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We show that the average power output of a quantum battery based on a quantum interacting
spin model, charged via a local magnetic field, can be enhanced with the increase of spin quantum
number, thereby exhibiting dimensional advantage in quantum batteries. In particular, we demon-
strate such increment in the power output when the initial state of the battery is prepared as the
ground or canonical equilibrium state of the spin-j XY model and the bilinear-biquadratic spin-j
Heisenberg chain (BBH) in presence of the transverse magnetic field and a weak value of interaction
strength between the spins in the former model. Interestingly, we observe that in the case of the
XY model, a trade-off relation exists between the range of interactions in which the power increases
and the dimension while for the BBH model, the improvements depend on the phase in which
the initial state is prepared. Moreover, we exhibit that such dimensional advantages persist even
when the battery-Hamiltonian has some defects or when the initial battery-state is prepared at finite
temperature.

I. INTRODUCTION

Quantum computational and communication devices
are typically designed using two-level systems. It is
also believed that a spin system with a large spin quan-
tum number representing a higher dimensional system
looses its quantum nature, thereby showing a classi-
cal feature. On the contrary, it was shown that sin-
glet state of arbitrary spin-j can violate Bell inequality
maximally even when j is arbitrarily large [1, 2]. Over
last two decades, it was also demonstrated that higher-
dimensional quantum systems, qudits, can deliver ad-
vantages over two-level systems in quantum protocols
ranging from quantum computation, topological codes,
quantum purification to quantum communication in-
cluding quantum key distribution having improved key
rate [3–13] (see review on quantum technologies with
qudits [14]). For example, it was recently shown that
the performance of a quantum switch, a device in which
depending on the control qubit, operations are per-
formed on the target qubit, can be enhanced by using
qudits [15]. Moreover, higher dimensional systems us-
ing physical substrates like photons [16], ion traps [17],
superconducting circuits [18], nitrogen-vacancy centre
[19] are prepared in laboratories to exhibit quantum in-
formation processing tasks.

From a different perspective, quantum spin models
with higher spin values have also attracted lots of at-
tention. One of the main reasons for such extensive in-
vestigations is that the characteristics of the half-integer
spin system can be completely different than that of the
integer-spin models. Specifically, Haldane’s conjecture
states that antiferromagnetic spin chains having half-
integer and integer spins possess contrasting proper-
ties in terms of excitation spectrum [20–27]. Moreover,
nonmagnetic phases like Haldane, dimerized, nematic
phases are reported in spin models with arbitrary large
spins compared to a spin- 1

2 chain.
All these results indicate that the quantum devices

based on the quantum spin-j model may lead to a bet-

ter efficiency than that of the quantum spin- 1
2 model. In

this work, we will demonstrate that it is indeed the case
by considering an energy storage device, quantum bat-
tery [28–46]. A ground state or canonical equilibrium
state of an interacting Hamiltonian is the initial state of
the battery [34, 39] while the energy is stored (extracted)
in (from) the battery by applying a local magnetic field.
In recent years, a considerable amount of works have
been carried out to understand the performance of the
quantum battery in presence of decoherence, impuri-
ties, etc., and the property of the system which leads
to quantum advantage. However, all the investigations
are restricted to multiqubit systems except for very few
recent works on three-level systems [37, 38].

In this paper, we consider a one-dimensional
anisotropic transverse XY quantum spin model [24,
47, 48] and bilinear-biquadratic Heisenberg (BBH) spin
chain with arbitrary large spins [49–56] as a quantum
battery. In particular, the system consists of N spin -
j particles and its ground state is taken as the initial
state which evolves via a local charging field by uni-
tary evolution. We calculate the maximum extractable
power from the battery by varying j and find in both
the models that power output is enhanced with the in-
crease of spin quantum number. However, the benefi-
ciary character of quantum batteries in higher dimen-
sion is not ubiquitous. Specifically, we show both an-
alytically and numerically that the improvement with
high j in terms of power can only be observed when the
interaction strength is weak for the quantum XY model
and with low anisotropy. On the other hand, for the
bilinear-biquadratic Heisenberg model, we again report
the dimensional advantage although the enhancement
depends on the phase of the initial state.

From an experimental point of view, such a scenario
described above is ideal. We now introduce imperfec-
tions in two ways – (1) finite-temperature state is con-
sidered as the initial state; and (2) impurity is present in
the battery-Hamiltonian which is naturally arise during
the preparation of the system. Surprisingly, we observe
that for the XX model, although the energy stored (ex-
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tracted) in (from) the battery increases with the increase
of dimension for the low-temperature regime, when the
temperature in the thermal state is high, the opposite
picture develops – spin models with low spin quan-
tum number exhibits higher power output compared
to that of the higher dimensional battery. In presence
of defects in the interaction strength which are site-
dependent and chosen randomly from Gaussian distri-
bution, we find that dimensional enhancement persists
in the quenched average power both for the XX as well
as bilinear-biquadratic models in presence of weak dis-
order strength quantified by the standard deviation of
the distribution.

The paper is presented as follows. After describing
the prerequisites at the beginning of Sec. II, we ana-
lytically show in Sec. II 1 that battery built by using
spin-1 XX chain results more output power than that
obtained via spin- 1

2 XX chain and then we establish the
dimensional advantage for several values of j. The next
section (in Sec. III) reveals that the performance of the
battery depends both on the dimension and the phase
of an isotropic bilinear-biquadratic Hamiltonian. Sec.
IV deals with the scenarios when the initial state is pre-
pared at finite temperature or the battery-Hamiltonian
has some randomness in the interaction strength. Fi-
nally, in Sec. V, we summarize the results.

II. ENHANCED POWER OF THE BATTERY WITH THE
INCREASE OF SPIN QUANTUM NUMBER:

ILLUSTRATION BY TRANSVERSE XY MODEL

Quantum battery is modelled as a finite num-
ber of quantum mechanical interacting systems in d-
dimension, governed by a Hamiltonian, H j

B, with j be-
ing the spin quantum number, indicating the dimension
of the battery. To charge the system, a local magnetic
field, governed by the Hamiltonian, H j

c, is applied to
each subsystem. The initial state, ρ(0), of the battery,
is taken to be the ground state or the canonical equilib-
rium state of the Hamiltonian H j

B.
Our main motivation is to figure out the effects of

higher dimensions on the energy storage and extrac-
tion processes of the quantum battery. In a closed sys-
tem, the total work output from the battery is defined
as [28, 29] W(t) = W f inal −Winitial = Tr(H j

Bρ(t)) −
Tr(H j

Bρ(0)), where the initial energy of the system is

Tr(H j
Bρ(0)) and ρ(t) represents the dynamical state of

the battery at time t which is obtained when the lo-
cal charger, U(t) acts on the initial state ρ(0), i.e.,

ρ(t) = U(t)ρ(0)U(t)† with U(t) = e−iH j
ct. Notice that

the storing energy in the battery may not always be
the same with the maximum energy that can be ex-
tracted from the battery, quantified via ergotropy [28]
(cf. [35, 46]). However, we will show that in our sys-
tem, both the quantities coincide when the ground state

of the battery acts as the initial state. The maximum av-
erage power output from the system, in our case, reads
as Pmax = maxt

W(t)
t .

Our main aim is to obtain a comparative study in the
efficiency of the battery in terms of Pmax with increas-
ing the dimension of the system. To make all the mod-
els in arbitrary dimension in the same footing, we con-
fine the spectrum of the battery-Hamiltonian in [−1, 1]
by normalizing it [39] as [2HB−(emax+emin)I]

emax−emin
, where emax

and emin are the maximum and minimum eigenvalues
of the original Hamiltonian respectively. We now argue
that if the battery is initially prepared as the ground
(thermal) state of spin-j Hamiltonian, we can increase
the power of the battery with the increase of the di-
mension, j when the charging is performed by the local
field.

Transverse spin-j XY model as a quantum battery and its charging
process

Before presenting the results, let us first describe the
one-dimensional anisotropic quantum XY spin chain
consists of N spin-j particles [22, 24, 27, 47, 48, 57]
whose ground (thermal) state acts as an initial state of
the battery. In this paper, we consider the model having
the nearest neighbor interactions among the spins and
with open boundary condition. The spin-j XY battery-
Hamiltonian, H j

B, reads as

H j
B =

1
2

h
N

∑
k=1

Sz
k

+
1
4

N−1

∑
k=1

Jk[(1 + γ)Sx
k ⊗ Sx

k+1 + (1− γ)Sy
k ⊗ Sy

k+1],(1)

where Si
k is the spin matrices with i = x, y, z acting on

site, k. E.g., for spin-1/2 particles i.e., when j = 1/2, Si
k

represents the spin Pauli matrices. Here Jk is the site-
dependent interaction strength between the particles, h
is the external magnetic field, and γ is the anisotropy
parameter. Notice that γ = 0 and γ = 1 correspond to
the spin-j XX and Ising models respectively. When Jk =
J, i.e., we remove the site-dependence in the coupling,
the model reduces to the ordered system, otherwise, it
is disordered. As mentioned before, we normalize the
spectrum of the Hamiltonian between −1 and 1. The
magnetic field applied to charge the battery at each site
is given by

H j
c =

ω

2

N

∑
k=1

Sx
k , (2)

where ω is the strength of the magnetic field.
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1. Increment in power with the variation of dimensionality:
Spin- 1

2 vs. spin-1 chain

Let us prepare the initial state of the battery as the
ground state (i.e., the zero-temperature state) of H j

B
with j = 1/2 or j = 1 consisting of two spins. The
corresponding H j

c is applied to store the energy in
the battery. We will now show that when interac-
tion strength between the two sites is weak, i.e., when
Jk/|h| = J/|h| = λ is small, maximum achievable
power (Pmax) increases with the increase of the dimen-
sion of the spins. Later we will provide evidence that
the results hold even for a spin chain with four sites
containing higher number of spins.

Proposition 1. If the initial state of the battery is the
ground state i.e., the zero temperature state of the spin-
1 transverse XX-model, the maximum average power of
the battery, Pmax, is higher than that of the XX model
consisting of spin-1/2 particles provided the interaction
strength between the sites is weak.

Proof. Let us first calculate the maximum average power
of the battery consists of two spin- 1

2 particles with
γ = 0. Without of loss of generality, we consider the
strength of the charging field (ω) to be unity. The
Hamiltonian in this case takes the form,

H j=1/2
B =

1 0 0 0
0 0 λ/2 0
0 λ/2 0 0
0 0 0 −1

 , (3)

which has the normalized ground state, ρj=1/2(0) =
|11〉〈11| as the initial state. The corresponding initial
energy is Winitial = −1. After the evolution according
to H j=1/2

c , the evolved state at time t looks like

ρj=1/2(t) =


B2

4
−iB sin t

4
−iB sin t

4 − AB
4

−B sin t
4i

sin2 t
4

sin2 t
4

A sin t
4i

−B sin t
4i

sin2 t
4

sin2 t
4

A sin t
4i

− AB
4

iA sin t
4

iA sin t
4

A2

4

 , (4)

where (1+ cos t) = A and, (1− cos t) = B and the final
energy reads as

W f inal = (a cos t + bλsin2t), (5)

where a = −0.999698 ≈ −1 (which is actually equal
with Winitial at t = 0) and b = 0.25 with ω = 1 (see Fig.
1 with N = 4). Note that a and b depends on ω. For any
values of λ, we can maximize the work with respect to
time, thereby obtaining the power. E.g., λ = 0.2, we find

that Pj= 1
2

max = maxt
W f inal−Winitial

t = 0.7370 which occurs at
time, t = 2.23. We will restrict only to the situation
when λ is small and positive. Note that the choice of
λ up to which the battery-Hamiltonian performs better
than the classical one depends on j (see Table I) (Notice

that when the battery-Hamiltonian in Eq. (1) is without
the interaction term, i.e., Jk = 0, we refer the model as
the classical model of the battery.)

Following the same prescription, we now evaluate
Pj=1

max for spin-1 XX model. In the computational basis,
the Hamiltonian reads as

H j=1
B = (|00〉〈00| − |22〉〈22|) + 1

2
(|01〉〈01|+ |10〉〈10|)

+
1
2
(|12〉〈12| − |21〉〈21|)

+
λ

2
(|01〉〈10|+ |02〉〈11|+ |10〉〈20|+ |11〉〈21|) + h.c.,(6)

and the initial state ρj=1(0) becomes |22〉〈22|. After
evolving the state, the final state at time t reads as
|ψj=1(t)〉 = a(t)(|00〉 + |22〉) + b(t)|01〉 + c(t)(|02〉 +
|10〉 + |20〉 + |21〉) + d(t)|11〉 + e(t)|12〉. Here a(t) =
0.37+ 0.06e−2it + 0.06e2it − 0.5 cos t, b(t) = i(0.35 sin t−
0.16 sin 2t), c(t) = −0.125 + 0.06e−2it + 0.06e2it, d(t) =
−0.25 + 0.13e−2it + 0.13e2it, and e(t) = i(−0.35 sin t −
0.16 sin 2t).
In this case, Winitial = −1 and W f inal = − cos t +
0.25λ(1− cos t), we calculate the power at time t which
can be represented as

Pj=1(t) = a′ − b′ cos t + cos t(−b′ − c′ cos t)
+[−2(1− a′)− c′ cos t + (1− a′) cos 2t] cos 2t

+0.05 sin2 t− sin t sin2 t
4

+ (1− a′) sin2 t, (7)

where a′, b′, and c′ are functions of λ as well as ω. By
maximizing over time and considering the same λ = 0.2
as in case of spin- 1

2 systems, we obtain Pj=1
max = 0.752296

which is clearly higher than that obtained for spin- 1
2

systems, i.e., Pj= 1
2

max < Pj=1
max with λ = 0.2. By using Eqs.

(5) and (7), we can always find that when λ is weak,
the storage capacity of the battery increases with j. For

example, with λ = 0.1, Pj= 1
2

max = 0.7304 < Pj=1
max = 0.7371

while λ = 0.5 gives Pj= 1
2

max = 0.7608 < Pj=1
max = 0.8145.

Remark 1. Although the hierarchy among power
in Proposition 1 is proven by comparing j = 1/2 and
j = 1, it can be shown to be true for other higher
dimensional systems as well, for small values of λ
(see Fig. 2 and TABLE: I). Such a result can be in-
tuitively understood as follows: for a weak or negli-
gible interaction strength, the spins are initially point-
ing towards the z-direction due to the external mag-
netic field of the battery-Hamiltonian at zero temper-
ature for a given dimension. Since the charging field
is applied in the x-direction, aligning the spins along
the direction of the charging field requires more en-
ergy for driving the system out of equilibrium than
that of the battery-Hamiltonian with higher interaction
strength which leads to a generation of a higher amount
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FIG. 1. (Color Online.) Amount of stored work W(t) (ordinate) against time t (abscissa) (left panel) and with λ (abscissa) (right
panel) for the transverse XX model, i.e., for γ = 0 with different values of spin-quantum number, j. Solid and dashed lines
represent half-integer and integer spins respectively. Dark, grey and light grey indicate the increment in the dimension in both
the cases. For illustration, we fix λ = 0.2 for the left panel while t = 2.1 for the right panel. Here N = 4. We also notice that in
this model, the extractable work from the battery, the ergotropy [28] coincides with the work output (cf. [35, 46]). All the axes
are dimensionless.

of work in the former case. In addition, the gap between
the maximum and the minimum energy increases with
the increase of dimension and hence the charging field
needs to do more work to drive the system away from
equilibrium in the higher-dimensional battery, thereby
producing a higher amount of power for a fixed value
of λ and γ compared to a low-dimensional battery. As
shown in Fig. 1, the work is oscillating with time, al-
though its maximum value is fixed. Since W(t) is a
strictly increasing function of time between the initial
time and the time when it reaches its maximum value
which leads to the power generation, the argument for
the stored energy can also be applied for the power
output and hence the similar dimensional advantage in
case of power is also observed as depicted in Fig. 3. We
will show in the next subsection that the results also
hold for a moderate value of interaction strength.

Remark 2. Proposition 1 also holds for the XY-
spin models, i.e. for spin models with nonvanishing
anisotropy parameter, γ. For a given dimension, there
exists a critical anisotropy parameter above which no
“quantum advantage" can be seen (see Figs. 3 and 5).
Since λ = 0 in Eq. (1) leads to the battery-Hamiltonian
which is local having no interaction term, the ground or
the thermal state of the battery cannot have any quan-
tum feature like entanglement and hence Pmax which is
more than that obtained via λ = 0 can be termed as
quantum advantage.
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FIG. 2. (Color Online.) Pmax vs. λ for the transverse
XX model. Solid lines indicate half-integer spins while the
dashed ones depict integer spins. Moreover, the dimension
of the system increases from dark to light shade in each sce-
nario. In legend, j indicates the spin quantum number of each
site. Here N = 4. Clearly, there is a region in λ where higher
dimensional systems perform better than that of the low di-
mensional models. Both the axes are dimensionless.

A. Power of a quantum battery built-up via quantum XY
model in arbitrary dimensions

By comparing maximum power output of the bat-
tery prepared by using quantum spin- 1

2 and spin-1
chain, we have already got indication that the storage
capacity of the energy in a battery can be enhanced by
increasing the dimension of the model. To analyse the
effect of dimensions on work-extraction of the battery,
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j 1
2 1 3

2 2 5
2 3

λmax(γ = 0) 1.23 0.61 0.41 0.30 0.33 0.20

λmax(γ = 0.2) 1.15 0.51 0.33 0.25 0.26 0.17

TABLE I. Maximum values of interaction strength, λmax, for
which Pmax reaches its maximum for a fixed dimensions of
spins, j. We choose two anisotropy parameters of the XY
model for analysis, specifically, γ = 0 and γ = 0.2.
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FIG. 3. (Color Online.) Pmax against λ of the transverse XY
model for different values of j and anisotropy parameters γ.
Solid lines and dashed lines are for γ = 0.2 and for γ = 0.4
respectively. The value of dimension increases from dark to
light grey shades in both the cases. It shows that along with
λ, anisotropy parameters also play a crucial role to obtain di-
mensional advantage. Other specifications are same as Fig. 2.
Both the axes are dimensionless.

the initial state of the battery is prepared as the ground
state of the anisotropic spin-j XY chain. Let us start
by studying the variation of stored energy, W(t), of
the battery with respect to time for a fixed value of
interaction strength, and the behavior of work output
against the inetraction strength, λ for a fixed value
of time (see Fig.1). Here one must note that there is
no optimization over time. Moreover, we notice that
W(t) coincides with the maximum extractable work
from the battery, i.e., ergotropy [28]. We observe that
both in the oscillatory dynamics of extracted work
and in the variation of work with respect to λ, the
dimensional advantage persists, i.e., by increasing the
value of spin-quantum number j, it is possible to store
more energy in the battery. To make the analysis more
concrete, we compute the maximum power output
from the battery and in the rest of the paper, we discuss
the performance of the quantum battery in terms of
Pmax.

The entire analysis is performed by considering a
spin chain consisting of four sites. We cannot go beyond
that number since with j, the size of the matrices in-
volved in the computation increases, thereby restricting
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FIG. 4. (Color Online.) Pmax against λ of the transverse XY
model for different values of j and γ = 0. Here N = 6. Both
the axes are dimensionless.

the numerical simulation of the dynamics. Note, how-
ever, that the performance remains qualitatively simi-
lar even if we consider the battery-Hamiltonian with a
large number of spins which we check for small dimen-
sions (see Fig. 4 for N = 6). The observations regard-
ing the interplay between the dimension, the interaction
strength, and the anisotropy are listed below.

1. Trade-off between dimension and interaction strength.
Let us first carry out the analysis of a quantum
battery by fixing γ = 0.0. As depicted in Fig. 2,
with the increase of dimension of the spins, the
maximum average power (Pmax) of the system in-
creases monotonically when 0 < λ ≤ λmax, where
λmax denotes the maximum value of the interac-
tion strength for which Pmax reaches its maximum
value. Interestingly, notice that after an increase
for low j, Pmax saturates along with the range of
λ, giving an advantage, for high values of j. In
particular, from the figure, we observe that the
slope of Pmax remains almost the same with the
further increase of j. Hence we can possibly con-
jecture that in arbitrary dimension, the power out-
put gives a nonclassical enhancement in power in
presence of weak interactions. As found in Table
I, λmax decreases with j. It implies that the advan-
tage obtained in a higher dimensional spin chain
comes at the cost of a more control on the interac-
tion strength.

2. Role of anisotropy in power. Along with the cou-
pling constant, the anisotropy between the inter-
action strength in the xy-plane also plays a cru-
cial role in power extraction. In particular, in-
crease of anisotropy decreases the enhancement.
In other words, the work-output in the battery is
more pronounced for the XX model compared to
the XY model with γ 6= 0 as shown in Fig. 3.
Since the charging field is in the x-direction, for
non-zero value of γ and a for a fixed dimension,
it will be easier for the charging Hamiltonian to
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FIG. 5. (Color Online.) Variation of Pmax (ordinate) of the
XY battery-Hamiltonian with respect to spin quantum num-
bers, j, (abscissa). Different symbols correspond to different
strengths of the anisotropy, γ. The interaction strength is fixed
to λ = 0.2. Both the axes are dimensionless.

drive the system out of equilibrium, resulting to
a lower amount of power generation. To show it
more precisely, we define a quantity γλ

critical . For a
fixed value of λ and j, it is defined as the value of
the anisotropy parameter upto which we can get
dimensional advantage in terms of power extrac-
tion from the quantum battery. Upto the numeri-
cal accuracy of four decimal places, we report that
γ0.01

critical = 0.98 while γ0.1
critical = 0.8 for all values of

j ≤ 3/2. Moreover, we fix the interaction strength,
say, λ = 0.2 and see the behavior of Pmax with j for
a different anisotropy. Fig. 5 imitates the afore-
mentioned points in a much clarified way with
respect to the dimension of the spins. It is clear
from this analysis, that with the decrease of λ, the
range of γ, i.e., γλ

critical increases for a given value
of j.

III. PHASE DEPENDENCE OF POWER-OUTPUT IN
SPIN-j BILINEAR-BIQUADRATIC CHAIN

Upto now, dimensional improvements in the per-
formance of the battery are illustrated by considering
quantum XY model. A natural question is to find out
whether the enhancement persists even for other one-
dimensional battery-Hamiltonian. To address this ques-
tion, the ground state of the spin-j bilinear-biquadratic
Hamiltonian is considered as the initial state of the bat-
tery [49–55], given by

H j
B(φ) =

N−1

∑
k=1

Jk[cos φ(
−→
S k.
−→
S k+1) (8)

+ sin φ(
−→
S k.
−→
S k+1)

2] +
h
2

N

∑
k=1

Sz
k.
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FIG. 6. (Color Online.) Pmax of the BBH model (vertical axis)
against λ (horizontal axis). Solid, dashed and dot-dashed
lines are for the model with j = 1, 3/2 and 2 respectively
while black, grey and light grey represent three different val-
ues of φ = π/6 (Haldane), π/3 (critical) and 2π/3 (ferromag-
netic) respectively, indicating three different phases of BBH
model. Both the axes are dimensionless.

Here, Jk cos φ and Jk sin φ are the site-dependent inter-
action strengths,

−→
S k are the spin vector acting on the

k-th site, and φ is the parameter depending on which
a rich phase diagram emerges. Without the magnetic
field, i.e., when h = 0, and for spin-1 chain, the Hal-
dane phase appears when −π/4 < φ < π/4 while
gapless critical phase was found when π/4 ≤ φ ≤ π/2
and the system shows ferromagnetism with −3π/4 <
φ < π/2. These three phases and their corresponding
phase boundaries are well established although there is
a controversy about the critical points of the dimerized
phase which is sandwiched between the ferromagnetic
and Haldane phases.

To charge the system, we consider quadratic charging
field H j

c of the form,

H j
c = ω

N

∑
k=1

Sx
k

2
+

(Sx
k )

2

4
, (9)

where ω is the strength of the charging field.
To demonstrate the influence of φ on the energy stor-

age capacity of a quantum battery when the local mag-
netic field, given in Eq. (9) is applied to charge the
battery, we choose three values of φ – one is from the
Haldane phase, e.g., φ = π

6 , the other two are chosen re-
spectively from the critical phase, e.g., φ = π

3 and from
the ferromagnetic phase, say φ = 2π

3 . Unlike the XY
model, in all the phases, we notice striking changes in
Pmax with respect to the interaction strength and with
higher dimension. The investigations are carried out
with the choices of j = 1, 3

2 and 2 to show that the power
has a significant dependence on phase φ.

1. Phase-dependent dimensional advantage.
When λ > 0, the interaction does not give any
quantum advantage for low dimensional system
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FIG. 7. (Color Online.) Dependence of Pmax (vertical axis) on
inverse temperature β (horizontal axis) for different values of
j. Here we take γ = 0.0 and λ = 0.2. (Inset) It zooms the
region of β, where all the lines cross. The rest of the specifica-
tions are same as in Fig. 2. Both the axes are dimensionless.

(cf. Pmax of the battery with j = 2) which is
in stark contrast with the battery based on the
XY spin model. However, the regime, in the
parameter space where λ < 0, develops some
interesting features in the bilinear-biquadratic
model and so now onwards, all the analysis are
performed for λ < 0. It is evident from Fig. 6 that
the dimensional advantage persists irrespective
of the value of the phase parameter in the initial
state. Nonetheless for j = 1, the ferromagnetic
phase gives beneficial behavior over Haldane
and critical phases in terms of Pmax. However,
for higher dimensional systems (j = 3/2 or
2), Haldane phase slowly takes over the other
two although the difference between Pmax with
φ = π/6 and that of a battery with φ = π/3 or
φ = 2π/3 is very small.

In all these cases, we observe two types of
improvements in the performance of the battery
– one is due to the increase of spin quantum
number and other one is for the increase of the
interaction strength in the negative direction (see
Fig. 6). Like the XY model, we also notice that
the increment obtained for power via spin-1 and
spin- 3

2 is much bigger than that of spin- 3
2 and

spin-2 chain. Hence, it can be argued that for
a fixed φ, Pmax saturates to a finite value even
in arbitrary large dimension, thereby exhibiting
quantum gain in the battery over its classical
counterparts.

IV. EFFECTS OF LARGE SPIN PERSISTS EVEN IN
PRESENCE OF IMPERFECTIONS

We will now show that the dimensional benefit can
also be exhibited when there is imperfections in the bat-
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FIG. 8. (Color Online.) Pmax (ordinate) with β (horizontal axis)
for the BBH model. From below, the dimension increases, i.e.,
from below, systems with j = 1, 3/2 and 2 are plotted. (Left
panel) φ = π/3 and (right panel) φ = 2π/3. λ = −0.5. Both
the axes are dimensionless.

j 1 3
2 2 5

2

βcritical 15.5 18.5 20 21

TABLE II. The cut-off value of the inverse temperature
βcritical , of the XY model from which the dimensional advan-
tage is present for a fixed dimensions of spins, j. Here, γ = 0
and λ = 0.2.

tery. In the preceding section, we always prepare the
initial state at zero-temperature. Let us see the conse-
quence on the power if the initial state of the battery
is the canonical equilibrium state with a finite temper-
ature. Moreover, we deal with the scenario when the
battery-Hamiltonian is disordered, i.e., the interaction
strength is site-dependent. In both the situations, our
aim is to determine whether arbitrary large spin helps
in the performance of the battery or not.

A. Temperature-induced power of a quantum battery

We will now probe the situation when the initial state

is the canonical equilibrium state, ρth = e−β′Hj
B

Z , where

Z = Tr(e−β′H j
B) is the partition function of the system

with inverse temperature β′ = 1
kBT (kB being the Boltz-

mann constant and T being the absolute temperature).
The charging process follows the same unitary evolu-
tion governed by the local Hamiltonian, H j

c in Eq. (2).
For investigations, we set β = |h|β′.

Low temperature regime. For large value of β, we notice
that higher dimensional spins give a larger amount of
power output than that of the low-dimensional systems
provided the interaction strength is weak and positive
in the XX model as in Fig. 7. It is in a good agree-
ment with the ground state case reported before. To
make the analysis more concrete, for the XY model, we
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compute βcritical , the cut-off value of the inverse tem-
perature above which the dimensional enhancement oc-

curs, i.e., where Pj
max < Pj+ 1

2
max . From TABLE: II, we ob-

serve that βcritical is increasing with the dimension of
the spins, j for the XX model.

On the other hand, for the BBH model, the behavior
of Pmax again turns out to be phase dependent and the
trade-off between phases and dimension still exists as
mentioned earlier. We observe that higher dimensional
battery remains beneficial, independent of the choice of
φs as depicted in Fig. 8.

High temperature region. Interestingly, however, the
opposite picture emerges for high values of tempera-
ture, i.e., with low β for the XY model having a weak
coupling constant of the battery-Hamiltonian. Specifi-
cally, the spin-chain of low dimension is more benefi-
cial than that of the model with large spin. Therefore,
we observe a critical temperature, βcritical which sepa-
rates these two regions (as shown in the inset of Fig. 7).
It is prominent that with increasing dimension, βcritical
also increases. As argued before, the higher power-
generation in the low-dimensional system is possibly
due to the fact that the charging field in this case re-
quires more energy to drive the system away from equi-
librium compared to the higher dimensional systems
which can involve more number of eigenstates in the
process.
Such a critical temperature is not observed in case of
the BBH model, i.e., in the high temperature regime,
higher dimensional systems continue to generate a
higher amount of power compared to a battery with
low dimensions as shown in Fig. 8.

B. Impurity along with large spin leads to increment in
power

We will now concentrate on a battery-Hamiltonian
which has some defects occurred due to imperfections
in the preparation process or due to environmental in-
fluence. Here we assume that the change in presence of
disorder is very slow compared to the dynamics of the
system and hence we can perform “quenched averag-
ing” of the physical quantity.

Quench averaging. In both the models considered
in the preceding section, we choose randomly the site-
dependent interaction strength, Jk/|h| from Gaussian
distribution with mean 〈J〉/|h| ≡ 〈λ〉 and standard de-
viation, σλ. We then compute the maximum power for
each such choices and repeat the procedure for several
times. At the end, we perform averaging over all such
realizations, to obtain the quenched averaged power,
〈Pmax〉. The number of realizations performed depends
on the convergence of the physical quantity. In our
study, we perform 2000 realizations and observe that
〈Pmax〉 converges upto second decimal points.

1. Variation of Power for disordered XX model with spin
quantum number. The transverse disordered
XX spin chain shows dimensional improvements
for low values of 〈λ〉 > 0 with small disorder
strength, σλ (see Fig . 9), i.e., 0 < 〈λ〉 < 〈λmax〉,
〈Pmax〉j+

1
2 > 〈Pmax〉j. It clearly shows that even

if impurity is present in the system, dimensional
upgrading in terms of power storage capacity can
be obtained.

However, such an advantageous situation van-
ishes if one increases the strength of the disor-
der, i.e., the value of σλ. It is again due to the
trade-off relation between the interaction strength
and the dimensions mentioned in the ordered
case. In particular, when interaction strengths
are chosen randomly from the Gaussian distribu-
tion, we know that most of the times, interaction
strengths lie between 〈λ〉 ± 3σλ and hence com-
paring the ordered scenario, we can provide di-
mensional benefit only for small σλ. Precisely, we
find that when σλ > 0.3, higher values of λ are
coming into play, and for the ordered XX model,
we found (Table I) that high values of λ do not
show any advantage with j. Hence, when strength
of the disorder is strong, disordered systems can-
not demonstrate any large spin-benefit. Moreover,
we notice that there exists a small region with
〈λ〉 < 0 where disordered spin-1 XX model gives
more power output in comparison with the or-
dered ones, which is not present in case of spin- 1

2
particles.

2. Randomly chosen interaction strength for BBH. As re-
ported before, in the ordered case, when λ < 0
and φ = 2π

3 , BBH model with j = 1 gives a higher
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Pmax than that of the initial state prepared in a
different phase with same spin-quantum number
j. Similar situation remains true even in presence
of disorder. To illustrate it, we choose 〈λ〉 < 0,
and φ = π

3 as well as φ = 2π
3 . Moreover, we

find that with moderately high σλ, quenched av-
eraged power, 〈Pmax〉 of the spin- 3

2 BBH model is
significantly higher than that of the spin-1 case, as
depicted in Fig. 10.

V. CONCLUSION

In recent times, the ever-increasing demand for en-
ergy and limited resources in a classical world is a great
threat to humankind. Technologies based on quantum
mechanical principles were shown to overcome the crit-
ical situation. In this direction, the classical battery
serves a crucial role by converting chemical energy to
an electrical one. Nowadays with the emergence of
quantum machinery, it is possible to design quantum
battery [33, 58–61] which is much smaller in size and
way more effective in terms of accumulating accessible
energy than the classical ones. From the beginning of its
discovery, it is customary to model a quantum battery
consisting of spin- 1

2 particles. Very recently, three-level
product states are considered as the initial state of the
battery which is charged via interacting Hamiltonian.

We here constructed a battery whose initial state is
the ground state of an interacting spin-j model and the
charging is performed via local unitary operations. We
showed the beneficial effects of dimension on the per-
formance of the quantum battery. In particular, The
ground state, as well as thermal state of the trans-

verse XY spin-chain and bilinear-biquadratic Heisen-
berg (BBH) Hamiltonian with j-dimensional spins, are
used to demonstrate that with the increase of dimen-
sions, the power extraction from the system increases.
Specifically, we found that in case of the spin-j XY
model, the power-output depends on the interaction
strength as well as the anisotropy parameter while the
phase of the initial state plays an important role for the
BBH-based battery.

Moreover, in a more realistic situation, we exhibited
that the dimensional benefit is robust against the impu-
rities in the battery-Hamiltonian or at finite tempera-
ture. Notice that both of them naturally appear during
implementations. Results obtained here are counter-
intuitive in the sense that, by increasing the dimensions,
it is believed that we typically approach the classical
regime although advantages persist even with arbitrar-
ily large spin which cannot be obtained via interaction-
free battery model.
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