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Abstract. In this study, the magnetic, magnetocaloric, and hysteresis properties of
the anti-perovskite compound ZnFe3C were investigated using a mean-field approxima-
tion. The results demonstrate that the magnetization gradually decreases with increasing
temperature. Conversely, the application of an external magnetic field enhances the
alignment of magnetic moments, leading to an increase in the critical temperature (7¢).
The magnetic entropy change (—AS;,) exhibits a distinct peak at T¢., while the relative
cooling power (RCP) shows a linear increase. Additionally, hysteresis analysis reveals
that both coercivity and remanence progressively diminish as the temperature rises, with
the hysteresis loop disappearing above T¢, indicating a transition to the paramagnetic
phase. These findings highlight the potential of ZnFe3C as a promising material for
sustainable, high-performance magnetic refrigeration applications.
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1. INTRODUCTION

The increasing demand for environmentally friendly and energy-efficient so-
lutions has propelled research and application of magnetic refrigeration materials to
the forefront as a critical pathway to address the limitations of traditional refrigera-
tion technologies [1-3]. Magnetic refrigeration technology, a novel approach, offers
advantages such as high energy conversion efficiency, environmental sustainability,
compact design potential, and reliable operation, making it a leading candidate to
replace conventional gas compression/expansion refrigeration in the future [4, 5]. The
magnetocaloric effect (MCE), first observed by Warburg in 1881 [6], describes the
heating or cooling of magnetic materials under a varying magnetic field. This effect
is central to magnetic refrigeration cycles, which rely on magnetic solids exhibiting
significant MCE, low thermal and magnetic hysteresis, and other essential properties
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for efficient operation [7]. Extensive research has been conducted on utilizing the
MCE in magnetic solids for cooling applications. Magnetic refrigeration materials
are typically classified into second-order transition (SOT) and first-order transition
(FOT) materials based on their phase transition behavior [8]. FOT materials, such
as MnFeP;_,As, [10], LaFeq1.4Si1.6 [11], Gd5SioGeo [9], and MnAs;_,Sb, [12],
often demonstrate large magnetic entropy changes (—AS}) but are constrained by
a narrow temperature range, significant hysteresis, and magnetic losses, which limit
their practical efficiency. In contrast, SOT materials, while exhibiting lower mag-
netic entropy changes, display excellent reversibility with respect to temperature and
magnetic field [13].

Recent advancements have identified numerous SOT materials, including
RE2CoTiOg [16], Hog.2Tmg.2Gdg.2Cop.2Alg.2 [14], Gd(Feg.25Nig.25Al0.25Cro.25)03
[18], HosPdy [15], GdggNis7 [19], Al;—_;SizFeaBa [17], Gd2TioO7 [20], and GdCoC
[21], which exhibit significant reversible MCEs and high refrigerant capacity (RC)
values across broad temperature ranges. Recent studies have explored the magne-
tocaloric properties of various materials. For instance, Chen et al. [22] investigated the
magnetocaloric and magnetic phase transition characteristics of PrZnSi and NdZnSi
compounds, which crystallize in an AlBy-type hexagonal structure. These materials
exhibited second-order magnetic phase transitions at ordering temperatures of 13.5 K
and 18.5 K, respectively, with magnetocaloric parameters reaching up to 16.3 J/kg.K
for PrZnSi and 15.4 J/kg.K for NdZnSi under a 0—7 T magnetic field. Similarly, other
investigations have focused on oxide perovskites, examining their structural, magnetic,
and magnetocaloric properties for active cooling applications [23-28].

Among anti-perovskite compounds, ZnFe3;C stands out due to its metallic
behavior and exceptional magnetic properties. Studies have revealed a significant
overlap between its valence and conduction bands, confirming its metallic character,
particularly when analyzed using the generalized gradient approximation (GGA)
[29]. Monte Carlo simulations have demonstrated that ZnFesC undergoes a second-
order phase transition from the ferromagnetic to the paramagnetic state, accompanied
by a high Curie temperature. These properties make ZnFe3C a promising candidate
for magnetic refrigeration systems and magnetic sensor development. A deeper
understanding of its electronic and magnetic properties further reinforces its potential
for next-generation magnetic devices.

To date, the mean-field approximation based on the Gibbs-Bogoliubov inequal-
ity has not been applied to study the magnetic properties, magnetocaloric effect, and
hysteresis behavior of ZnFe3C. This study aims to theoretically explore the funda-
mental properties of the anti-perovskite compound ZnFe3C using the mean-field
approximation. In particular, we analyze magnetic phase transitions to characterize
the transition between ferromagnetic and paramagnetic states. We also study the
magnetocaloric effect, including variations in magnetic entropy AS,,, and relative
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cooling power RCP, to assess the material’s potential for magnetic refrigeration appli-
cations. Finally, we examine the hysteresis behavior, focusing on coercivity, remanent
magnetization and changes in the hysteresis loop as a function of temperature and
applied magnetic field. The article is organized as follows: Section 2 presents the
theoretical model and methodology, Section 3 discusses the results in detail, and
Section 4 summarizes the key conclusions.

2. MODEL AND OGUCHI APPROXIMATION

In this work, we develop a theoretical model based on the mean-field appro-
ximation to investigate the magnetic and magnetocaloric properties as well as the
hysteresis behavior of the antiperovskite compound ZnFe3C. The crystalline structure
of ZnFe3C is depicted in Fig. 1. In this structure, only Fe atoms are magnetic, each
possessing a spin of S =5/2.

1l

Fig. 1 — Crystal structure of ZnFe3C antiperovskite.

The Hamiltonian describing the antiperovskite is written as follows:

N

H=—-7)Y 88~J2) SiSm—h>» S (1)
(6,3) (3,m) =1

where J; and Jo represent the exchange interactions between the spins of the first and

second neighbors of the Fe3T ions, respectively, and h is the external magnetic field

applied to the spins of the system. Finally, /V indicates the total number of sites.

To study the magnetic and magnetocaloric properties, as well as the hysteresis
behavior of the ZnFe3C compound, we use the mean-field approximation, which sim-
plifies the modeling of spin interactions by averaging them. Although this approach
does not take into account certain short-range correlations, it remains suitable for
modeling global magnetic behaviors.

Our method uses the Gibbs-Bogoliubov inequality to obtain an estimate of the
free energy [30]:
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F(H) < Fy(Ho)+ (H — Ho), = &, )

where F' and Fj are the free energies of two systems, described respectively by the
Hamiltonian H (1) and the trial Hamiltonian Hy (3). The thermal mean (H — Hy)
is calculated on the set associated with Hy.

The trial Hamiltonian Hy used in this study is expressed simply as follows:

N
Hy = —LZSi, (3)
=1

where L denotes the variational parameter related to spin .S.
From this trial Hamiltonian Hy (3), the partition function Zj is calculated as
follows:

N
Zy = Tr(e—ﬁHO) — [QCOSh <ZBL0> + 2cosh (;BLQ) + 2cosh (;BL())} , @

where 5 =1/kpT, kp = 1 being Boltzmann’s constant and 7" is the absolute temper-
ature.

From the equation for the partition function Zy, we can easily deduce the
expression for the free energy Fy:

Fy= _ln(ﬂZO) = —gln [2cosh <ZBL0> + 2cosh <36L0> + 2cosh (;BL(])] . (5

From (5) and applying the Gibbs-Bogoliubov inequality (2), we obtain the
analytical expression for the free energy @:

@ 1 5 3 1
v —Bln {2cosh <25L> +2cosh <2ﬁL) +2cosh (2/6L>]

—4J,M? —3J,M? —hM + LM, (6)

where M = (S;) represents the magnetization per site.
Minimizing this free energy (6) yields the expressions for the variational and
order parameters:

L=8JiM+6JoM +h, @)
_ 5sinh(38L) + 3sinh(3BL) 4 sinh(35L) ®)
B cosh(38L) + cosh(2BL) + cosh(35L)
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The magnetic susceptibility of the system, Y, is defined by the derivative of the
magnetization M (8) with respect to the external magnetic field A :
oM

= . 9

X= 25 } h:O )

Using Maxwell’s thermodynamic relation, the magnetic entropy variation AS,, (7', h)

for an external magnetic field varying from 0 to h can be formulated as follows
[31, 32]:

hrom
A ng = 79 1
(1) /0(8T>hidh (10)
oM

where %;" represents the magnetization under the effect of a specific external magnetic
field h;.

For measurements taken at discrete values of external magnetic field h and
temperature 7', this magnetic entropy variation AS,, (T, h) is often approximated by
a discrete sum:

M1 — M;

Ah;, 1
Tiv1—T; b

ASm(T,h) =

where M, and M; represent the magnetizations measured under an external mag-
netic field h, at temperatures 7; 1 and 7T; respectively.
The relative cooling capacity (RCP) is quantified using the following formula:

RCP = —AS™ §Tpyw i, (12)

where —AS]** corresponds to the peak of the isothermal magnetic entropy variation,
and 0T mywy g7z is the width at mid-height of the temperature range around the peak.

To simplify calculations, we adopt the exchange interactions J; and .J5 as units,
setting them at J; = Js = 1. This normalization facilitates analysis of the influence
of the external magnetic field and temperature on the magnetic and magnetocaloric
properties of the system. In general, solutions to the mean-field equation (8) are
not necessarily unique. However, the physically significant solutions, i.e. those
that describe stable equilibrium phases, are those that minimize the free energy
(6). This minimization guarantees that the system reaches a thermodynamically
favorable state, in accordance with the principles of statistical mechanics. It should
also be noted that the mean field equation (8) was solved using the Fortran 90
programming language. This choice was motivated by the language’s robustness
in handling intensive numerical calculations and its ability to deliver fast, accurate
results for complex systems.
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3. RESULTS AND DISCUSSION

Figure 2 shows the variation of magnetization (/) as a function of temperature
(T) in the absence of an external magnetic field (h = 0) for the antiperovskite com-
pound ZnFe3C. Initially, the magnetization starts at its saturation value (M = 2.5) and
then gradually decreases with increasing temperature until it reaches zero (M = 0)
in the paramagnetic phase. This behavior indicates a second-order phase transition
between the ferromagnetic and paramagnetic phases, with a critical temperature of
T. = 41. This phenomenon can be explained by the fact that, at low temperatures, the
magnetic moments are strongly aligned due to ferromagnetic exchange interactions
between the spins in the system. However, as the temperature increases, thermal
fluctuations disrupt this alignment, leading to a decrease in magnetization.
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Fig. 2 — The variation of magnetization M as a function of temperature 7.

To complete the magnetization plot, Fig. 3 illustrates the thermal variation of
the magnetic susceptibility y of our studied system, in the absence of the external
magnetic field. A marked susceptibility peak can be observed at the critical tempera-
ture, highlighting the transition point between the ferromagnetic and paramagnetic
phases. This behavior has already been observed in other studies [33, 34]. Inter-
estingly, the maximum magnetic susceptibility shown in Fig. 3 corresponds to the
critical temperature T., which marks the transition between the ferromagnetic and
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Fig. 3 — The variation of magnetic susceptibility x as a function of temperature 7'.

paramagnetic phases. At this temperature, the system reaches maximum sensitivity to
thermal fluctuations, highlighting the instability of the spins as they move from an
ordered to a disordered state. This peak is an essential thermodynamic signature of
the magnetic phase transition.

To analyze the influence of the external magnetic field (h) on the magnetization
(M) and transition temperature (1), Fig. 4 presents the variation of magnetization
(M) as a function of temperature (7') for different external magnetic field strengths
(h=1,2, 3,4, and 5). The results show that an increase in the external magnetic field
leads to an increase in the critical temperature (7). Physically, this can be explained
by the stabilizing effect of the external magnetic field on the ferromagnetic order,
which strengthens the alignment of magnetic moments. A stronger field requires more
thermal energy (higher temperature) to disrupt this alignment and transition to the
paramagnetic phase. Additionally, for all values of h, the magnetization decreases
progressively and tends toward zero as the critical temperature (7;) is approached. At
higher temperatures, the magnetization becomes negligible regardless of the applied
field strength, indicating the system’s transition to the paramagnetic phase where
magnetic moments are randomly oriented. These observations are consistent with
results reported in other studies [35-37]. The influence of the external magnetic field
(h) on the magnetic susceptibility () is illustrated in Fig. 5.
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Fig. 4 — The variation of magnetization M as a function of temperature 7 for different values
of external magnetic field h.
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Fig. 5 — The variation of magnetic susceptibility  as a function of temperature 7" for different
values of external magnetic field h.
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The results show that the peaks of x occur at the critical temperature (7}.), marking
the system’s transition from the ferromagnetic to the paramagnetic phase. At this
point, the system becomes particularly sensitive to thermal fluctuations, leading to
the appearance of these peaks. However, as the external magnetic field increases, the
intensity of these peaks decreases. A higher magnetic field stabilizes the alignment
of magnetic moments, reducing the impact of thermal fluctuations around 7, and
making the phase transition less pronounced. Figure 6 presents the magnetic entropy
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Fig. 6 — Magnetic entropy change —AS,,, as a function of temperature 7" for different values
of external magnetic field h.

change (—AS),) of the antiperovskite compound ZnFe3C as a function of temperature
(T) for various external magnetic field strengths. The results show that —AS,,
increases with temperature, reaching a peak at the critical temperature (7;), and then
decreases beyond this point. The peak corresponds to the phase transition from the
ordered ferromagnetic phase to the disordered paramagnetic phase. Additionally,
increasing the external magnetic field strength increases the maximum value of
—AS,,,, which rises from 0.10 for Ah =1 to 0.26 for A~ = 5. This can be attributed
to the alignment of magnetic moments under the applied field at low temperatures,
which reduces entropy. At 7., the system undergoes a significant entropy change,
reflecting the phase transition. Above T, thermal agitation dominates, leading to
disorganization of magnetic moments and diminishing the magnetocaloric effect.
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These results suggest that ZnFe3C is a promising material for magnetic refrigeration
applications near T;, comparable to findings in other studies [33, 38, 39]. Figure 7
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Fig. 7— Maximum magnetic entropy change —AS]** as a function of external magnetic field
h.

illustrates the maximum magnetic entropy change (—AS**) as a function of external
magnetic field strength (). The results show a clear linear increase in —A S with
increasing h, which is characteristic of a second-order magnetic phase transition. This
linearity indicates that in this type of transition, the magnetic entropy change responds
proportionally to the applied field strength, without abrupt changes, reflecting the
continuity in the variation of the material’s magnetic properties. Figure 8 shows that
the maximum value of —AS" increases linearly with the two-thirds power of the
applied external magnetic field (h%/3), confirming the second-order phase transition
nature of the system. For materials undergoing a second-order transition, this linear
relationship between —A S and h%/3 is typical, reflecting a continuous evolution
of the material’s magnetic properties near 7. This behavior highlights the predictive
nature of the response to external fields, reinforcing the idea of a smooth phase
transition characteristic of second-order transitions. Figure 9 illustrates the variation
of relative cooling power (RCP) as a function of external magnetic field strength
(h) for values ranging from 1 to 5. RCP serves as a key parameter for evaluating
the performance of magnetocaloric materials in magnetic cooling applications. The
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Fig. 9 — Relative cooling power RCP as a function of external magnetic field hA.
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results reveal a linear increase in RCP with increasing field strength, suggesting that
ZnFe3C possesses favorable properties for use in magnetic cooling devices. This
linear trend indicates that the efficiency of the material improves with increasing
field strength, further underscoring its potential for energy-efficient cooling systems.
Similar linear behavior of RCP as a function of field strength has been reported in
other studies [33, 38, 39].
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Fig. 10 — The magnetic hysteresis loop of the antiperovskite compound ZnFe3C.

To study the effect of temperature on hysteresis behavior, Fig. 10 presents
the variation of magnetization (M) as a function of the external magnetic field
(h) at different temperatures (7" = 5, 15, 25, 35, and 45). It can be observed that
as the temperature increases, the surface area of the hysteresis loop progressively
decreases. This behavior is attributed to the increase in thermal agitation, which
disturbs the alignment of magnetic moments in the system. At low temperatures, the
magnetic moments remain well-aligned, resulting in a pronounced hysteresis loop.
However, at higher temperatures, increased thermal agitation disrupts this alignment,
reducing the amplitude of the hysteresis loop. When the temperature exceeds the
critical temperature (7. = 41), the thermal energy becomes sufficient to completely
disorganize the magnetic moments, causing the hysteresis loop to vanish and signaling
the transition to the paramagnetic state. Similar temperature-dependent hysteresis
behavior has been reported in Refs. [40—44]. It is important to note that the rectangular
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hysteresis loop observed in this study, which cannot be measured experimentally for a
magnetic system, can be explained by several factors. It may be a theoretical prediction
resulting from a simplified model, such as the mean-field approximation, which
neglects effects such as short-range correlations, disorder or dissipative processes
such as spin-lattice interactions. In a real material, these phenomena generate more
gradual magnetization transitions and energy losses, making a perfectly rectangular
loop inaccessible. In addition, instrumental limitations, such as the strength of
available magnetic fields or the temporal resolution of measurements, may prevent
the observation of these abrupt transitions. This form of hysteresis loop has, however,
been widely observed in other theoretical work, showing that it is often the result
of simplifications inherent in idealized models. It is also important to note that
the hysteresis loop obtained in this study is predicted at low temperature, whereas
experiments are generally carried out at room temperature, which could also explain
this difference. For a more detailed analysis of the effect of temperature (7") on the

7.5
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r c
25
0 .
0 10 20 30 40 50
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Fig. 11 — Effect of the temperature 7" on the coercivity H, and the remanence M, of the
antiperovskite compound ZnFe;C.

coercivity (H.) and remanence (M,.), Fig. 11 illustrates the variation of these two
hysteretic parameters as functions of temperature. It is evident that as 7" increases,
both H,. and M, decrease progressively. This trend reflects the reduced alignment
of magnetic moments due to the influence of increasing thermal agitation, which
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diminishes the compound ability to sustain remnant magnetization and high coercivity
at elevated temperatures.

4. CONCLUSION

In this study, we investigated the magnetic and magnetocaloric properties of
the ZnFe3C compound using the mean-field approximation. Our results show that
the critical temperature (7;.) increases with a stronger external magnetic field. The
magnetic entropy change (—AS,,), which peaks at T, confirms a significant magne-
tocaloric effect. Additionally, the relative cooling power (RCP) increases linearly with
the strength of the applied magnetic field. Hysteresis analysis demonstrates a gradual
reduction in coercivity and remanence as temperature increases, with the hysteresis
loop disappearing above T, indicating the transition to the paramagnetic phase. These
findings highlight the potential of ZnFesC as a promising material for sustainable and
high-performance magnetic refrigeration systems.
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