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This paper examines the performance analysis of quantum Otto machines (QOM)
driven by a single qubit system embedded within a spin star environment. We inves-
tigate various thermodynamic correlations during the operation of these machines,
including work performed, heat absorbed, and heat emissions. For the sake of sim-
plicity, our exploration centers around two scenarios: one where the central qubit
interacts with a single spin and another where it interacts with four qubits. Our
findings reveal that QOM employing this system exhibit unique thermodynamic
properties. Notably, we observe that the QOM can achieve enhanced levels of work
performed as the number of spins in the environment increases. Furthermore, both
the work performed and the efficiency of the QOM are influenced by the variation
in detuning and coupling strength parameters across the four stages of its opera-
tion. Additionally, we demonstrate that careful selection of these parameters en-
ables the optimization of QOM performance. In certain instances, the performance
of the Otto cycle can be stabilized to emulate the behaviour of a heat engine by
manipulating the coupling values while simultaneously controlling the frequency
of the central qubit.

Key words: quantum Otto machines, spin star environment, work performed,

thermodynamic correlations, quantum heat engines

Introduction

Quantum thermodynamics has emerged as one of the most dynamic and rapidly
evolving fields in recent years. It builds upon the fundamental principles of classical thermo-
dynamics, such as heat, work, and the laws of thermodynamics, but treats them in a quantum
mechanical framework [1, 2]. By leveraging the classical physical content, quantum models of
classical engines have been developed, such as the laser [3]. As the field continues to advance,
the concepts of the Otto cycle [4, 5] and Carnot cycle [6, 7] have been exploited to design a
wide variety of quantum heat engines [8]. In this context, a diverse range of quantum work-
ing materials have been utilized to create these engines, including qubits [9, 10], two-qubits
[11-13], and photons [14], and harmonic oscillators [ 15]. Additionally, some work has addressed
quantum engines that power multiple objects [16, 17]. Experimental laboratories have made
significant progress in designing, estimating, and verifying these heat engines in practice [18].
Previous studies have performed fundamental analyses of the properties of quantum engines,
particularly those related to work production and efficiency [19]. In recent years, some quan-
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tum heat engines have been designed under the assumption of Maxwell’s demon, validating a
series of quantum information theories and their applications to quantum heat engines [20]. The
comparative between Otto and Carnot cycles in spin chain working fluid are introduced [21].

The study of quantum thermal machines has been significantly advanced by the con-
cepts introduced in open quantum systems theory [22]. This theory provides a framework for
measuring the evolution and simulating the interaction between the internal system and the
external environment [23-25]. One of the most fundamental features that distinguish quantum
systems from classical ones is quantum correlations [26-28]. These correlations are considered
to be a key factor that determines the departure of quantum systems from the classical descrip-
tion of physical systems [29]. In particular, entanglement between parts of quantum systems
has been extensively studied [30]. Quantum systems are being investigated as a major source
of information processing, and quantum correlations have also been widely considered in the
context of many-body systems [31] and more recently in quantum thermodynamics [32]. Quan-
tum correlations have been shown to have a significant impact on the performance of quantum
thermal machines. For example, they can enhance the efficiency of heat engines beyond the
classical limit [6]. Additionally, they can be used to design quantum refrigerators that cool
quantum systems to temperatures below the environment temperature [33].

In the present study, we employ a single qubit system in a spin star configuration as
the working substance. The system comprises a single central qubit that interacts locally with
each of the surrounding spins, while there is no internal or mutual interaction among the sur-
rounding spins [34]. This model enables us to investigate the Otto cycle under varying condi-
tions of atom numbers present in the interaction as the working substance of the machine. The
primary objective of this research is to address the following questions: Does increasing the
atom number enhance the work done and the efficiency of the machine? Does controlling the
frequency of the central atom exert a significant impact on the machine’s performance? What
are the consequences of augmenting the coupling strength between the central atom and the sur-
rounding environment? To this end, we delve into the investigation of this model with different
atom numbers and varying coupling strengths to achieve optimal performance of the Otto cycle
using this type of working substance. The study provides valuable insights into the behavior of
the quantum Otto cycle in a spin star environment and the factors that influence its efficiency
and work output. The motivation of this paper is to explore the performance of a quantum Otto
cycle in a spin star environment using a single qubit system as the working substance. The study
aims to address critical questions related to the effects of atom number, frequency control, and
coupling strength on the machine’s efficiency and work output.

Suggested working fluid

In this section, the physical Hamiltonian model of the working fluid of the QOC
consists of a single qubit system with the frequency Q surrounded by non-interacting N spin
environment with the frequency w. This working fluid can be expressed [34]:

0 oL, N N
-0, 250000 S50 y
2 24 k=1 k=1

where 0., is the inversion (raising/lowering) Pauli matrix, while i&) — the spin —1/2 inversion
(raising/lowering) operator, and 4 — the homogeneous coupling interaction between the center
qubit and surrounding environment. If the surrounding bath rearranged as a single effective
angular momentum quantum operator J, the Hamiltonian (1) can be re-written as a two-particle:
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which operate on the state [35]:

A

JZ

J.m) (3)
j,m)=,/(j—m)(j+m+1)|j,m+1) (4)
J_|jsmy =G =m+ D) +m)|j,m=1) (5)

where j is the half-integer number and m = —j, - + 1, ..., j — 1, j. These operators obey the com-
mutation [J,, J.] = +J.. For N spin particle, we put N = 2j and this allowed m =—-N/2, (-N/2) + 1,
and N/2. The eigenvalues of 'H:

j,m>=m

J.

2
El’z=a{m+%)i\/%+ﬂz(j—m)(j+m+l) (6)
where A= Q — w. The corresponding eigenvectors:

|¢//>] = cos§w|e,j;m>+sin§|g,j;m+1>
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where

tan9=2/1«/(j—mi(j+m+l). ®
We focus on the two cases j = 1/2 and j = 2. For j = 0.5, then m = —1/2, 1/2, and the
eigenenergies can be given:

A
E=—+w
_ 2
m__
2 A
| E,=——+w
=5~ : ©)
O E, =—A*+44>
m=7—> 21
E, :_? A’ +447

Likewise, one can obtained the eigenenergies of j = 2, where we have ten eigenener-
gies in this case.

The adiabatic process, a crucial stage in a quantum Otto cycle, relies on the system’s
eigenenergies changing in a specific manner as the system parameters are altered. To ensure
proper quantum behaviour, it is essential to investigate how the energy levels are affected by
changes in the system parameters, avoiding level crossings. Figure 1 illustrates the energy lev-
els of a quantum system at various values of j, A, and A. The ground state and ex-cited state are
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Figure 1. The upper row is energy levels as a function of A; (a) 41 =0.5w, j=0.5, (b) 1= 0.50, j =2,
(¢) =060, j =2, the lower row is energy levels as a function of 4, (d) A = 1.5, j = 0.5, and
@©A=150,j=2,) A=6w,j=2

initially separated by enhancing the coupling strength between the system and the surround-
ing medium at j = 0.5 (first column). Further increases in the detuning parameter, fig. 1(a),
and coupling strength, fig. 1(d), widen the energy level separation. Notably, increasing the
number of surrounding atoms (j = 2, four atoms) significantly and rapidly increases the ener-
gy level separation. However, the eigenenergies intersect at low coupling or detuning values,
figure 1(b) and 1(e). As the detuning and coupling strength increase, the energy levels return
to non-crossing. Increasing the coupling strength 4 is necessary when the energy levels depend
on the detuning, fig. 1(c). Moreover, if the energy levels are sensitive to the range of coupling
strength allowed, fig. 1(f), we must increase the detuning parameter. As the detuning and cou-
pling strength increase, the energy levels are significantly reordered, and the adiabatic process
is better preserved. In-depth physical analysis displays that the preservation of the adiabatic
process is closely related to the frequency strength of the central atom and its degree of cou-
pling to the surrounding atoms. These parameters can be adjusted during device manufacturing
to optimize the adiabatic process. To provide a more informative discussion, we will focus on
the change in coupling strength and detuning in our studies, while keeping in mind the broader
physical context.

Quantum Otto cycle

In accordance with the principles of thermodynamics, the expectation value of the
working fluid (2) characterizes the internal energy of the QOC, specifically expressed:

U=(H)=> p(TE,

where p/(7) is the distributed probabilities determined by p(7) = (1/Z)e**i where Z = Y 7"
serves as the partition function, E; — the eigenenergy levels inherent to the working fluid. It is
notable that f = 1/kT, where k= 1, and T represents the temperature parameter in this context.
As per the foundational principle of the First law of thermodynamics, the differential of internal
energy, oU, can be separated into two distinct components: the transferred heat and the work
done. This can be expressed mathematically [36]:



Alsulami, M., et al.: Quantum Otto Machines Powered by a Single Qubit ...
THERMAL SCIENCE: Year 2024, Vol. 28, No. 6B, pp. 4867-4876 4871

SU = 60+6W = > Edp,(T)+ > p,(T)dE, (10)

During the QOC, the working fluid underwent four stages, two adiabatic and two
isochoric processes. We supposed that the parameters 4 and A are changed during the cycle. The
four stages are briefly expressed as:

Stage 1. Isochoric process, in this initial stage, the working fluid absorbs a certain
amount of heat from the hot reservoir, resulting in an increase in the temperature of the working
fluid to 7). In this scenario, the probabilities distributed among the system vary in accordance
with p(T},). However, no work is performed and the eigenenergy does not remain constant. The
heat absorbed during this process can be calculated using:

0, :ZEih [pi(Th)_pi(Tc)] (11)

where E} is the dependent on the hot parameters.

Stage 2. Adiabatic process, moving on the second stage, the working fluid is discon-
nected from the hot reservoir. Consequently, the eigenenergy E/' changed to Ef, and also the
working fluid parameters are changed from 7}, 4,, and A, to T, 4., and A,. During this stage,
the distributed probabilities remain unaltered, while the work performed undergoes a change.

Stage 3. Isochoric process, in which the working fluid is connected to a cold reser-
voir at temperature 7.. The distributed probabilities are altered to p/(7.), while there is no work
performed, resulting in no change in the eigenenergy E!. However, the heat released during this
process can be given:

0. =Y Ef [p(T)- pi(T;)] (12)

Stage 4. Adiabatic process, this is the final process, where the working fluid is seg-
regated from the cold reservoir and the parameters /. and A, are reverted to their initial values
A, and A,. However, the work is done to return the energy to the system. From Stages 2 and 4,
one can derive the work executed due to alterations in the control system parameters. The work
performed in the QOC can be expressed:

W= (E! —ED)[pi(T,) - pi(T.)] (13)
The efficiency of a QHE can be expressed:
w 9
= —=l+== 14
) (1

Work extraction and efficiency

This section delves into the exploration of work extraction, anticipated heat machine,
and efficiency concerning heat exchange.

Figure 2 represents the work performed by a quantum Otto machine for our hypothet-
ical system when the central atom is coupled to either one other atom (j = 0.5) or four atoms (j
= 2). The first row of the figure depicts the work as a function of the (A,/w, A/w)-plane with
varying values of 1. At j = 0.5 and constant 4 throughout the four stages with 4,. = 0.5w, it is
evident that increasing A /o results in negative work, while increasing A,/w enhances the values
of positive work, refer to fig. 2(a). However, if 1, = 0.5w, A. = w varies across the four stages,
as shown in fig. 2(b), increasing A./w signifies more negative work, while the region where the
work is positive expands without a substantial increase in the positive work. At j =2 in fig. 2(c),
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it becomes necessary to augment the values of 4,.= 6w to preserve the adiabatic process, as
discussed in fig. 1. Notably, both the negative and positive values of the work performed have
increased significantly while maintaining the same behaviour due to the increments in A, /.
This observation suggests that A/w and A,/w are invariably linked to the direction of work,
implying that A/w is associated with negative work, leading to energy loss or shrinkage of the
system, thereby causing a decrease in its internal energy. Conversely, A,/w is associated with
positive work, wherein the system gains energy or exerts force to expand its volume, resulting
in an increase in its internal energy.

0.0 0.2 0.4 0.6 0.8 1.00.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Ah
(@ 2@ G u

Figure 2. The upper row is work done as a function of A,/w and A/w; (a) 4, = 2. = 0.50,
(b) 4, =05w, 4. =w,j=0.5, (¢c) 4, = 4. = 6w, j =2, the lower row is work done

as a function of 4, and 4., (d) A,=A,.=1.50,j=0.5, (e) A,=1.50w,A, =20, j = 0.5, and
O A=A =60,j=2

The second row of fig. 2 illustrates the work performed in the (4,/w, A/w)-plane at
varying values of A, /. Figure 2(d) demonstrates that increasing 4,/w enhances the maximum
values of the positive work done while increasing 4./« amplifies the negativity of the work
done, all at constant A, .= 1.5w throughout the four stages. By increasingt A,= 3@ in compari-
son A, = 1.5w, the negative values of the work increase significantly more than those observed
for the positive work, refer to fig. 2(e). Upon augmenting the number of atoms (; = 2) and
maintaining a constant A, .= 6w with larger values (to preserve adiabaticity), the work becomes
more pronounced, whether positive or negative. However, the positive work is confined only
to the higher values of 1,/w.

From these observations, it can be inferred that the internal energy of the Otto machine
decreases as a consequence of increasing A./w. In this scenario, thermal energy is transferred
from the system to the atoms. Conversely, energy is transferred from the atoms to the system by
increasing 4,/w. It is evident from this figure that 4, /w and 7, /@ exert a similar influence on
the work performed in raising or lowering the internal energy of an Otto cycle.

Let us now direct our attention the investigation of the efficiency of the Otto cycle
through fig. 3, under the same conditions assumed in fig. 2. It is important to note that, in gen-



Alsulami, M., et al.: Quantum Otto Machines Powered by a Single Qubit ...

THERMAL SCIENCE: Year 2024, Vol. 28, No. 6B, pp. 4867-4876 4873
5
A: =
w4 o./01;{ N
0.0100 /|
3 7 10,0075 11
V- 4 /(/).0/956 ]
2| / V. // /0,0025 )|
// 7/ 0/ 1
W / /[
1 2 3 4 5 5
(a) =
1.0f !
w08 0.08
06¢ 0.06 /!
7 |
0.4} 00401
i
0.2¢ /T
0.0k e L, ]

0.0 0.2
(d)

0.2 0.4 0.6 0.8 A 1.00.0 0.2
h

w
Figure 3. The efficiency function & with the same parameters that displayed in fig. 2

eral, the white area represents negative efficiency, which does not correspond to a quantum heat
engine (QHE). Therefore, we have disregarded its analysis in this context. In the A/o — AJw
-plane, figs. 3(a)-3(c), it is evident that the Otto cycle exhibits an increasing efficiency that is
directly proportional to the increase in A,/w. Maintaining the coupling (4,= .= 0.5w) constant
during the four stages results in the efficiency dividing the plane almost evenly. However, with
increasing A,/@ in the case of one atom and small values of A/w, the efficiency diminishes once
again, fig. 3(a). Nevertheless, varying 4,= 0.5w, 1. = o during the cycle serves to render the
efficiency of the QHE non-symmetric, and its maximum value decreases even with increasing
AjJo. As a consequence of increasing the number of atoms (j = 2), the efficiency of the QHE
decreases significantly, nearly reaching zero. In comparison the case of one atom, the efficiency
of Otto approaches the efficiency of a Carnot machine in certain regions, where:

T
e=¢,=1-—-=05

T,

On the other hand, the efficiency increases in the (4,/o — A./w) plane, figs. 3(d)-3(f),
due to increasing 4,/ while decreasing with increasing A./w. The efficiency divides this plane
evenly when both A,/w and A./w are equal, while their asymmetry reduces efficiency and induc-
es asymmetry. In this plane, the efficiency does not attain the Carnot efficiency, and augmenting
the number of surrounding atoms marginally reduces the efficiency.

We now embark on an investigation into the impact of varying A,.and 4,. on the
Otto cycle and the resultant machines when j = 0.5. To this end, we plot the work performed
(curve — 1), the energy emitted (curve — 2), the energy absorbed (curve — 3), and the efficien-
cy (curve — 4). In the first scenario, the four quantum parameters are functions of A,/ when
A.= 1.5w. Consequently, the machine resulting from the cycle is contingent upon the changes
in A4/ and A/w. The QOM displays four operations as a results of change working fluid pa-
rameters, which are:
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— Quantum heat engine (QHE): W> 0, 0, >0, and 0. <0
Refrigerator: W< 0, 0, <0,and Q. >0
Accelerator: W< 0, 0,>0,and 0, <0
— Heater: W<0, 0,<0,and Q0. <0

Figure 4(a) illustrates that in the case of constant 4,= 4. = 0.5, the resulting machine
initially operates as an accelerator, followed directly by a QHE, then a heater, and subsequent-
ly the cycle reverts to an accelerator again during the evolution of A,/w. However, when 4. >
A, We observe from fig. 4(b) that the thermal processes expand, resulting in the emergence of
an accelerator initially, followed by a QHE, and then an accelerator once more. Figure 4(c)
presents a distinct behaviour when A, < 4,. In this case, the Otto cycle initially exhibits a QHE,
which subsequently transforms into a heater and then into a quantum refrigerator. Throughout
the aforementioned three cases, it is noteworthy that the efficiency of the resulting thermal
machine, in terms of maximum values, is superior in the scenario where 1. < 4,. However, the
duration of the cycle is longer in the case where 4. > 4,.
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Figure 4. The competitive between work done V), heat released Q., heat absorbed Q,,
and the efficiency ¢ for j = 0.5, the upper row the three function as a function of A,/®
with A.= 1.5w; (a) 4, = 1. = 0.50, (b) 2, =0.10, .= 0.9, (¢) 2, =090, 1. = 0.1w,

the lower row the three function as a function of 4,/@ with 1. = 0.5w, (d) A,=A.= 1.5,
(e) Ay=1.5mw,A.=3w, and (f) A,= 3w, A,.=1.50

In the second scenario, we depict the four quantifiers as a function of 4,/ when
A.=0.5w. It becomes evident that when A,=A.= 1.5w, the Otto cycle transitions from a thermal
accelerator to a QHE at 1,= 0.5w. This implies that when A,/ is greater than A./w, the resulting
machine operates as a QHE with a constant efficiency. TheA also exerts a significant influence.
If Aj/w is less than AJw, the resulting machine manifests as an accelerator with quasi-stable
behaviour. On the other hand, if Aj/w is greater than A /w, the resulting machine operates as a
QHE. It is evident that fixing the values of during the period (during the period in which the adi-
abatic process was preserved) is crucial for obtaining a more stable quantum machine, thereby
preventing the undesirable switching between different types of machines.
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Conclusions

In this study, we explored the QOM using a single qubit system in a spin star environ-
ment as the working substance, assuming that the central qubit interacts with one or four sur-
rounding spins. We examined how to preserve the adiabatic process by preventing the crossing
of energy levels of the two studied states. We presented an overview of the QOM, highlighting
the changes in detuning parameter and coupling constant during the four stages. We investigat-
ed the work done, efficiency, absorbed heat, and emitted heat as a function of the detuning and
coupling constants.

Our primary findings are summarized asf follows.
® The number of surrounding spins significantly influences the Otto cycle’s performance.

Increasing the number of spins enhances the work done and the machine’s efficiency. This
is because a larger number of spins provides more potential energy levels for the system to
transition between, leading to more work being done.

e The frequency of the central atom significantly impacts the machine’s performance. Con-
trolling the frequency of the central atom can improve the machine’s efficiency. This is
because the frequency of the central atom determines the energy difference between the two
energy levels of the system, which can affect the machine’s efficiency.

e The coupling strength between the central atom and the surrounding environment signifi-
cantly impacts the machine’s performance. Increasing the coupling strength can improve
the machine’s efficiency. This is because the coupling strength determines the rate at which
the system can exchange energy with the environment, affecting the machine’s efficiency.

e Changes in the central atom’s frequency or coupling strength can generate different quan-
tum machines. These machines can be controlled more effectively by regulating the cou-
pling strength in the hot or cold bath. If the coupling strength is greater in the hot bath, we
obtain a quantum thermal machine with constant performance at different detuning values.

In conclusion, our results suggest that the following strategies could be employed to
enhance the performance of quantum Otto cycles using spin star environments. Utilize a system
with a large number of surrounding spins to increase the work done and the machine’s efficien-
cy. Control the frequency of the central atom to improve the machine’s efficiency. Increase the
coupling strength between the central atom and the surrounding environment to improve the
machine’s efficiency.
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