
1

Vol.:(0123456789)

Scientific Reports |         (2021) 11:1576  | https://doi.org/10.1038/s41598-020-80639-w

www.nature.com/scientificreports

Quantum Szilard engine 
for the fractional power‑law 
potentials
Ekrem Aydiner

In this study, we consider the quantum Szilárd engine with a single particle under the fractional 
power‑law potential. We suggest that such kind of the Szilárd engine works a Stirling‑like cycle. We 
obtain energy eigenvalues and canonical partition functions for the degenerate and non‑degenerate 
cases in this cycle process. By using these quantities we numerically compute work and efficiency for 
this thermodynamic cycle for various power‑law potentials with integer and non‑integer exponents. 
We show that the presented simple engine also yields positive work and efficiency. We discuss the 
importance of fractional dynamics in physics and finally, we conclude that fractional calculus should be 
included in the fields of quantum information and thermodynamics.

Boltzmann firstly formulated the entropy expression in the framework of Statistical Mechanics between 1872 
and 1875. This definition of entropy is known as the second law of thermodynamics. However, the debates on 
whether the second law would be violated continued for a while. For example, in 1867  Maxwell1 had proposed a 
thought experiment in which the second entropy might be violated. So that the debate that started with Maxwell 
lasted almost a  century2–5.

To test this law, Maxwell, in his thought experiment, constructs A and B boxes that are completely isolated 
from each other except the door between them. He suggests that both of these boxes are filled with the same 
type of gas and both boxes have the same temperature. According to the second law of thermodynamics, there 
will be no heat flow from A to B or from B to A since both boxes are in thermal equilibrium. Maxwell imagines a 
clever demon standing by the door and this demon can observe gas molecules on both sides. This clever demon 
watches all the molecules in boxes A and B. When he sees a molecule coming from box A towards the door at 
a higher than average speed, he opens the door and allows it to pass into box B. Similarly, it allows molecules 
to move at a lower than average speed in box B to pass into box A one by one. Thus, with the help of the clever 
demon’s control, the average velocity of molecules inside box B increases while the average velocity of those in box 
A decreases. Since the average kinetic energy of the particles will be interpreted as an expression of temperature, 
at the end of this process, this means that the temperature of box B increases, conversely, the temperature of box 
A decreases. If this thought experiment is possible, a heat transfer from cold to hot would be possible and this 
indicates that the second law can be violated.

The possible error in this thought experiment was first demonstrated by Szilárd in  19293. According to 
Szilárd, Maxwell’s demon must generate entropy when observing the velocities of molecules, storing and com-
paring velocity information, and opening and closing the door. If the entropy produced by the clever demon 
is not taken into account, the entropy of the system may appear to have decreased. However, considering the 
entropy that the clever demon generates while doing the work, the total entropy is expected to increase. Szilárd 
analysed the demon problem of Maxwell by using a classical engine. He considered a closed box with a single 
particle instead of many particles. In the middle of this box, there is a compartment that will serve as a piston. 
This compartment divides the box into two parts. According to this setup, the particle can be located in the left 
or right box. If the particle is in the left box, it can push the piston to the right, and if it is in the right box, it can 
push the box to the left. Thus, the volume of the box containing the particle expands. Hence, work is obtained 
from this thermodynamic process. In this thermodynamic process, the system produces kBT ln 2 amount of 
work, where kB is the Boltzmann constant and T is the temperature of the considered system. Thus, Szilárd shows 
that the second law of thermodynamics is not violated. However, measuring the position of the particle causes 
a decrease in entropy of magnitude kBT ln 2.

In 1961, Landauer solved this  problem4. He proposed an erase principle to explain the increase of the entropy. 
According to this principle, erasure or reset of the demon’s memory requires the minimum energy cost of at 
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least kBT ln 2 in the measurement process. This ensures that the entropy of the system does not decrease for each 
measurement and that the total entropy of the system is  increased4,5. Landauer’s principle has been experimentally 
provided using a single colloidal  particle6. Furthermore, it was shown that the needed work to erase the memory 
is near kBT ln 2 which has been experimentally extracted from one bit of information, using a single electron 
 engine7. Apart from this study, it has been shown in many experimental realizations that the Szilard engine will 
produce positive  work7–12. As a result, the model proposed by Szilard played an important role in establishing a 
relationship between information theory and thermodynamics by through Landauer’s principle.

The quantum version of the Szilárd engine was proposed by Kim et al.13. Unlike the classical Szilárd engine, 
in the quantum version, a thin barrier is inserted and removed in the middle of the box in the thermodynamic 
cycle. It has been shown in various studies that the thermodynamic process realized in this way will produce 
positive  work14–19. Recently, a similar version of the quantum engine has been studied by Thomas et al.20 for the 
infinite well potential. They show that the work and efficiency of this quantum Szilárd engine are positive for 
single and many particles. This model can be applied to any other potential where the insertion of the barrier 
leads to degenerate eigenstates. In the present study, we consider this model with a fractional power-law like 
potential. So far, the quantum engine has never been studied for fractional potentials. Based on this motivation, 
we discuss the work extraction and efficiency of the quantum Szilard engine which has the Stirling-like cycle 
under fractional power-law potential. The power-law like a fractional potential can be given in a simple form as

where k denotes the power-law exponent, and α is a parameter that depends on the frequency of the system. Here 
we note that the exponent k can take integer or non-integer values. For the integer value of k, we get well-known 
standard solutions. However, the solution will deviate from the standard one for the non-integer values since it 
leads to fractional physics. In this study, we will give some results of the fractional version of the Szilárd engine 
which has Stirling like a thermodynamic cycle and will discuss the importance of the fractional calculus in the 
quantum thermodynamics and quantum information fields.

This paper is organized as follows: In “The model and its results”, we introduce the model and give its results. 
In “Discussion”, we discuss the importance of the results and fractional physics in the fields of the quantum 
information and thermodynamics. Finally, in “Methods”, we describe give the method to obtain the numerical 
results of work and efficiency for this engine under fractional power-law potentials.

The model and its results
The Szilard engine under fractional power‑law potential. The quantum Szilard engine which has 
the Stirling  cycle21–24 under the infinite quantum well  potential20 was introduced in the introduction section. 
Here, in this study, we will carry out the work efficiency of this engine for a single quantum spinless particle 
under the fractional power-law potential given in Eq. (1).

The schematic picture of the thermodynamic cycle processes to work extracted is given in the Fig. 1. Accord-
ing to the Stirling engine schema, AB and CD are the isothermal processes while BC and DA represent isochoric 
processes. All thermodynamic steps are given as follows: The cyclic process starts with A. In the A stage, the par-
ticle which is under a single power-law potential in box A interacts with a heat bath with a higher temperature of 
Th . In the AB stage, a thin potential barrier is completely inserted in the box at the same temperature. During the 
quasi-static insertion process, the system is in equilibrium with a hot bath temperature of Th . After this isothermal 
process, the box B behaves like the two double power-law potentials. However, it is assumed that in the BC stage 
the system is contacted to a heat bath with a lower temperature of Tc . In this process, the system undergoes the 
isochoric temperature exchange. To continue the thermodynamic cycle, the inserted thin barrier is isothermally 
removed in the CD stage. The system is in equilibrium with cold bath temperature Tc during the quasi-static 
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Figure 1.  The four stages of the Stirling cycle. In A and D, solid circles represent the particles. Dashed circles in 
B and C represent the uncertainty in the position of the particle. Box A and B contacts the hot bath temperature 
Th , however, the boxes C and D contact the cold bath temperature Tc . The stages BC and DA are isochoric 
processes. Stage AB is the isothermal insertion process, while stage CD is the isothermal removal process.
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removal process. After the CD process, the particle is again under a single power-law potential in box C with a 
hot bath temperature of Tc . In the final DA stage, the system is contacted to a heat bath with a higher temperature 
of Th and is completed cycle. In the last stage, the system also undergoes the isochoric temperature exchange.

The work to be extracted from this thermodynamic cycle is given by

where kB is the Boltzmann constant, Th and Tc indicate the hot and cold temperatures, and Zi ( i = A,B,C,D ) are 
the canonical partition functions of the system. In a similar way, the efficiency of the cycle is given by

where Qj (j=BC, CD, DA, AB) are the heat exchanges for the stages. The quantities in the work W in Eq. (2) and 
efficiency η in Eq. (3) will be obtained taking into account the thermodynamic stages mentioned above. In the 
calculation, for simplicity we neglect some extra energy cost for instance needed energy for insertion and removal 
of the barrier and needed energy for coupling or decoupling of the system to the heat baths. The details of the 
calculation of work W in Eq. (2) and efficiency in Eq. (3) will be discussed in Method Section.

Numerical results. In the presented model, we compute energy eigenvalues corresponding to the potential 
with help of WKB approximation. By using these eigenvalues we numerically computed the work W in Eq. (2) 
and efficiency η in Eq. (3) of a Stirling-like cycle presented in Fig. 1 for various k values. Obtained numerical 
results are given in Fig.2. Both thermodynamic quantities in Fig.2 are plotted as a function of the parameter 
�(k) which is defined in Eq. (7). The parameter �(k) is a function of the frequency ω . For instance, this param-
eter for k = 2 and α = 1

2mω2 reduce to �ω . Fig.2 clearly shows the frequency dependence of the work W and 
efficiency η for various k values. Here, we have set the constants as m = 19.11× 10−11 , kB = 1.380649× 10−23 , 
and h = 6.62607015× 10−34.

As it can be seen from Fig.2 the model under power-law potential with integer and non-integer exponents 
yields positive work and efficiency for a single particle. Firstly, we note that the numerical procedure requires 
more attention since the obtained results are tightly dependant on the parameters k, Th and Tc . We see that the 
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Figure 2.  Work and efficiency versus �(k) for several k and temperature values. Here, we have set the constants 
as m = 19.11× 10
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choice of these parameters affects the result dramatically. Therefore, to find meaningful results the parameter 
intervals must be carefully scanned.

We present the results for various k and heat bath temperatures in Fig.2. One can see from the figure that 
work and efficiency are positive and maximum for very low-frequency values although the parameters are chosen 
differently. However, the values of W and η slowly decrease when the frequency parameter �(k) increases. The 
maxima values of the work and efficiency for different power-law exponents and temperature values are com-
patible with the results of Ref.20 where these quantities have been obtained as a function of the box size a which 
indicates the position of the inserted barrier. In our work, the position of the inserted barrier is fixed in the B or 
C boxes. We obtain work and efficiency depending on particle frequency for a fractional power-law potential.

As a result, in this study, we show that it is possible to compute quantities for the non-integer k values which 
denotes fractional potential which can be created by deformed fields and fractal space or porous structures. 
This simple model can be regarded as a toy model to discuss the quantum Szilard engine with single-particle 
under fractional power-law potential. Here, we try to generalize the well known model in Ref.20 to fractional 
power-law potential. We have not considered the limit cases such as the low-temperature limit. We also limited 
the work to a single particle for simplicity. However, the model and results can be generalized for many particle 
quantum systems.

Discussion
The classical and quantum version of the Szilard engine has been studied in detail theoretically and 
 experimentally7–20. In these studies, it is shown that the second law of thermodynamics will not actually be 
violated, if a more complete analysis is made of the whole system including the demon. On the other hand, it is 
clearly understood by these studies that there is a connection between thermodynamic entropy and information 
entropy which leads positive work. It has been understood that it is possible to produce quantum heat engines in 
nano-size. Nowadays, the interest in these machines is increasing due to their potential technological applications.

In our study, we show that the quantum Szilard engine under fractional potential also yields positive work as 
a substance working. The toy model presented here is not new. However, unlike the others, this is the first time 
that fractional potential has been included in the quantum thermodynamic discussions. In this sense, this study 
may play an important role in bringing attention to the fractional quantum engine.

As far as we know heat engines and information theory have not been studied using fractional calculation 
methods in the literature. However, fractional theory can be included in these areas. We mention that the integer-
based model and Hamiltonian solutions are idealized models and solutions that completely fit to the Euclidean 
description. Whereas the fractional calculus includes the Euclidean-based Newtonian calculus area which is 
based on the local point property of the object. Fractional calculus is characterized by fractional derivative and 
fractional  integral25. When we think of it as a mathematical domain, fractional calculus covers the Newtonian 
calculus. Many events and processes such as non-local, distributed, non-Markovian, non-Newtonian, and non-
differentiated fields and dynamics can cause disordered structure and complexity. Therefore, these processes can 
be modelled with the help of the fractional  calculus25–31. Indeed, the fractional dynamics can be seen in the many 
physical systems such as dielectrics, spin glasses, proteins, anomalous diffusion, anomalous wave propagation, 
biological materials  etc25–31. All of these imply that the fractional calculus should be included in the fields of 
quantum information and thermodynamics.

Here, we obtain the work and efficiency of the model without using fractional calculus tools. But, by applying 
fractional calculus one can discuss thermodynamic problems, quantum heat engines, or refrigerators. Because 
we know that if there are non-local, distributed, non-Markovian, non-Newtonian dynamics in any physical 
system, these effects will appear on the adiabatic processes, probabilities, and eigenvalues of the system in the 
thermodynamic cycle. Therefore, it is important to incorporate fractional dynamics into quantum information 
and quantum thermodynamic systems. In this study, we will be content with stating that this issue will gain 
importance in the future. Hence, it would not be wrong to predict that the concept of fractional heat engines 
will also enter the literature.

On the other hand, today, we know that both quantum engine and quantum Szilard engine were experimen-
tally  realized7–12,32–38. Therefore, we state that based on previous experimental methods and by implementing, 
for instance, fractal geometries or structures with porous surfaces to the experimental setup, it may possible to 
realize a fractional quantum heat engine in practice.

Methods
Energy eigenvalues for the fractional power‑law potential. To carry out the work and efficiency 
corresponding to the thermodynamic cycle of the quantum Szilard engine we will use the canonical partition 
function and heat exchange for each stage. Therefore, to construct partition function and to obtain other ther-
modynamic quantities for instance internal energy and heat for the cycle we need energy eigenvalues of the 
particle systems for the power-law potential given in Eq. (1). For the present case, energy eigenvalues can be 
obtained from the solution of the Hamiltonian of the system:

For integer values i.e., k = 1, 2, 3, 4 , it is very easy to obtain an analytical solution of any quantum mechanical 
system with a single particle. However, for the non-integer k values it is not possible to obtain exact results. On 
the other hand, the non-integer k values indicate the fractional potential which requires using fractional calculus 
or other approximation methods. One of the simple methods is the WKB approximation. Energy eigenvalues of

(4)H(x, k) = p̂2

2m
+ V̂(x, k).
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can be obtained in a simple form as

where �(k) depends on the frequency w of the system, and is given by

where γ denotes the Maslov index which represent a correction to the quantum number. The final result in Eq. 
(6) can also be found in Griffiths posed as a  problem39. The index γ takes different values. For instance, γ = 2 the 
harmonic oscillator , γ = 3 for the triangular-well potential, and γ = 4 corresponds to the infinite square well. 
We note that for k = 2 , α = 1

2mω2 and γ = 2 , from Eq. (6) we get energy of the harmonic oscillator

On the other hand, k < 2 expresses loosely binding potentials that leads to the spacing between energy levels 
decreasing with increasing quantum number n and k > 2 corresponds to the tightly binding potentials which 
exhibit increasing energy levels with increasing quantum number n.

Work and efficiency. Now we discuss the work and efficiency for this engine model following the method 
given in Ref.20. To compute work W in Eq. (2) and efficiency in Eq. (3) we need to know partition functions, 
internal energies, and heat exchanges for all processes.

To compute the work W in Eq. (2) we have to construct partition functions ZA , ZB , ZC and ZD . Therefore, we 
will give all of them subsequently below. Firstly, we assume that the system is connected to a heat bath with a 
higher temperature Th . The partition function ZA(k) for the high temperature Th is simply given as

where EAn,k is the energy eigenvalue of the particle in the box A. By using Eq. (6), EAn,k is written as

which has non-degenerate form. If Eq. (10) is inserted into Eq. (9), the partition function ZA(k) can be written as

The energy eigenvalue and the partition function for box B will be different from box A. Because, we assume 
that, in the AB stage depicted in Fig. 1, a very thin potential wall is isothermally inserted slowly in the middle 
of the box at the same temperature. When the wall is completely inserted in the box, the energy levels will be 
degenerate as explained in Ref.20. In this case, for box B, energy eigenvalue is given by

Hence, the corresponding partition function is given by

where the pre-factor 2 in Eq. (13) is written since the boxes are divided into two by the barrier which leads to 
energy levels two-fold degenerate.

In the BC stage, we assume that the system leaves the heat bath with higher temperature Th and contacts the 
other heat bath with lower temperature Tc . Therefore, we compute the partition function for C and D in the case 
of the low temperature Tc . The energy eigenvalue of box C is

which has also degenerate energy levels like box B. The partition function for box C is given by

(5)H(x, k)|n >= En,k|n >, n = 0, 1, 2, ...
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Finally, we can write the energy eigenvalue of the box D as

and the partition function is given by

Finally, in the last stage DA, the system leaves the heat bath with low temperature and contacts again higher 
temperature one. As a result, the work W in Eq. (2) for this Striling-like cycle can be numerically computed with 
help of Eqs. (11), (13), (15) and (17).

On the other hand, to obtain the efficiency η in Eq. (3) we have to construct the heat exchanges QAB , QBC , 
QCD and QDA . For this isothermal process AB, the heat exchanged QAB can be obtained as

where UA and UB are the internal energies of the box A and B, respectively, which can be obtained from

where βh = 1/kBTh . Another isothermally stage CD leads to heat exchange QCD which is written as

where UC and UD are internal energies for box C and D, respectively which can be found from

where βc = 1/kBTc is the inverse temperature.
Now, we can focus on the heat exchange for two isochoric processes BC and DA. The amount of exchanged 

heat QBC during isochoric process BC is given by

At this stage the system is connected to the lower temperature bath at Tc . On the other hand, the heat exchanged 
QDA for another isochoric process DA is given by

At the final stage, the system is again connected to the higher temperature bath at Th . As a result, by using Eqs. 
(18), (20), (22) and (23), the efficiency η in Eq. (3) can be numerically obtained.

Received: 30 August 2020; Accepted: 23 December 2020

References
 1. Maxwell, J. C. Quote from undated letter from Maxwell to Tait. In Life and Scientific Work of Peter Guthrie Tait (ed. Knott, C. G.) 

(Cambridge University Press, Cambridge, 1911).
 2. Brillouin, L. Maxwell’s demon cannot operate: Information and entropy. I. J. Appl. Phys. 22, 334. https ://doi.org/10.1063/1.16999 

51 (1951).
 3. Szilard, L. über die entropieverminderung in einem thermodynamischen system bei eingriffen intelligenter wesen. Z. Phys. 53, 

840–856. https ://doi.org/10.1007/BF013 41281  (1929).
 4. Landauer, R. Irreversibility and heat generation in the computing process. IBM J. Res. Dev. 5, 183–191. https ://doi.org/10.1147/

rd.53.0183 (1961).
 5. Bennett, C. H. The thermodynamics of computation—A review. Int. J. Theor. Phys. 21, 905–940. https ://doi.org/10.1007/BF020 

84158  (1982).
 6. Bérut, A. et al. Experimental verification of Landauer’s principle linking information and thermodynamics. Nature 483, 187–189. 

https ://doi.org/10.1038/natur e1087 2 (2012).
 7. Koski, J. V., Maisi, V. F., Pekola, J. P. & Averin, D. V. Experimental realization of a Szilard engine with a single electron. in Proceed-

ings of the National Academy of Sciences, Vol 111, 13786–13789, https ://doi.org/10.1073/pnas.14069 66111  (2014). https ://www.
pnas.org/conte nt/111/38/13786 .full.pdf.

 8. Serreli, V., Lee, C.-F., Kay, E. R. & Leigh, D. A. A molecular information ratchet. Nature 445, 523–527. https ://doi.org/10.1038/
natur e0545 2 (2007).

 9. Raizen, M. G. Comprehensive control of atomic motion. Science 324, 1403–1406. https ://doi.org/10.1126/scien ce.11715 06 (2009).

(15)ZC(k) =
∞
∑

n=1

2 exp

[

�(k)

kBTc

(

2n+ γ

4

)2k/(k+2)
]

.

(16)EDn,k = �(k)
(

n+ γ

4

)2k/(k+2)

(17)ZD(k) =
∞
∑

n=1

exp

[

�(k)

kBTc

(

n+ γ

4

)2k/(k+2)
]

.

(18)QAB = UB − UA + kBTh ln
ZB(k)

ZA(k)

(19)UA,B = −∂ZA,B(k)

∂βh

(20)QCD = UD − UC + kBTc ln
ZD(k)

ZC(k)

(21)UC,D = −∂ZC,D(k)

∂βc

(22)QBC = UC − UB

(23)QDA = UA − UD .

https://doi.org/10.1063/1.1699951
https://doi.org/10.1063/1.1699951
https://doi.org/10.1007/BF01341281
https://doi.org/10.1147/rd.53.0183
https://doi.org/10.1147/rd.53.0183
https://doi.org/10.1007/BF02084158
https://doi.org/10.1007/BF02084158
https://doi.org/10.1038/nature10872
https://doi.org/10.1073/pnas.1406966111
https://www.pnas.org/content/111/38/13786.full.pdf
https://www.pnas.org/content/111/38/13786.full.pdf
https://doi.org/10.1038/nature05452
https://doi.org/10.1038/nature05452
https://doi.org/10.1126/science.1171506


7

Vol.:(0123456789)

Scientific Reports |         (2021) 11:1576  | https://doi.org/10.1038/s41598-020-80639-w

www.nature.com/scientificreports/

 10. Bannerman, S. T., Price, G. N., Viering, K. & Raizen, M. G. Single-photon cooling at the limit of trap dynamics: Maxwell’s demon 
near maximum efficiency. New J. Phys. 11, 063044. https ://doi.org/10.1088/1367-2630/11/6/06304 4 (2009).

 11. Koski, J. V., Kutvonen, A., Khaymovich, I. M., Ala-Nissila, T. & Pekola, J. P. On-chip Maxwell’s demon as an information-powered 
refrigerator. Phys. Rev. Lett. 115, 260602. https ://doi.org/10.1103/PhysR evLet t.115.26060 2 (2015).

 12. Koski, J. V., Maisi, V. F., Sagawa, T. & Pekola, J. P. Experimental observation of the role of mutual information in the nonequilibrium 
dynamics of a Maxwell demon. Phys. Rev. Lett. 113, 030601. https ://doi.org/10.1103/PhysR evLet t.113.03060 1 (2014).

 13. Kim, S. W., Sagawa, T., De Liberato, S. & Ueda, M. Quantum Szilard engine. Phys. Rev. Lett. 106, 070401. https ://doi.org/10.1103/
PhysR evLet t.106.07040 1 (2011).

 14. Kim, K. & Kim, S. W. Szilard’s information heat engines in the deep quantum regime. J. Korean Phys. Soc. 61, 1187–1193. https ://
doi.org/10.3938/jkps.61.1187 (2012).

 15. Li, H., Zou, J., Li, J.-G., Shao, B. & Wu, L.-A. Revisiting the quantum Szilard engine with fully quantum considerations. Ann. Phys. 
327, 2955–2971. https ://doi.org/10.1016/j.aop.2012.08.008 (2012).

 16. Cai, C. Y., Dong, H. & Sun, C. P. Multiparticle quantum Szilard engine with optimal cycles assisted by a Maxwell’s demon. Phys. 
Rev. E 85, 031114. https ://doi.org/10.1103/PhysR evE.85.03111 4 (2012).

 17. Zhuang, Z. & Liang, S.-D. Quantum Szilard engines with arbitrary spin. Phys. Rev. E 90, 052117. https ://doi.org/10.1103/PhysR 
evE.90.05211 7 (2014).

 18. Bengtsson, J. et al. Quantum Szilard engine with attractively interacting bosons. Phys. Rev. Lett. 120, 100601. https ://doi.
org/10.1103/PhysR evLet t.120.10060 1 (2018).

 19. Park, J. J., Kim, K.-H., Sagawa, T. & Kim, S. W. Heat engine driven by purely quantum information. Phys. Rev. Lett. 111, 230402. 
https ://doi.org/10.1103/PhysR evLet t.111.23040 2 (2013).

 20. Thomas, G., Das, D. & Ghosh, S. Quantum heat engine based on level degeneracy. Phys. Rev. E 100, 012123. https ://doi.org/10.1103/
PhysR evE.100.01212 3 (2019).

 21. Saygin, H. & Şişman, A. Quantum degeneracy effect on the work output from a Stirling cycle. J. Appl. Phys. 90, 3086. https ://doi.
org/10.1063/1.13968 31 (2001).

 22. Agarwal, G. S. & Chaturvedi, S. Quantum dynamical framework for Brownian heat engines. Phys. Rev. E 88, 012130. https ://doi.
org/10.1103/PhysR evE.88.01213 0 (2013).

 23. Huang, X.-L., Niu, X.-Y., Xiu, X.-M. & Yi, X.-X. Quantum Stirling heat engine and refrigerator with single and coupled spin systems. 
Eur. Phys. J. D 68, 32. https ://doi.org/10.1140/epjd/e2013 -40536 -0 (2014).

 24. Blickle, V. & Bechinger, C. Realization of a micrometresized stochastic heat engine. Nat. Phys. 8, 143–146. https ://doi.org/10.1038/
nphys 2163 (2012).

 25. Oldham, K. B. & Spanier, J. The Fractional Calculus (Academic Press, San Diego, 1974).
 26. Hilfer, R. (ed.) Applications of Fractional Calculus in Physics (World Scientific, 2000).
 27. Miller, K. S. & Ross, B. An Introduction to the The Fractional Calculus and Fractional Differential Equations (Wiley, New York, 

1983).
 28. Shlesinger, M. F., Zaslavsky, G. M. & Klafter, J. Strange kinetics. Nature 363, 31–37. https ://doi.org/10.1038/36303 1a0 (1993).
 29. Klages, R., Radons, G. & Sokolov, I. M. Anomalous Transport: Foundations and Applications (Wiley, New York, 2008).
 30. Sokolov, I. M., Klafter, J. & Blumen, A. Fractional kinetics. Phys. Today 55, 48–54. https ://doi.org/10.1063/1.15350 07 (2002).
 31. Laskin, N. Fractional Quantum Mechanics (World Scientific, New York, 2018).
 32. Roßnagel, J. et al. A single-atom heat engine. Science 352, 325–329. https ://doi.org/10.1126/scien ce.aad63 20 (2016).
 33. Terças, H., Ribeiro, S., Pezzutto, M. & Omar, Y. Quantum thermal machines driven by vacuum forces. Phys. Rev. E 95, 022135. 

https ://doi.org/10.1103/PhysR evE.95.02213 5 (2017).
 34. Jarillo, J., Tangarife, T. & Cao, F. J. Efficiency at maximum power of a discrete feedback ratchet. Phys. Rev. E 93, 012142. https ://

doi.org/10.1103/PhysR evE.93.01214 2 (2016).
 35. Long, R., Li, B. & Liu, W. Performance analysis for Feynman’s ratchet as a refrigerator with heat leak under different figure of merits. 

Appl. Math. Model. 40, 10437–10446. https ://doi.org/10.1016/j.apm.2016.07.027 (2016).
 36. Erman, B. Engineering molecular machines. New J. Phys. 18, 041002. https ://doi.org/10.1088/1367-2630/18/4/04100 2 (2016).
 37. Martínez, I. et al. Brownian Carnot engine. Nat. Phys. 12, 67–70. https ://doi.org/10.1038/nphys 3518 (2016).
 38. Dinis, L., Martínez, I. A., Roldán, É., Parrondo, J. M. R. & Rica, R. A. Thermodynamics at the microscale: From effective heating 

to the Brownian Carnot engine. J. Stat. Mech. Theory Exp. 19, 054003. https ://doi.org/10.1088/1742-5468/2016/05/05400 3 (2016).
 39. Griffiths, D. J. Introduction to Quantum Mechanics 2nd edn. (Pearson, Upper Saddle River, 2005).

Acknowledgements
I grateful to Snehal Mahadik for kindly incentive critics to improve the quality of this article. I also thank Ayse 
Ulubay for reading the article and making corrections the typos in English.

Author contributions
E.A. contributes all to the whole work.

Competing interests 
The author declares no competing interests.

Additional information
Correspondence and requests for materials should be addressed to E.A.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

https://doi.org/10.1088/1367-2630/11/6/063044
https://doi.org/10.1103/PhysRevLett.115.260602
https://doi.org/10.1103/PhysRevLett.113.030601
https://doi.org/10.1103/PhysRevLett.106.070401
https://doi.org/10.1103/PhysRevLett.106.070401
https://doi.org/10.3938/jkps.61.1187
https://doi.org/10.3938/jkps.61.1187
https://doi.org/10.1016/j.aop.2012.08.008
https://doi.org/10.1103/PhysRevE.85.031114
https://doi.org/10.1103/PhysRevE.90.052117
https://doi.org/10.1103/PhysRevE.90.052117
https://doi.org/10.1103/PhysRevLett.120.100601
https://doi.org/10.1103/PhysRevLett.120.100601
https://doi.org/10.1103/PhysRevLett.111.230402
https://doi.org/10.1103/PhysRevE.100.012123
https://doi.org/10.1103/PhysRevE.100.012123
https://doi.org/10.1063/1.1396831
https://doi.org/10.1063/1.1396831
https://doi.org/10.1103/PhysRevE.88.012130
https://doi.org/10.1103/PhysRevE.88.012130
https://doi.org/10.1140/epjd/e2013-40536-0
https://doi.org/10.1038/nphys2163
https://doi.org/10.1038/nphys2163
https://doi.org/10.1038/363031a0
https://doi.org/10.1063/1.1535007
https://doi.org/10.1126/science.aad6320
https://doi.org/10.1103/PhysRevE.95.022135
https://doi.org/10.1103/PhysRevE.93.012142
https://doi.org/10.1103/PhysRevE.93.012142
https://doi.org/10.1016/j.apm.2016.07.027
https://doi.org/10.1088/1367-2630/18/4/041002
https://doi.org/10.1038/nphys3518
https://doi.org/10.1088/1742-5468/2016/05/054003
www.nature.com/reprints


8

Vol:.(1234567890)

Scientific Reports |         (2021) 11:1576  | https://doi.org/10.1038/s41598-020-80639-w

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

© The Author(s) 2021

http://creativecommons.org/licenses/by/4.0/

	Quantum Szilard engine for the fractional power-law potentials
	The model and its results
	The Szilard engine under fractional power-law potential. 
	Numerical results. 

	Discussion
	Methods
	Energy eigenvalues for the fractional power-law potential. 
	Work and efficiency. 

	References
	Acknowledgements


