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Abstract

The dynamic hysteresis features in mixed spins-(1/2, 3/2, 5/2) ternary alloy system with formula
AB, C(; —p) was examined through Glauber-type stochastic dynamic and mean-field theory. The
system includes two interpenetrating lattices, one has spin-1/2 components, while the other includes
arandom distribution of spin-3/2 and spin-5/2 compounds. The effect of Hamiltonian parameters
on the dynamic hysteresis behavior was investigated in detail and observed that the physical
characteristics have a significant impact on the shape and quantity of hysteresis loops. We compared
our findings with other theoretical and experimental investigations; a high level of agreement is
obtained.

1. Introduction

Molecule-based magnets display striking characteristics, namely inverted magnetic hysteresis loop, multi-
compensation behavior, and photo-induced magnetization. Including spintronics, information quantum
computing, molecular electronics, and storage, molecule-based magnets have shown promise for a variety of
uses [1-5]. Prussian Blue Analogs (PBA) which is a type of molecular magnet, has been widely explored in the
previous decade due to the ability to adjust their compositional concentration during synthesis and the effect
that this manipulation has on the system’s magnetic features. PBA has been theoretically modeled as ternary
metallic alloys having the formula AB,, C(; _ ). As far as spin sizes are concerned, the equilibrium features of the
mixed-spin ternary alloy system built of a great variety of combinations of the spin magnitudes have been
investigated using Green’s functions, Bethe approximation, Monte Carlo simulations, effective field theory,
mean field theory, among others (see [6—11] and therein).

Despite the extensive literature on equilibrium magnetic properties of the systems, to our best knowledge,
there are only several studies on the ternary alloy system’s dynamic characteristics [12—17]. Overall, magnetic
ternary alloy dynamic phenomena are complicated and diverse, and understanding them is essential for
designing and refining these materials for a variety of technological applications, such as magnetic storage,
sensing, and energy conversion. To fully understand the complex magnetic behavior of ternary alloys and
discover their potential for cutting-edge and new applications, more theoretical investigation and
experimentation are required. When a magnetically interacting, system is driven by a time-dependent magnetic
field varying sinusoidally, the system may not respond to the external field simultaneously. Owing to the
existence of a competition between the system’s relaxation behavior and the period of the driving field, one
important striking phenomenon which has important technological applications and intriguing physics occurs,
dynamic hysteresis behavior, namely the hysteretic response of the kinetic Ising system to the periodically
oscillating magnetic fields. Scientists are currently focused on the nonequilibrium system behavior. The dynamic
phase lag between the instantaneous magnetization and the periodic external magnetic field is connected to the
hysteresis phenomena. In contrast to the results observed in equilibrium systems in which the magnitude of the
external field does not explicitly change with time, dynamic hysteresis in a non-equilibrium system is observed
in the paramagnetic phase. In other words, a ferromagnetic material has nonzero coercivity in the presence of
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static magnetic fields. In the proximity of the ferromagnetic paramagnetic phase transition zone, this coercive
field drops to zero with the use of the Hamiltonian parameter as an adjustable parameter, such as raising the
temperature, frequency, crystal field, etc. The relaxation time of the system at high oscillation frequencies of the
external field is relatively much larger than the oscillation period of the external perturbation. As a result of the
system’s inability to follow the driving field, dynamic symmetry is lost, resulting in asymmetric hysteresis curves.
Because magnetization never reaches zero, coercivity is irrelevant in this case. The system approaches the
dynamic paramagnetic phase as the field frequency decreases or the external field’s amplitude rises, and
symmetric hysteresis loops with nonzero coercivity are seen [ 18—22]. The most well-known kinetic Ising-type
hysteresis curve takes the shape of a Lissajous curve and is caused by the fluctuation of time-dependent
magnetization m (¢) with an external field /i (¢). This widespread phenomenon has gotten a lot of attention
because of its vast range of potential applications. Dynamic hysteresis behaviors can be observed experimentally
in various materials and systems, such as NiFe/Cu/Co(001) spin-valve structures, epitaxial single
ferromagnetic fcc NiFe(001), permalloy thin films, magnetic [Co/ Pt]; multilayers, the ternary intermetallic
compound, Pby 4 St ¢ TiOs ferroelectrics film, single crystalline compound Co; (TeO;),Br;, etc [23-27].
Moreover, theoretically, dynamic hysteresis behaviors have been explored mostly using three models: (i) The
time-dependent Landau-Lifshitz-Gilbert equations (ii) Extended domain wall models (iii) Ising kind systems
such as one or mixed spin systems (see [28—35] references therein).

In conclusion, this manuscript presents a comprehensive study of the dynamic magnetic hysteresis
properties of ternary alloys, highlighting the effect of Hamiltonian parameters. To achieve this goal, an
AB, C(, _p) ternary alloy system consisting of spins SA =1/2, SJ-B = 3/2,and S]-C = 5/2 was simulated using a
Glauber-type stochastic dynamic using the mean-field approximation. On the other hand, three characteristics
can determine the dynamic hysteresis loops’ shape; namely dynamic hysteresis loop area, coercivity field, and
remanent magnetization. In magnetic recording media, these characteristics are crucial [36]. Real tests of the
quality of magnetic recording medium and their connection to hysteresis-based approaches can be found in
[37]. Therefore, the understanding of the dynamic magnetic hysteresis properties of ternary alloys is crucial for
their utilization in various technological applications, and this work aims to provide valuable insights and
directions for further research in this field.

Eventually, for these purposes, the paper’s outline is as follows: In section 2 we introduce the model and
formulations. The numerical results and discussion are presented in section 3. Finally, section 4 presents a
summary of our conclusions.

2.Model and formulation

We can describe a ferro—ferrimagnetic Ising ternary alloy’ spin Hamiltonian as follows:
H o= —Japy, ' Sfep = Jac) ;S8 (1 = &)
(i)
— DY (S$})% — DY (SHX(1 — ¢))
i j

—H®Y S + H(t)zj SPei + H(t)ZjS]»C(l ) 1)

A time-dependent oscillating magnetic field is identified as H (t) = H, cos(wt) that t, w, and Hy are the time,
angular frequency, and amplitude. The D is the crystal field. J4g > 0and J,c are the exchange interaction
parameters between the nearest-neighbor magnetic particles. ¢; is a distributed random variable with a value of
one or zero depending on whether site j is occupied by anion of B or C and it can be described as

P(gj) = pé(j — 1) + (1 — p)é(gj). While the p is the concentration of Bion, (1 — p) is the concentration of
C ion. The evolves according to the Glauber-type stochastic process at a rate of 1/7. Glauber-type stochastic
dynamics is applied to obtain the system’s dynamical equations. If the $*—and SJB —spins remain constant

for amoment, the master equation for Sjc — spins are stated as
d

P(SF, S5,....85: 1)
dt

==>"| > WS = S7) [P(SF, S5s..S5.08K)

i \sf=sf
3 S0 WSy — S [P(SE, S5 8] S0 )
j SjCszC/
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w (SjC — SjC ") is the probability per unit of time that the j th spin changes from a value Sjc to Sjc " With the
probability per unit of time, each spin can change from the value S]-C to Sjc |
1 c o
, eXp(— AE(SC — S ))
W(sE — s = = e 3)
C !
TS exp(—— ARG - 50))

kpis the Boltzmann factor. Ty is described as absolute temperature and s¢ is the sum of the five possible values
of SjC/: ZF%, :F%, :Fé. When equations (1)—(3) are combined with the mean-field theory, the dynamic equation
for Sjc -spins are shown to be as follows.

2d(1-p) ) C2i-p) | ; gl .
5¢ kpTa sinh x| + 3e” " #stasinh x | +e* mmsinh x
dmc 2 kyTy 2 kyTy 2 kyTy
= ~Mmct —5 (44)
dﬁ a-p) d(1—p)

5 _2d(1-p) 3 _440-p) 1
2e kpTa cosh| —— 2 kBT, h| —— 2 wracosh| ——
e Ccos 3 k,;TAx + 2e 574 COS T h TAx + 2e BT4COS P k,;TAx

Where x = Juczacma(l — p) + Hycos(§)(1 — p), & = wt, Sjc = mc, 2 = ™W, z4¢c = 3. Similarly, dynamic
equations for SjB —and S/ spins are shown to be as follows.

dms
d¢
3Sinh[#(]ABmAZBAP + HOCOS(f)P)] + eizﬁSinh[#(JABmAzBAp + HOCOS(S)P)] ,
+ 2 - ,  (4b)
2cosh[ﬁ(}A3mAzBAp + Hocos(f)p)] + Ze’zﬁcosh[m(]ABmAzBAp + Hocos(g)p)]
dﬂ——m —&-ltanh ;(] mpzapp + Jacmczac(l — p) + Hocos(§)) (4c)
i A > > kel ABMBZABD ACMCZAC p 0 >

where SJB = mg, S = my, Z, = Zac = Zpa = Zca = 3. The physical parameters have been scaled by

Jap = 1.0. Physical quantities are defined as T = k;‘ b d = JR and hy = ]H—", throughout the paper, respectively.
AB AB 'AB

The dynamic order parameters,
1 2m
Mi=— [ mi©d 5)
21 Jo
where i = A, B, and C. We can define the dynamic hysteresis loop area as follows,
A= yf m(t)dh = —how yf m(t) cos(wt)dt, 6)

Solution and discussion of the equations will be given in the next section.

3. Numerical results and discussion

The equations (4)—(6) are solved with numerical methods such as Adams-Moulton-predictor-corrector with the
Romberg integration and illustrated in figures 1-9. It is worth emphasizing that because of the domains present
in ferromagnetic materials, the variation M versus h is non-linear. A full discussion of the formation of the
hysteresis loop (HL) and the properties of domains may be found in, e.g. [38]. The form of the HL can be
governed by three properties: HL area, CF, and RM. The HL area, also known as hysteresis loss or magnetic
energy loss, is a measure of the energy loss per unit volume of the material. Designing effective magnetic devices,
such as transformers, inductors, and electric motors, requires an understanding of the HL area. By minimizing
energy waste, lowering hysteresis loss increases these devices’ efficiency. To obtain smaller hysteresis loop
regions and more energy-efficient systems, engineers and scientists evaluate and improve materials. The CF’
physical significance lies in its connection to the stability of magnetization in a material. Materials with a higher
coercive field are more resistant to demagnetization, meaning they can retain their magnetization even in the
presence of strong external magnetic fields. This property is crucial for applications that require stable and long-
lasting magnets, such as electric motors, magnetic sensors and in hard disk drives. The physical relevance of RM
is seen in its link to a material’s magnetic characteristics. Higher remanent magnetization materials can retain a
considerable magnetic field after the external field is withdrawn, showing a strong ‘memory’ of their
magnetization state. This feature is significant in permanent magnets and magnetic storage systems because it
enables the development of long-term magnetic fields or the storing of data. The anisotropy of magnetism is
primarily responsible for the varied shapes observed in the hysteresis loop for ferromagnetic materials. The
shape depends also on the different physical conditions, e.g., T, Jac, p, w-

3
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Figure 1. The dynamic magnetic hysteresis loops of the system with varying Jc from —2.0to 1.5at T = 1.0, d = 1.0, hy = 1.0,
w = 0.067,and p = 0.5(a) My (b) Mpand (c) Mc.

The dynamic HL area is calculated for varying J4c from —2.0 to 1.5 and seen in figures 1(a)—1(c). This figure
shows that the dynamic HL area increases up to a certain value of ], and then decreases. The HL illustrates
symmetrical behavior for —0.53 < Jy¢ < 1.20. The triple hysteresis behavior is observed in the HL of the system
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Figure 2. Magnetizations, Coercive field, and Remanent magnetizations versus Jyc with same parameter in figure 1.

at 0.64 < Juc < 1.00 values. The dynamic order parameter, namely dynamic magnetization (M), coercivities
field (CF), and remanent magnetization (RM)’ temperature-dependent behaviors are shown in figure 2(a)-(c),
respectively. Figure 2(a) is observed that the system undergoes the first-order phase transitions from the
ferrimagnetic phase to the paramagnetic phase at J, = —0.53 and J4c = 1.20. Itis seen from figure 1 and figure
2(a) that the system shows symmetrical behavior in the paramagnetic phase and asymmetrical in the
ferrimagnetic phase. Figure 2(b) illustrates that hc, and hcp coercivities fields first decrease with the increase in
Jac, then increase, and continue their movement in this way and finish by increasing last. On the other hand, h¢cc
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Figure 3. The hysteresis regionin (Jac — T) plane for p = 0.75, 0.5 and 0.25.

coercivity field first increases with the increase in J,¢, then decrease and finishes by increasing last. The RM in
figure 2(c) shows similar behavior to the CFin figure 2(b). The hysteresis region in the J,c — T plane for

p = 0.75, 0.5and 0.25 plotted are in figures 3(a)—(c), for d = 1.0, hy = 1.0, w = 0.067. Itis seen that the triple
hysteresis region is wider at p = 0.75 and narrows as p decreases. For p = 0.5, triple hysteresis is not observed
at Jac < —0.5 values. We examine the crystal-field interactions’ effect on the HL for a large selection of d,

namely —3.0 <d < 3.0 in figure 4 and the system shows the elliptical HL shape for high negative values of d. To
understand the physical mechanism behind the effect of the d on hysteresis loop quantities, we need to consider

6
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(a) (b) (c)
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Figure 4. The dynamic magnetic hysteresis loops of system with varying d from —3.0to3.0at T = 1.0, Ja¢c = 1.0, hy = 1.0,
w = 0.067,and p = 0.5(a) My (b) Mpand (c) Mc.

the interaction between the crystal field and the magnetic moments of the material. The asymmetry of the charge
distribution surrounding each magnetic ion is what causes this interaction to occur. The energy barrier that
must be crossed for the magnetic moments to change direction can be affected by the crystal field, which in turn

7
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Figure 5. Magnetizations, Coercive field, and Remanent magnetizations versus d with same parameter in figure 4.

can impact the coercive field. By altering the stability of the magnetic domains within the substance, the crystal
field can have an impact on the remanent magnetization. A crystal field’s influence on certain magnetization
directions can determine the magnetic moments’ preferred orientation. As a result, even in the absence of an
external magnetic field, the material may maintain a higher remanent magnetization. With increasing d, the
type of HL changes from single to triple loops. Single hysteresis usually refers to a straightforward lagging effect,
where the system’s current state is only dependent on its recent history. This phenomenon is frequently seen in
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(a) (b) (c)

Figure 6. The dynamic magnetic hysteresis loops of the system with varying T from 0.2to 5.0at Jy,¢ = 1.0, d = 1.0, hy = 1.0,
w = 0.067,and p = 0.5(a) My (b) Mpand (c) Mc.

memory-rich systems, including ferromagnetic materials or certain mechanical systems. In contrast, triple
hysteresis behavior shows a more sophisticated trailing effect, where the system’s reaction is influenced by both
recent and distant history in addition to its immediate past. Systems with large nonlinearities or long-term
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Figure 7. Magnetizations, Coercive field, and Remanent magnetizations versus T with same parameter in figure 7.

memory frequently exhibit this behavior. HL takes the shape of a Lissajous curve for high positive values of d.
These results are in a good agreement with theoretical results [38—40]. We calculate also crystal field-dependent
behaviors of dynamic M, CF, and RM and present in figures 5(a)—(c). Figure 5(a) illustrates system does not give
any phase transition and is in a paramagnetic phase. Therefore, HL is symmetrical and this fact is clearly shown
in figure 4. The triple hysteresis behavior is observed in the HL of the system at —0.4 < d < 1.5.In figures 5(b)
and (¢), by increasing the crystal field value, both CF and RM first decrease smoothly and then increase smoothly
again. Figure 6 shows the temperature-dependent behavior of HL. We can see that from this figure, there is no
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Figure 8. The dynamic magnetic hysteresis loops of the system with varying p from0.0to1.0at T = 1.0, Jac = 1.0, d = 1.0,
ho = 1.0,and w = 0.067 (a) M, (b) Mpand (c) Mc.

HL in the system for very small temperatures, namely 0.2. By increasing the temperature, one single narrow HL
appears and then it evolves into a symmetrical rectangular shape at T= 0.76. If the temperature value is further
increased, the HL begins to take on a thin symmetrical form and is seen as triple HL in this system. After T > 1.5,
the system evolves into a symmetrical ellipsis. Additionally, our findings quantitatively compatible with a
number of theoretical findings [39, 40] as well as experimental observations on ultrathin epitaxial Fe/GaAs and
Fe/InAs(001) [41], Fe thin films [42], Co films on Cu (001) [43]. In figure 7, the dynamic M, CF, and RM are
calculated with the same parameters as those used in figure 6. Figure 7(a) shows the first-order phase transitions
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(a) (b) (c)

Figure 9. The dynamic magnetic hysteresis loops of the system with varying w from 0.057 to 2.0m at T = 1.0, J4¢ = 1.0, d = 1.0,
ho = 1.0,and p = 0.5(a) My (b) Mpand (c) Mc.

from the ferrimagnetic phase to paramagnetic phaseat T = 0.76. From figures 7(b) and (c) we observe that both
CFand RM first decrease smoothly and then increase smoothly. The concentration ratio p dependence of the
HL is investigated and the results obtained are presented in figure 8. There is no HL in the system for
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0 < p < 0.28. While the HL of B sublattice displays triple behavior at p= 0.5, the HL of A and Csublattices take
the shape of a Lissajous curve. Both Band Csublattices display triple HL for p= 0.75 while A sublattice shows
one HL. When there is no HL of the C'sublattice for p= 1.0, A and B sublattices show Lissajous curve. Finally, we
present the effect of w on HL in figure 9 for different values of w, ranging from 0.057 to 2.07r. The system shows
wide HL for a very low value w. Moreover, the system does not illustrate HL for frequency values greater than
0.257. We observed similar results in some theoretical studies [44, 45] and some experimental results, namely
[46,47].

4. Summary and conclusion

In summary, the mean-field approximation and Glauber-type stochastic dynamics have been used to study the
dynamic hysteresis characteristics of mixed spins-(1,/2, 3/2, 5/2) ternary alloy system with formula

AB,C (1—p). The HL behaviors are examined for different interlayer coupling, crystal-field interactions,
temperatures, concentration constants, and frequencies. The HL illustrates symmetrical behavior for —0.53 <
Jac< 1.20. For large negative values of d, the system exhibits the elliptical HL shape. As d increases, the number
of HL increases from single to triple loops. For very low temperatures, there is no HL in the system. After

T > 1.5, the system evolves into a symmetrical ellipsis. There is no HL in the system for low p, namely

0 < p < 0.28. The system displays wide HL for a very low w value. We also investigate the variation of the
coercive field and remanent magnetization with the reduced temperature and the interlayer coupling constant.
We observe that our results are in good agreement with some theoretical and experimental results. Our findings
demonstrate that the Hamiltonian parameters have a delicate influence on the dynamic hysteresis properties’
form and quantity.

Finally, we expect that our thorough theoretical exploration will inspire other efforts to empirically
investigate the dynamic hysteresis behavior on ternary alloy Ising systems and shed some light on such efforts.
We also expect that by employing more precise methods like kinetic Monte Carlo simulations or
renormalization-group calculations, theoretical physicists would be inspired to continue their research into the
dynamic hysteresis behavior.

Data availability statement

The data cannot be made publicly available upon publication because no suitable repository exists for hosting
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