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Abstract

We investigate the charging performance of an anisotropic XYZ model of Heisenberg Spin Chain
Quantum Battery (HS QB) along with different components of Dzyaloshinskii-Moriya Interaction
(DMI) for three cases - short range, long range and infinite range interactions. We find that the
presence of DMI enhances the charging power and total stored energy of the QB considered here,
when compared to HS QB in most of the cases, by considering both local and collective charging
protocols. The maximum stored energy increases linearly with the number of spins (IN). An extensive
scaling of maximum charging power with the number of spins is obtained in which the maximum
power approaches a scaling exponent o = 1.846 for collective charging of the model consisting of
Heisenberg spin chain with Y component of DMI under infinite range interactions. Finally, we
optimize the performance of the battery by measuring the quantum energy fluctuations with in the
system.

1. Introduction

Recent years have witnessed an outpouring of interest in the study and development of various new quantum
technologies ranging from quantum thermal machines, quantum heat engines, quantum refrigerators,
quantum supercapacitors, quantum batteries etc [ 1-5]. These technologies stem from the emerging field of
quantum thermodynamics, which has the larger objective of giving a quantum mechanical description of the
thermodynamic phenomena [6]. On the application side, one of the major objectives is to build quantum
thermal machines, including quantum batteries, that exploit non-classical resources such as quantum coherence
and entanglement. Studies on quantum batteries, especially, have gained much attention since the critical work
by Alicki 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. Quantum Batteries (QBs) are devices or systems that can store and supply energy which have a
distinct quantum advantage 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 that make up the battery, a feature not possible in
classical batteries [7]. In addition, it has been shown that if energy is stored in quantum many-body systems,
entanglement generation also leads to faster work extraction [9].

The charging of a quantum battery 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 by means of global entangling operations, which is also referred to as collective charging.
Whereas in the case of parallel charging protocol, each subsystem of the battery is charged locally and
independently of each other, similar to the charging of conventional batteries. Parallel charging of a quantum
battery would yeild a charging power P that is linearly dependent on the number of cells in the quantum battery,
N, collective charging on the other hand, which fundamentally invokes quantum entanglement among the cells,
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can provide a maximum charging power P < N, with the exponent v >> 1. Recently, Gyhm.et.al [11] have
shown the upper bound on « to be 2. This theoretical result sets the limit for maximum charging power that can
be attained by a quantum battery, and consequently sets in a search for the appropriate physical model governing
the quantum battery that can yield us this maximum value for the exponent c.. Over the last decade, several
studies have focussed on the charging and discharging process in battery models [12, 13], and maximising work
extraction(ergotropy) [14—16]. In recent years, many theoretical models of QBs have been proposed [17-33] and
a few experimental realisations have also been reported since [34-39]. Numerous models based on spin systems
have been reported in literature [40—45] of which Heisenberg Spin Chain (HS) based QB models especially
garnered much attention for being among the simplest, yet versatile, conceivable quantum models [46—62].

In 1960, T. Moriya introduced an antisymmetric type of magnetic exchange interaction known as
Dzyaloshinskii-Moriya Interaction (DMI) based on Anderson's superexchange formalism [63, 64]. This
interaction accounts for the weak ferromagnetic behaviour of some antiferromagnets. The materials that lack
inversion symmetry with strong spin—orbit coupling exhibit DMI, and hence this interaction originates from
spin—orbit coupling. In magnetically ordered systems, this interaction leads to spin ’canting’ and is of the form,

— — —
i i Dij - (Si xS, where §; are the spin magnetic moments at each lattice site (subscript indexing the lattice

site), E = ’%E;, where o is Pauli spin operator corresponding to the lattice site i. _D),j is a vector integral
coefficient determined by the spatial part of the one-electron wavefunctions associated with the magnetic ions at
sites iand j. In the case of Heisenberg spin chains with DM interactions, DMI competes with Heisenberg
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, K,CuSO,Cl,
and K,CuSO,Br,, which feature Heisenberg spin chains with uniform DMI [65].

In the present work, we investigate the charging performance of the anisotropic XYZ model of the
Heisenberg Spin Chain Quantum Battery (HS QB), wherein the spins also interact through DMI with 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 isotropic Heisenberg 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 of DMI (say, X, Y, and Z components) in the charging process of the quantum
battery model.

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
DMl into the Heisenberg spin chain model, we aim to investigate if this interaction can enhance the charging
power and stored energy of QBs, and see how it compares to previously studied models. In a recent study,
Zhang et al have investigated the performance of a two spin quantum battery with DMI, along with other spin-
spin interactions [61]. Here, we have investigated the general N-spin quantum battery in the case of short-
range, long-range and infinite range interactions, and particularly studied how the charging power scales
with N.

This paper is organized as follows: In section 2, we introduce the battery model of the HS+DMI QB with
relevant figures of merit to elucidate the battery performance. Then we 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 then find the maximum stored energy and power as a function of the number of spins. We
present a comparative study between HS+DMI QB and HS QB for different charging schemes by considering
different components of DMI. The quantum advantage corresponding to both charging protocols, local
(interacting) and collective charging, is calculated for infinite-range interactions. Then we measure the energy
quantum fluctuations in section 3 under different interaction ranges for different charging cases by comparing
the results with different QB models. Energy fluctuation is plotted versus time, and then the value of energy
fluctuation at time that maximizes energy is calculated and plotted with the system size. Finally, we summarize
the results in section 4.

2.Model of HS+DMI quantum battery

Our model QB consists of a one-dimensional anisotropic XYZ Heisenberg spin chain, along with an added DM
interaction term. A constant external magnetic field acting along the z-direction plays the role of a polarization
field, with interaction energy H,, given by

Hz = - 0-1;’ (1)
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where w, represents the strength of magnetic 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 our model, we employ local charging for an interacting spin system, i.e., the system consists of an
"N" spin chain with both Heisenberg and DM interactions prior to the charging operations. More specifically, we
consider a QB based on quantum-interacting spin model which is charged via alocal external uniform magnetic
field. Thelocal charging of spin chain is achieved using a direct charging protocol [8, 58, 59, 66] in which the
hamiltonian H, is turned off and the hamiltonian due to the local external magnetic field along the y direction,
H,, given by

H, = —Z ol 2)

isapplied during the charging process, where w, is the strength of the applied field. The total hamiltonian of the
system for local charging can be written as

Hi(t) = HO + X(t)(H"V — H,) 3)

where,
H{® = H, + Hus + Hpmr (4)
HY =H, )

H £0) is the base or system hamiltonian and H, fl) is the charging hamiltonian. Hygand Hpyrare the hamiltonians
corresponding to the Heisenberg and DM interactions given by

15 . x
Hys = ZZgij[(l +yoio; + (1 = yold) + Acioi] (6)
i<
N - =
Hpyy = Y Dy - (07 x 0)) (7)
i<j

where o7, o, o7 are the Pauli spin operators at the corresponding site, indexed by the subscript i. yand A are
the anisotropy parameters. Here, A(#) is a step function: A(#) = 1 for ¢ € [0, T] and zero otherwise, which acts asa
switch for the charging process, with T 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. Butlocal
charging negates the possibility of entanglement generation during the charging process. Whereas in the case of
collective charging, the system consists of N 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 our model, the battery is charged by introducing a sudden nonequilibrium quantum quench H"
which constitutes the Heisenberg spin-spin interactions and DM interaction for the collective charging protocol
[10, 56,57, 67]. The corresponding form of the total hamiltonian of the system is given by

He(t) = HY + A(H)HY ®)

where,
HY = H, ©)
HS” = Hys + Hpwr (10)

Here H'” is the static hamiltonian and H'" is the interaction hamiltonian. Comparing with the local charging
protocol, it may be noted that the energy stored in the battery after charging will be the expectation value of the
paramagnetic hamiltonian, H” in equation (8) in the case of collective charging, whereas with local charging it
would be the expectation value of the hamiltonian H{” 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

D

P = Doy D= D= Pler a =0 a
gk =gbijn g =2, gR=g(m=0), (12)
i SRS T e S

where D, garereal constants and g, m > 0. gis the spin-spin interaction strength and D is the DM interaction
strength. Here in our model, the direction of polarization field, H, is taken along negative z direction and hence
each spin is prepared in the ground state, | G) = ||). Therefore, we consider the initial state of the battery as the
ferromagnetic ground state as follows.
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[¥(0)) = |G, G, ... G) = || ].c.on]) (13)
Then the wave function of the system evolves with time ¢ which is given by
[T (1)) = e M/ W(0)) (14)

Here H represents the time independent total hamiltonian of the system, corresponding to a given charging
protocol (ie, either local charging (Hy) or collective charging (H)). It must be noted that the total hamiltonian is
time independent during the entire charging phase. For convenience, we shall set = 1 all along. The total stored
energy by the battery at a particular instant is given by

E() = (¥(1)| HOU(1) — (T(0)| HO|¥(0)) 15)
where H is the system hamiltonian corresponding to a given charging protocol. The corresponding average
power for a given time ¢ is given by

P = 20 16)
The maximum stored energy from the battery (at time ) is
Epax = max(E(t)) = E(tg) 17)
t

Similarly the maximum power (at time tp) is
Byax = max(P(t)) = P(tp) (18)
t

In this paper, the calculations are done and coded in PYTHON using QuTiP 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

N-1
His = 3100+ oot + (1 = ool + Acfoi. ] (19)
i=1
For simplicity, we restrict the direction of DMI along one direction (say, X, Y or Z direction). Here we study and

compare the effects of three different components of DMI (ie, in the X, Y and Z direction) in the charging
process of the battery. The corresponding hamiltonians are given by

N-1
HDMI—x = DXZ (O{O’ﬁ»] — U?O{le) (20)
i=1
N-1
Hpmi—y = Dy Y (0i0fy — ofaii) 1)
i=1
N-1
Hpmr—. = D, ) (0Fa),, — ol afyy) (22)

i=1
In order to analyse the effect of different components of DMI in the charging process of QB, the time evolution
of total stored energy by the QB and the corresponding average power are plotted as shown in figures 1 and 2 for
different charging cases and for different components of DMI. Here we also give the results of HS QB for
comparison. In this paper, all plots have same parameters N=10,g=+1,D,=1,D,=1,D,=l,w,=1,w,=1,
~v=0.5, A =2 unless mentioned 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
for HS QB with X and Y components of DMI (ie, HS+DMI-x QB and HS+DMI-y QB), the total stored energy
by the QB enhances as compared to HS QB in the case of collective charging by considering Nearest-Neighbour
(NN) interactions and the corresponding increase in energy is more prominent in the ferromagnetic case. But
forlocal charging, there is only notable increase in energy in the case of HS+-DMI-x QB (anti-ferromagnetic
case). Whereas in the case of HS QB with Z component of DMI (ie, HS++DMI-z QB), no significant change is
observed in the case of energy compared to HS QB for both charging protocols. Figure 2 plots the time evolution
of the average charging power of the QB. It clearly demonstrates that there is increment in power for both HS
+DMI-x QB and HS+DMI-y QB compared to HS QB for all the cases considered. Whereas in the case of HS
+DMI-z QB, there is no change observed in the case of power compared to HS QB in which the trend is similar
with that of energy.

We then find the maximum stored energy (E ;) and the maximum charging power (By,y) as a function of
total number of spins (N) for different charging cases and for different components of DMI and the results are
plotted for anti-ferromagnetic case (g = 1) as shown in figures 3 and 4. Here we have taken N=1,2... .. 20 spins
for demonstrating the results.
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Figure 1. Total stored energy as a function of time for X, Y and Z components of DMI under short range interactions. (a), (b), (e), (f),
(i) and (j) for local charging case and (c), (d), (g), (h), (k) and (1) 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 parameters N=10,g=+1,D,=1,D, =1,
D,=1,w.=1,w,= 1,7= 0.5, A = 2 unless mentioned otherwise.

It shows that the maximum stored energy and maximum charging power have correlation with Nand get
enhanced with the number of spins. But compared to HS QB, notable difference is observed only in the case of
HS+DMI-x QB and HS+DMI-y QB for both charging protocols like the previous result. Whereas in the case of
HS+DMI-z QB, DMI-z component does not impart any significant effect on the performance of the battery.

The maximum 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 of DMI-x and DMI-y components

enhances the charging power and energy stored by the QB.

2.2.Longrange interactions
In an earlier work on spin-chain QB [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




10P Publishing

Phys. Scr. 100 (2025) 015106 SRKand S Murugesh

(a) (b) (c) (d)
35 1 — HS+DMIXQB | g0{ A --- HS+DMI-x QB 3.0 —— HS+DMI-x QB n -=- HS+DMI-x QB
—— HS QB i1y --- HsQB —— HS QB 141 4\ --- HS QB
! H
3.5 1 ¥ A i »
[ 1241\
1 1
3.0 u"“‘ o\
0o w041\
TR i \
259 u \\ 1 \
o " % i \
3 s 4 084 1 \
< i 1 | \
s 2,0 : \ ! %
& i \ 0611 \
151} L i Y
H RN 1 B
1041 L 041 I \
: \‘\‘\ '.’ “ \
= =~ \
0541 s3I 0247} h P
: : ‘\,’\
004! 004" T TiNa
0 5 10 0 5 10 0 5 10 0 5 10
w;t w;t w;t w;t
(e) (f) (9) (h)
3.0 1 —— HS+DMI-y QB o A --- HS+DMI-y QB — HS+DMIyQB | 251 4 --- HS+DMIy QB
— HSQB " --- HSQB 251 — HSQB /1y ---HsQB
1
g i
i 201 1\
! S H -
34 I‘,’ ] )
I ‘\ [
n \ 1 1
"oy 154 '
" ) ] \
[T 1
5 % o
24w Y 1 x
HE H y
] ‘\\\ 109 \\\
H N, H N
' \s 1 \
141 % | \
1 ~ 054! \
H Soess " N s
H ——— H \‘ N o
1 "
1 . T
0.0 1 oq' 001 =TT .
0 5 10 0 5 10 0 5 10 0 5 10
wst wst wst wst
(i) () (k) (1)
—— HS+DMI-z QB " --- HS+DMI-z QB —— HS+DMI-z QB 4 --- HS+DMI-z QB
2.0 3.04 041
—— HS QB 'l -=- HSQB —— HSQB :l == HS QB
1 i
] 1"
254 1 i
] 1 ll
15 ¢ % 034 |1
1 ! 1!
204 1 ! s
] \“ 1 :
3 Y ) il
£ 1 %Y < ]
= 10 1.5 : W = 0.2 : :
o 1 Y o [
1 \\\\ 1 II
104§ N L
| -
0.5 1 3. 14
] ~ P Yo
11 s IRV A
051 Y rR .
- PV AL
l: E b > \:‘..\\: “:kv:
0.0 0.0 0.0 =
0 5 10 0 5 10 0 5 10 0 5 10
wst wst wst wst
Figure 2. Average power as a function of time for X, Y and Z components of DMI under short range interactions. (a), (b), (e), (f), (i)
and (j) for local charging case and (c), (d), (g), (h), (k) and (1) for collective charging case.

idea, we now analyse the effect of different components of DMI in the performance of a HS QB under 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

1 N
Hys = ZZ o g 'I [ + Nofot + (1 — Mol + Acio?] 23)
— |1 —
i<j

The hamiltonians corresponding to DMI for X, Y and Z components are

N
D
Hpyi—x = ), ——(0} 05 — o}0’) (29)
i<j li — ]l
_ N D}' z X X __z
Hpmry =) ﬁ(@ 05— 0i07}) (25)
i<j IV

6
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The time evolution of total stored energy by the QB and the corresponding average power are plotted as shown
in figures 5 and 6 for different charging cases and for different components of DMI.
From the figure, we can conclude that for HS+-DMI-x QB and HS+DMI-y QB, the total stored energy and
power is significantly enhanced for both the charging cases compared to HS QB. Whereas in the case of HS
+DMI-z QB, 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 to HS QB.
The maximum stored energy (E,.) and the maximum charging power (By.x) of the battery are calculated as
a function of total number of spins (N) for different charging cases and for different components of DMI and the
results are shown in figures 7 and 8. The maximum stored energy and maximum charging power have clear
correlation with the number of spins in the case of HS+DMI-x QB and HS+DMI-y QB for both charging

7
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Figure 5. Total stored energy as a function of time for X, Y and Z components of DMI under long range interactions. (a), (b), (e), (f), (i)
and (j) for local charging case and (c), (d), (g), (h), (k) and (I) for collective charging case.

protocols. Whereas in the case of HS+DMI-z QB, both E,,x and By, enhances with the number of spins
compared to HS QB in the case of local charging, but in the case of collective charging, E,;.x and Py,.x enhances
with N but at a slower rate compared to HS QB.

In addition, E,, increases almost linearly and shows some regularity with the number of spins. In the case
oflong range interactions, both energy and power are significantly enhanced for HS+DMI-x QB, whereas for
HS+DMI-z QB, 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 same magnitude. The
hamiltonians corresponding to infinite range interactions are given by equations (3) and (8), where
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N
Hys = $301(1 + yofot + (1 — y)ol o) + Adioi] @7
i<j
The hamiltonians corresponding to DMI for X, Y and Z components are
N
Hpyr—x = Diy (0} 0% — 0i0”) (28)
i<j
N
Hpmi—y = Diy (00} — 0f0%) (29)

i<j
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N
Hpyp—, = DZZ(ofag — olo}) (30)
i<j
W
Using collective spin operator, J = EZ a?, where 0 =x, y,z, (1) and (2) become
i
Hz = h]z (31)
H, = wj, (32)
Then (27) can be rewritten in terms of collective spin operators as
Hys =gl +J; +vUs — 1)) + AJ] (33)
Using ladder operators, |, = J % iJ,, (33) becomes

Hys = S+ T+ 102+ 1) + A7) (34)
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Figure 9. Total stored energy as a function of time for X, Y and Z components of DMI under infinite range interactions. (a), (b), (e), (f),
(i) and (j) for local charging case and (¢), (d), (g), (h), (k) and (1) for collective charging case. Here D, = 0.5.

The total stored energy and the corresponding average power are plotted with the time evolution as shown in
figures 9 and 10. From the figures, it is clear that there is a drastic enhancement in the total stored energy and the
associated average power in the case of HS+DMI-x QB and HS+DMI-y QB as compared to HS QB. Similar
trend is also observed in the case of HS+DMI-z QB for the total stored energy, except that there is only a small
increment in power as compared to HS QB. Also, for the ferromagnetic case with collective charging, energy
associated with HS+DMI-z QB enhances rapidly to a large value, but as time evolves the total stored energy
drops down and coincides with that of HS QB.
Then the maximum stored energy and the maximum charging power are plotted as a function of N as shown
in the figures 11 and 12. Here, compared to HS QB, E ..y and B,y is considerably enhanced as N increases. The
maximum stored energy increases linearly with the number of spins. Also, the maximum charging power
appears to have a near quadratic behaviour with the number of spins in almost all cases except in the case of local
charging of HS+-DMI-z QB. Similar to previous studies on QBs [20, 57, 69], we expect that maximum charging

power obeys the following general scaling law:
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Figure 10. Average power as a function of time for X, Y and Z components of DMI under infinite range interactions. (a), (b), (e), (f), (i)
and (j) for local charging case and (c), (d), (g), (h), (k) and (I) for collective charging case. Here D, = 0.5.

Prax < N¢ (35)

Using linear regression, we obtain the scaling exponent « by taking logarithm as shown below.

log, o(Pnax) = alog;((N) + log,(C) (36)

where Cis the proportionality constant and « is referred to as the quantum advantage corresponding to the
collective charging protocol. Similarly we can find § which is the quantum advantage corresponding to the local
charging protocol.

Table 1 summarises the results obtained. We note that these magnitudes 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 the QB.
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Figure 11. Maximum stored energy vs N for X, Y and Z components of DMI under infinite range interactions. (a), (c) and (e) for local
charging case and (b), (d) and (f) for collective charging case.

(a)

(b)

(©)

® HsQB

Prad/hw}

® HS+DMI-x QB

Praafhw?

HS+DMI-x QB
HS QB

PR

Pl

HS+DMI-y QB
HS QB

H

10
N

(d)

5

10
N

(e)

60{ ® HsoB

Proaadht?

® HS+DMi-y QB

Praadht}

HS+DMIZ QB
HS QB

Prax/hw?

HS+DMI-z QB
HS QB
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3. Energy fluctuations

A study on the performance of a QB is incomplete without quantifying energy quantum fluctuations, which is
another figure of merit for the battery efficiency [22, 70-73]. Energy quantum fluctuations determine the quality

of performance of a QB which 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 system of a QB is prepared in its ground

state, then an ideal charging protocol, characterized by fast charging time and the absence of charging
fluctuations, can be achieved which makes the state more efficient compared to other pure preparation states

[74]. Inorder to measure the energy quantum fluctuation during the charging process, we calculate the energy

quantum fluctuation of the system hamiltonian (H) corresponding to a given charging protocol (i, either
local or collective charging) between the initial and final states of the battery given by the correlator,

V(1) = [J{IHOP®) — [(HO@)P — J([HOP©) — [(HO©0)] P

(37)
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Figure 14. Energy fluctuation at time when energy is maximum vs N for X, Y and Z components of DMI under SR interactions.
(a), (b), (c) and (d) for local charging case and (e), (f), (g) and (h) for collective charging case.
Then we find the value of energy quantum fluctuation at the time fz where energy is maximum given by
(V) = V(tp) (38)

A plot of the time evolution of energy fluctuation is shown in figure 13. From the figure it is evident that there
is finite amount of fluctuations present in the system for all the cases considered, and cannot be ignored. Due to
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Table 1. Comparison of exponents « and 3 obtained for different QB models.

Quantum Advantage HSQB HS+DM-x QB HS+DM-yQB HS+DM-z QB
@ 1.09 1.77 1.846 1.832
15 0.181 1.636 1.749 1.264

the presence of fluctuations, the QB will 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 are minimum for HS4+-DMI-x QB and HS+DMI-y QB with the evolution of time as compared to
other models. But for collective charging the general trend of fluctuation is almost similar for all cases. However
when we consider LR interactions, fluctuations are comparatively higher for HS QB for both charging cases out
of which HS+DMI-y and HS+DMI-x models have minimal fluctuations. In the case of IR interactions, for local
charging, fluctuations are higher for HS+DMI-z QB compared to other models with minimum fluctuations for
HS+DMI-y QB and HS QB respectively. Similarly for the collective charging case, both HS+DMI-x QB and HS
+DMI-y QB behaves in a similar manner compared to other models with larger variation in energy fluctuation
for HS+DMI-z QB. Variation of (V) as a function of the number of spins, N, for different interaction ranges and
charging cases are shown in figures 14, 15 and 16 respectively. From figure 14, (V) vs N for short range
interactions, we observe that fluctuation, (V) has a clear correlation with N for both charging cases which is
consistent with the results demonstrated in the previous studies [22, 70]. Hence the quantum energy fluctuation
at time fg 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 with N linearly. But we cannot
witness such a behaviour for local charging except that there is some regularity in the case of HS+-DMI-x QB.
While in the case of HS+DMI-y QB, fluctuations decreases in an irregular manner. Now if we consider the
infinite range interactions as shown in figure 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 in fluctuations in the
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Figure 16. Energy fluctuation at time when energy is maximum vs N for X, Y and Z components of DMI under IR interactions. (a), (b),
(c)and (d) for local charging case and (e), (f), (g) and (h) for collective charging case.

case of HS+-DMI-x QB and HS QB. However HS+DMI-y shows an irregular behaviour, but some regularity can

be seen in the case of HS+DMI-z QB in which (V) increases with N respectively.

4. Conclusions

In summary, we have considered a quantum battery model based on Heisenberg spin chain with added DM
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 of DM Interaction (X, Y and Z component of DMI) are taken in to account.
Based on this model, 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. The maximum stored energy and maximum charging power are calculated as a
function of total number of spins. Then, we measure the quantum advantage—the power exponent associated
with variation in the number of cells, N—in the case of infinite range interactions. Finally, we measure the
energy quantum fluctuations present in the model.

In the case of short range interactions, both X and Y components of DMI have positive effect on the battery
performance while considering both energy and power compared to HS QB. Whereas there is no significant
change observed in the case of HS+DMI-z QB for both charging protocols under SR interactions. In the case of
long range interactions, all components of DMI enhances the total stored energy and average power except that
in the case of collective charging of HS+DMI-z QB, a decline in power is observed as compared to HS QB. 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-z QB have low average charging
power than other models with DMI. Also the largest enhancement in power is achieved for IR interactions
compared to SR and LR interactions.

Thereafter we find how maximum charging power and maximum stored energy scales with the number of
spins. The maximum stored energy increases linearly with the number of spins in almost all cases. For SR
interactions, we cannot see much difference in the behaviour of E,,,,, with N. But for LR interactions, the value is
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much higher compared to HS QB except in the case of collective charging of HS+DMI-z QB. In the case of IR
interactions, DM interaction restores the linear scaling of E,,x with system size unlike HS QB where E; .«
doesn't show any regularity, and compared to HS QB, the value of E,,, tends to a high value with the increase of
N. The maximum charging power also enhances with the number of spins. Compared to HS QB, P«
approaches a large value with N for both LR and IR interactions, except in the case of collective charging of
HS+DMI-z QB for LR interactions. Also compared to other models, highest value of quantum advantage,

o =1.846, is obtained for HS+DMI-y QB under collective charging for infinite range interactions with all to all
couplings.

From the study of quantum energy fluctuations present in the system, we infer that fluctuations are
inevitable in the performance of a battery out of which HS+DMI-y QB shows the least fluctuation compared to
other models. Hence HS+DMI-y QB model is the most ideal model for implementation among other models of
QB that we have proposed so far in terms of it's performance and figure of merits. We also studied the scaling
behaviour of energy fluctuations at time when energy is maximum with the system size. In the case of collective
charging, (V) scales linearly with N, but the linear behaviour is lost when the interaction range changes from SR
to LR and IR interactions for the local charging case.
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