 64]. This
interaction accounts for theweak ferromagnetic behaviour of some antiferromagnets. Thematerials that lack
inversion symmetrywith strong spin–orbit coupling exhibit DMI, and hence this interaction originates from
spin–orbit coupling. Inmagnetically ordered systems, this interaction leads to spin ’canting’ and is of the form,
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coefficient determined by the spatial part of the one-electronwavefunctions associatedwith themagnetic ions at
sites i and j. In the case ofHeisenberg spin chains withDM interactions, DMI competes withHeisenberg
exchange interactions, leading to the formation of a noncollinear spin configuration in the ground state. This
model was experimentally realized recently in two isostructural compounds of spin chain systems, K2CuSO4Cl2
andK2CuSO4Br2, which featureHeisenberg spin chains with uniformDMI [65].

In the present work, we investigate the charging performance of the anisotropic XYZmodel of the
Heisenberg SpinChainQuantumBattery (HSQB), wherein the spins also interact throughDMIwith either
short-range, long-range, or infinite-range interactions. The critical role of anisotropy in generating quantum
correlations and entanglement is well realized by now. An isotropicHeisenberg spin chain does not generate
either [58].We consider two possible cases of charging: local (interacting) and global (collective) charging of
spins, in order to compare the battery operation based on both charging protocols. In addition, we study the
effect of different components ofDMI (say, X, Y, andZ components) in the charging process of the quantum
batterymodel.

We note that DMI has not been studied sufficiently in the context of QBs, although the inherently
anisotropic interaction is known to influence quantum coherence and entanglement. By incorporating
DMI into theHeisenberg spin chainmodel, we aim to investigate if this interaction can enhance the charging
power and stored energy of QBs, and see how it compares to previously studiedmodels. In a recent study,
Zhang et al have investigated the performance of a two spin quantumbattery withDMI, alongwith other spin-
spin interactions [61]. Here, we have investigated the generalN-spin quantum battery in the case of short-
range, long-range and infinite range interactions, and particularly studied how the charging power scales
withN.

This paper is organized as follows: In section 2, we introduce the batterymodel of theHS+DMIQBwith
relevantfigures ofmerit to elucidate the battery performance. Thenwe consider the cases of short-range, long-
range, and infinite-range interactions to plot the time evolution of total stored energy and the corresponding
average power and thenfind themaximum stored energy and power as a function of the number of spins.We
present a comparative study betweenHS+DMIQB andHSQB for different charging schemes by considering
different components ofDMI. The quantumadvantage corresponding to both charging protocols, local
(interacting) and collective charging, is calculated for infinite-range interactions. Thenwemeasure the energy
quantumfluctuations in section 3 under different interaction ranges for different charging cases by comparing
the results with differentQBmodels. Energy fluctuation is plotted versus time, and then the value of energy
fluctuation at time thatmaximizes energy is calculated and plottedwith the system size. Finally, we summarize
the results in section 4.

2.Model ofHS+DMIquantumbattery

OurmodelQB consists of a one-dimensional anisotropic XYZHeisenberg spin chain, alongwith an addedDM
interaction term. A constant externalmagnetic field acting along the z-direction plays the role of a polarization
field, with interaction energyHz, given by
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whereωz represents the strength ofmagnetic field (with units of energy) after an appropriate scaling.We shall
consider two types of charging protocols in a closed quantum system, namely, local and collective charging
schemes. In ourmodel, we employ local charging for an interacting spin system, i.e., the system consists of an
"N" spin chainwith bothHeisenberg andDM interactions prior to the charging operations.More specifically, we
consider aQBbased on quantum-interacting spinmodel which is charged via a local external uniformmagnetic
field. The local charging of spin chain is achieved using a direct charging protocol [8, 58, 59, 66] inwhich the
hamiltonianHz is turned off and the hamiltonian due to the local externalmagnetic field along the y direction,
Hy, given by
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is applied during the charging process, whereωy is the strength of the applied field. The total hamiltonian of the
system for local charging can bewritten as
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corresponding to theHeisenberg andDM interactions given by
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the anisotropy parameters. Here,λ(t) is a step function:λ(t)= 1 for tä [0,T] and zero otherwise, which acts as a
switch for the charging process, withT denoting the charging time. Due to the presence of intrinsic interactions
between the spins before the charging process, the initial state of the battery can become entangled. But local
charging negates the possibility of entanglement generation during the charging process.Whereas in the case of
collective charging, the system consists ofN independent spins which are collectively charged via global
operations that creates the possibility of generation of entanglement between the spins during the charging
process. In ourmodel, the battery is charged by introducing a sudden nonequilibriumquantumquench ( )HC

1

which constitutes theHeisenberg spin-spin interactions andDM interaction for the collective charging protocol
[10, 56, 57, 67]. The corresponding formof the total hamiltonian of the system is given by
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0 1l= +

where,

( )( )H H 9C z
0 =

( )( )H H H 10C HS DMI
1 = +

Here ( )HC
0 is the static hamiltonian and ( )HC

1 is the interaction hamiltonian. Comparingwith the local charging
protocol, itmay be noted that the energy stored in the battery after chargingwill be the expectation value of the
paramagnetic hamiltonian, ( )HC

0 in equation (8) in the case of collective charging, whereas with local charging it
would be the expectation value of the hamiltonian ( )HL

0 in equation (3), which includes the spin-spin
interactions. In the following, we shall consider three independent cases for the strength of interactions: short-
range (SR), long-range (LR) and infinite-range (IR) interactions given by
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whereD, g are real constants and q,m� 0. g is the spin-spin interaction strength andD is theDM interaction
strength.Here in ourmodel, the direction of polarization field,Hz is taken along negative z direction and hence
each spin is prepared in the ground state, ∣ ∣Gñ = ñ. Therefore, we consider the initial state of the battery as the
ferromagnetic ground state as follows.
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∣ ( ) ∣ ∣ ( )G G G0 , , ....., ...... 13Y ñ = ñ =  ñ

Then thewave function of the system evolves with time twhich is given by

∣ ( ) ∣ ( ) ( )t e 0 14iHtY ñ = Y ñ- /

HereH represents the time independent total hamiltonian of the system, corresponding to a given charging
protocol (ie, either local charging (HL) or collective charging (HC)). Itmust be noted that the total hamiltonian is
time independent during the entire charging phase. For convenience, we shall setÿ= 1 all along. The total stored
energy by the battery at a particular instant t is given by

( ) ( )∣ ∣ ( ) ( )∣ ∣ ( ) ( )( ) ( )E t t H t H0 0 150 0= áY Y ñ - áY Y ñ

whereH(0) is the systemhamiltonian corresponding to a given charging protocol. The corresponding average
power for a given time t is given by

( ) ( ) ( )P t
E t

t
16=

Themaximum stored energy from the battery (at time tE) is

( ( )) ( ) ( )E max E t E t 17max
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Eº =

Similarly themaximumpower (at time tP) is

( ( )) ( ) ( )P max P t P t 18max
t

Pº =

In this paper, the calculations are done and coded in PYTHONusingQuTiP library [68].

2.1. Short range interactions
Consider the nearest neighbour (NN) interactions between the spins of the battery. The corresponding
hamiltonians for local and collective charging are given by equations (3) and (8)where
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For simplicity, we restrict the direction ofDMI along one direction (say, X, Y or Z direction). Here we study and
compare the effects of three different components ofDMI (ie, in the X, Y andZdirection) in the charging
process of the battery. The corresponding hamiltonians are given by
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In order to analyse the effect of different components ofDMI in the charging process ofQB, the time evolution
of total stored energy by theQB and the corresponding average power are plotted as shown infigures 1 and 2 for
different charging cases and for different components ofDMI.Herewe also give the results ofHSQB for
comparison. In this paper, all plots have same parametersN= 10, g=± 1,Dx= 1,Dy= 1,Dz= 1,ωz= 1,ωy= 1,
γ= 0.5,Δ= 2 unlessmentioned otherwise.We have plotted energy and power for both ferromagnetic case
(g=− 1) and anti-ferromagnetic case (g= 1) starting from the same initial state. From the figure 1, it is clear that
forHSQBwithX andY components ofDMI (ie, HS+DMI-xQB andHS+DMI-yQB), the total stored energy
by theQB enhances as compared toHSQB in the case of collective charging by consideringNearest-Neighbour
(NN) interactions and the corresponding increase in energy ismore prominent in the ferromagnetic case. But
for local charging, there is only notable increase in energy in the case ofHS+DMI-xQB (anti-ferromagnetic
case).Whereas in the case ofHSQBwith Z component ofDMI (ie, HS+DMI-zQB), no significant change is
observed in the case of energy compared toHSQB for both charging protocols. Figure 2 plots the time evolution
of the average charging power of theQB. It clearly demonstrates that there is increment in power for bothHS
+DMI-xQB andHS+DMI-yQB compared toHSQB for all the cases considered.Whereas in the case ofHS
+DMI-zQB, there is no change observed in the case of power compared toHSQB inwhich the trend is similar
with that of energy.

We thenfind themaximum stored energy (Emax) and themaximum charging power (Pmax) as a function of
total number of spins (N) for different charging cases and for different components ofDMI and the results are
plotted for anti-ferromagnetic case (g= 1) as shown infigures 3 and 4.Herewe have takenN= 1, 2. . . . . 20 spins
for demonstrating the results.
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It shows that themaximum stored energy andmaximumcharging power have correlationwithN and get
enhancedwith the number of spins. But compared toHSQB, notable difference is observed only in the case of
HS+DMI-xQB andHS+DMI-yQB for both charging protocols like the previous result.Whereas in the case of
HS+DMI-zQB,DMI-z component does not impart any significant effect on the performance of the battery.

Themaximum stored energy scales linearly with the number of spins.Hence in the case of short range
interactions, no significant quantum speed up is observed, but the presence ofDMI-x andDMI-y components
enhances the charging power and energy stored by theQB.

2.2. Long range interactions
In an earlier work on spin-chainQB [58], it is shown that the presence of interactions between spins leads to the
potential quantum advantage and this advantage is super extensive for long range interactions.Motivated by this

Figure 1.Total stored energy as a function of time for X, Y andZ components ofDMI under short range interactions. (a), (b), (e), (f),
(i) and (j) for local charging case and (c), (d), (g), (h), (k) and (l) for collective charging case. The blue-orange solid line plot for g= 1
and green-red dotted line plot for g=− 1, respectively. In this paper, all plots have same parametersN= 10, g=± 1,Dx= 1,Dy= 1,
Dz= 1,ωz= 1,ωy= 1, γ= 0.5,Δ= 2 unlessmentioned otherwise.
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idea, we now analyse the effect of different components ofDMI in the performance of aHSQBunder long range
interactions, where each spin interact with every other spins but the interaction decays with distance as a power
law, given by equations (11) and (12). The hamiltonians corresponding to long range interactions are given by
equations (3) and (8), where

∣ ∣
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The hamiltonians corresponding toDMI for X, Y andZ components are
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Figure 2.Average power as a function of time for X, Y andZ components ofDMI under short range interactions. (a), (b), (e), (f), (i)
and (j) for local charging case and (c), (d), (g), (h), (k) and (l) for collective charging case.
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The time evolution of total stored energy by theQB and the corresponding average power are plotted as shown
infigures 5 and 6 for different charging cases and for different components ofDMI.

From thefigure, we can conclude that forHS+DMI-xQB andHS+DMI-yQB, the total stored energy and
power is significantly enhanced for both the charging cases compared toHSQB.Whereas in the case ofHS
+DMI-zQB, energy is enhanced for both charging schemes, but there is a decline in power in almost all cases
except for the anti-ferromagnetic case of local charging as compared toHSQB.

Themaximum stored energy (Emax) and themaximum charging power (Pmax) of the battery are calculated as
a function of total number of spins (N) for different charging cases and for different components ofDMI and the
results are shown infigures 7 and 8. Themaximum stored energy andmaximum charging power have clear
correlationwith the number of spins in the case ofHS+DMI-xQB andHS+DMI-yQB for both charging

Figure 3.Maximum stored energy vsN for X, Y andZ components ofDMI under short range interactions. (a), (c) and (e) for local
charging case and (b), (d) and (f) for collective charging case. TheHS+DMIQB (blue dot line) andHSQB (orange dot line),
respectively.

Figure 4.Maximumpower vsN for X, Y andZ components ofDMI under short range interactions. (a), (c) and (e) for local charging
case and (b), (d) and (f) for collective charging case.
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protocols.Whereas in the case ofHS+DMI-zQB, both Emax and Pmax enhances with the number of spins
compared toHSQB in the case of local charging, but in the case of collective charging, Emax and Pmax enhances
withNbut at a slower rate compared toHSQB.

In addition, Emax increases almost linearly and shows some regularity with the number of spins. In the case
of long range interactions, both energy and power are significantly enhanced forHS+DMI-xQB,whereas for
HS+DMI-zQB, a significant enhancement in energy and power is only witnessed in the case of local charging.

2.3. Infinite range interactions
Towards the quest for obtaining the largest enhancement in power, we now consider infinite range interactions
between the spins of the battery, where each spin interact with every other spins with samemagnitude. The
hamiltonians corresponding to infinite range interactions are given by equations (3) and (8), where

Figure 5.Total stored energy as a function of time for X, Y andZ components ofDMI under long range interactions. (a), (b), (e), (f), (i)
and (j) for local charging case and (c), (d), (g), (h), (k) and (l) for collective charging case.
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The hamiltonians corresponding toDMI for X, Y andZ components are
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Figure 6.Average power as a function of time for X, Y andZ components ofDMI under long range interactions. (a), (b), (e), (f), (i) and
(j) for local charging case and (c), (d), (g), (h), (k) and (l) for collective charging case.
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Using collective spin operator, J
i
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i2å s=q
q , where θ= x, y, z, (1) and (2) become
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Then (27) can be rewritten in terms of collective spin operators as
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Figure 7.Maximum stored energy vsN for X, Y andZ components ofDMI under long range interactions. (a), (c) and (e) for local
charging case and (b), (d) and (f) for collective charging case.

Figure 8.Maximumpower vsN for X, Y andZ components ofDMI under long range interactions. (a), (c) and (e) for local charging
case and (b), (d) and (f) for collective charging case.
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The total stored energy and the corresponding average power are plottedwith the time evolution as shown in
figures 9 and 10. From thefigures, it is clear that there is a drastic enhancement in the total stored energy and the
associated average power in the case ofHS+DMI-xQB andHS+DMI-yQB as compared toHSQB. Similar
trend is also observed in the case ofHS+DMI-zQB for the total stored energy, except that there is only a small
increment in power as compared toHSQB.Also, for the ferromagnetic case with collective charging, energy
associatedwithHS+DMI-zQB enhances rapidly to a large value, but as time evolves the total stored energy
drops down and coincides with that ofHSQB.

Then themaximum stored energy and themaximumcharging power are plotted as a function ofN as shown
in the figures 11 and 12.Here, compared toHSQB, Emax and Pmax is considerably enhanced asN increases. The
maximum stored energy increases linearly with the number of spins. Also, themaximum charging power
appears to have a near quadratic behaviourwith the number of spins in almost all cases except in the case of local
charging ofHS+DMI-zQB. Similar to previous studies onQBs [20, 57, 69], we expect thatmaximumcharging
power obeys the following general scaling law:

Figure 9.Total stored energy as a function of time for X, Y andZ components ofDMI under infinite range interactions. (a), (b), (e), (f),
(i) and (j) for local charging case and (c), (d), (g), (h), (k) and (l) for collective charging case.HereDz= 0.5.
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( )P N 35max µ a

Using linear regression, we obtain the scaling exponentα by taking logarithm as shownbelow.

( ) ( ) ( ) ( )P N Clog log log 3610 max 10 10a= +

whereC is the proportionality constant andα is referred to as the quantum advantage corresponding to the
collective charging protocol. Similarly we can findβwhich is the quantum advantage corresponding to the local
charging protocol.

Table 1 summarises the results obtained.Wenote that thesemagnitudes obtained are consistent with the
results demonstrated in [11], further affirming that quantum charging advantage approaches quadratic scaling
in the presence of interactions between the component cells in theQB.

Figure 10.Average power as a function of time for X, Y andZ components ofDMI under infinite range interactions. (a), (b), (e), (f), (i)
and (j) for local charging case and (c), (d), (g), (h), (k) and (l) for collective charging case. HereDz= 0.5.
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3. Energyfluctuations

A study on the performance of aQB is incomplete without quantifying energy quantum fluctuations, which is
another figure ofmerit for the battery efficiency [22, 70–73]. Energy quantumfluctuations determine the quality
of performance of aQBwhich has a direct consequence on the charging precision and ergotropy that can be
achieved from a battery. According to a previous study, if each two-level systemof aQB is prepared in its ground
state, then an ideal charging protocol, characterized by fast charging time and the absence of charging
fluctuations, can be achievedwhichmakes the statemore efficient compared to other pure preparation states
[74]. Inorder tomeasure the energy quantum fluctuation during the charging process, we calculate the energy
quantumfluctuation of the systemhamiltonian (H(0)) corresponding to a given charging protocol (ie, either
local or collective charging) between the initial and final states of the battery given by the correlator,

( ) [ [ ] ( ) [ ( ) ] [ ] ( ) [ ( ) ] ] ( )( ) ( ) ( ) ( )V t H t H t H H0 0 372 0 2 0 2 0 2 0 2 2= á ñ - á ñ - á ñ - á ñ

Figure 11.Maximum stored energy vsN for X, Y andZ components ofDMI under infinite range interactions. (a), (c) and (e) for local
charging case and (b), (d) and (f) for collective charging case.

Figure 12.Maximumpower vsN for X, Y andZ components ofDMI under infinite range interactions. (a), (c) and (e) for local
charging case and (b), (d) and (f) for collective charging case.
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Thenwefind the value of energy quantumfluctuation at the time tEwhere energy ismaximumgiven by

( ) ( )V V t 38Eá ñ º

Aplot of the time evolution of energyfluctuation is shown infigure 13. From thefigure it is evident that there
isfinite amount offluctuations present in the system for all the cases considered, and cannot be ignored. Due to

Figure 13.Energy quantum fluctuation as a function of time for X, Y andZ components ofDMI for different interaction ranges. (a),
(c) and (e) for local charging case and (b), (d) and (f) for collective charging case. (a) and (b) for SR, (c) and (d) for LR and (e) and (f) for
IR interactions.

Figure 14.Energy fluctuation at timewhen energy ismaximumvsN for X, Y andZ components ofDMI under SR interactions.
(a), (b), (c) and (d) for local charging case and (e), (f), (g) and (h) for collective charging case.

14

Phys. Scr. 100 (2025) 015106 S RK and SMurugesh



the presence offluctuations, theQBwill not be charged completely which sets limits on the availability of useful
energy that can be stored/extracted from the battery (ie, ergotropy). In the case of SR interactions, local charging
fluctuations areminimum forHS+DMI-xQB andHS+DMI-yQBwith the evolution of time as compared to
othermodels. But for collective charging the general trend offluctuation is almost similar for all cases. However
whenwe consider LR interactions,fluctuations are comparatively higher forHSQB for both charging cases out
of whichHS+DMI-y andHS+DMI-xmodels haveminimal fluctuations. In the case of IR interactions, for local
charging, fluctuations are higher forHS+DMI-zQB compared to othermodels withminimum fluctuations for
HS+DMI-yQB andHSQB respectively. Similarly for the collective charging case, bothHS+DMI-xQB andHS
+DMI-yQBbehaves in a similarmanner compared to othermodels with larger variation in energyfluctuation
forHS+DMI-zQB. Variation of 〈V〉 as a function of the number of spins,N , for different interaction ranges and
charging cases are shown infigures 14, 15 and 16 respectively. Fromfigure 14, 〈V〉 vsN for short range
interactions, we observe thatfluctuation, 〈V〉 has a clear correlationwithN for both charging cases which is
consistent with the results demonstrated in the previous studies [22, 70]. Hence the quantum energy fluctuation
at time tE scales linearly with the system size in the case of short range interactions.Whereas if we consider long
range interactions (figure 15), in the case of collective charging, fluctuation scales withN linearly. Butwe cannot
witness such a behaviour for local charging except that there is some regularity in the case ofHS+DMI-xQB.
While in the case ofHS+DMI-yQB,fluctuations decreases in an irregularmanner. Now if we consider the
infinite range interactions as shown infigure 16, fluctuation scales with the system size for collective charging
similar to the previous results but in the case of local charging, we can observe a decrease influctuations in the

Figure 15.Energy fluctuation at timewhen energy ismaximumvsN for X, Y andZ components ofDMI under LR interactions.
(a), (b), (c) and (d) for local charging case and (e), (f), (g) and (h) for collective charging case.

Table 1.Comparison of exponentsα andβ obtained for differentQBmodels.

QuantumAdvantage HSQB HS+DM-xQB HS+DM-yQB HS+DM-zQB

α 1.09 1.77 1.846 1.832

β 0.181 1.636 1.749 1.264
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case ofHS+DMI-xQB andHSQB.HoweverHS+DMI-y shows an irregular behaviour, but some regularity can
be seen in the case ofHS+DMI-zQB inwhich 〈V〉 increases withN respectively.

4. Conclusions

In summary, we have considered a quantumbatterymodel based onHeisenberg spin chainwith addedDM
Interaction under short range, long range and infinite range interactions. In order to compare the battery
performance, we have considered two types of charging protocols, namely collective and local charging. Also the
effects of different components ofDM Interaction (X, Y andZ component ofDMI) are taken in to account.
Based on thismodel, we have analysed the time evolution of total stored energy by the battery and the
corresponding average power. Both ferromagnetic and anti-ferromagnetic cases are considered in studying the
behaviour of energy and power. Themaximum stored energy andmaximum charging power are calculated as a
function of total number of spins. Then, wemeasure the quantum advantage—the power exponent associated
with variation in the number of cells,N—in the case of infinite range interactions. Finally, wemeasure the
energy quantum fluctuations present in themodel.

In the case of short range interactions, bothX andY components ofDMI have positive effect on the battery
performancewhile considering both energy and power compared toHSQB.Whereas there is no significant
change observed in the case ofHS+DMI-zQB for both charging protocols under SR interactions. In the case of
long range interactions, all components ofDMI enhances the total stored energy and average power except that
in the case of collective charging ofHS+DMI-zQB, a decline in power is observed as compared toHSQB. The
total stored energy and charging power is significantly enhanced in the case of infinite range interactions as
expected. In all the three cases of interaction ranges considered, HS+DMI-zQBhave low average charging
power than othermodels withDMI. Also the largest enhancement in power is achieved for IR interactions
compared to SR and LR interactions.

Thereafter wefindhowmaximumcharging power andmaximum stored energy scales with the number of
spins. Themaximum stored energy increases linearly with the number of spins in almost all cases. For SR
interactions, we cannot seemuch difference in the behaviour of Emax withN. But for LR interactions, the value is

Figure 16.Energy fluctuation at timewhen energy ismaximumvsN for X, Y andZ components ofDMI under IR interactions. (a), (b),
(c) and (d) for local charging case and (e), (f), (g) and (h) for collective charging case.
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muchhigher compared toHSQB except in the case of collective charging ofHS+DMI-zQB. In the case of IR
interactions, DM interaction restores the linear scaling of Emax with system size unlikeHSQBwhere Emax

doesn't show any regularity, and compared toHSQB, the value of Emax tends to a high valuewith the increase of
N. Themaximum charging power also enhances with the number of spins. Compared toHSQB, Pmax

approaches a large valuewithN for both LR and IR interactions, except in the case of collective charging of
HS+DMI-zQB for LR interactions. Also compared to othermodels, highest value of quantum advantage,
α= 1.846, is obtained forHS+DMI-yQBunder collective charging for infinite range interactions with all to all
couplings.

From the study of quantum energyfluctuations present in the system, we infer thatfluctuations are
inevitable in the performance of a battery out of whichHS+DMI-yQB shows the least fluctuation compared to
othermodels. HenceHS+DMI-yQBmodel is themost idealmodel for implementation among othermodels of
QB that we have proposed so far in terms of it's performance and figure ofmerits.We also studied the scaling
behaviour of energyfluctuations at timewhen energy ismaximumwith the system size. In the case of collective
charging, 〈V〉 scales linearly withN, but the linear behaviour is lost when the interaction range changes fromSR
to LR and IR interactions for the local charging case.
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