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We investigate dynamic magnetic hysteresis loop (DMHL) behaviors of a mixed spin (2, 5/2)
Ising model on two interpenetrating square lattices under an oscillating magnetic field within the
effective-field theory based on Glauber—type stochastic dynamics. We study the DMHL
properties for various values of reduced temperatures (T/zJ), crystal-field interaction (D/zJ) and
frequency (w) of the magnetic field. We also examine T/zJ, D/zJ and w dependences of the
coercive fields (CFs) and remanent magnetizations (RMs). We found that for very low and high
values of T/zJ and D/zJ, the hysteresis loop area is narrower and thinner that correspond soft
magnets that desirable for transformers and motor cores and AC applications. We observed that
for high values of w, the hysteresis loop areas are wide and big that corresponds hard magnets
which can be useful for permanent magnets, magnetic recording, small motors and magnetic

locks. We also found that the DMHLs, CFs and RMs behaviors are in quantitatively good
agreement with some theoretical for Ising systems and experimental works for magnetic
materials, such as cobalt films, Fe films and some magnetic nanomaterials.

Keywords: mixed spin (2, 5/2) ising system, dynamic magnetic hysteresis, coercivity field,
remanent magnetization, effective-field theory, glauber—type stochastic dynamics

(Some figures may appear in colour only in the online journal)

1. Introduction

In the preceding published paper [1], referred to as paper I, we
have investigated the dynamic magnetic properties of a mixed
spin (2, 5/2) Ising model on two interpenetrating square
lattices under an oscillating (sinusoidal) magnetic field within
the effective-field theory based on the Glauber-type sto-
chastic dynamics that has been often called the dynamic
effective-field theory (DEFT). First, we found the phases in
the system by examining the time dependence of the mag-
netizations for various interaction parameter values. Then, we
studied the thermal behavior of the dynamic magnetizations
in which these investigations lead us to define the nature (a
first- or second-order) of the dynamic phase transition (DPT)
and to get the DPT points. Finally, the dynamic phase
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diagrams (DPDs) were constructed for various values of
Hamiltonian parameters in the reduced temperature (T/zJ)
and magnetic field amplitude (ho/zJ) plane that display very
rich and interesting dynamic critical phenomena, such as
tricritical point, double critical end point, critical end point,
zero-temperature critical point and triple point. Moreover,
DPDs also contain paramagnetic, two different ferrimagnetic
phases as well as several mixed phases.

On the other hand, the dynamic magnetic hysteresis loop
(DMHL) behaviors are the one of the important subjects in
the dynamic magnetic properties of the systems that were not
investigated in paper 1. Therefore, our aim in this paper is to
examine the DMHL features of a mixed spin (2, 5/2) Ising
system on two interpenetrating square lattices under an
oscillating (sinusoidal) magnetic field within the DEFT. We
study the DMHL behaviors for various values of reduced
temperatures (T/zJ), crystal-field interaction (D/zJ) and

© 2020 IOP Publishing Ltd  Printed in the UK
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Figure 1. The DMHL behaviors various values of the reduced temperature dependence (T/zJ) for the magnetization of My, Mg, and Mr;

w = 0.05 and D/zJ = 1.0.
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Figure 2. (a) The behavior of coercive fields and (b) the remanent
magnetizations as the function of reduced temperature for the same
parameter values as in figure 1.

frequency (w) of the magnetic field. We also investigate
behaviors of the coercive fields and remanent magnetizations
as a function of T/zJ, D/zJ and w.

‘We should also mention that the DMHL, often referred to as
dynamics of magnetization reversal, has been the subject of
intensive research for both experimental and theoretical
researchers, due to its extensive advanced technological appli-
cations, namely high frequency devices, the developing memory
storage devices, and also scientific research [2]. The DMHL is
defined as the dependence of the hysteresis loop area on the
frequency and the amplitude of the applied magnetic field [3].
The DMHL behaviors of various materials, namely thin [4] and
ultrathin [5] Co films on a Cu (001) surface, epitaxial single
ferromagnetic fcc NiFe (001), fcc Co(001) layers and NiFe/Cu/
Co(001) spin-valve structures [6], Fe/GaAs(001) ultrathin films
and epitaxial Fe/InAs (001) [7], ultrathin epitaxial Fe/GaAs
(001) [8], permalloy thin films [9, 10], Fe and CoFe films [11],

[Co/Pt]; magnetic multilayers [12], Fe thin films [13, 14],
Pb 451 TiO5 ferroelectrics film [15], single crystalline com-
pound Co(TeO5)4Brg, [16], the ternary intermetalic compound
DyMnSi, [17] and BiGdFeCoO films [18], etc, have been stu-
died. Moreover, the DMHL properties have been theoretically
studied by mostly following three models [19]: (1) Ising kind
models, namely spin-1/2, higher spin systems, namely spin-1,
spin-3/2, spin-2 systems and mixed spin Ising models.
(i) Extended domain wall models. (iii) The time-dependent
Landau-Lifshitz-Gilbert equations. The DMHL has been also
investigate some other models, such as, the stochastic Landau—
Lifshitz equation, semi-adiabatic theory, Neel-Brown theory,
dynamic Preisach model, and Brown’s model.

Also worth mentioning that the mixed spin (2, 5/2) Ising
model is the most important as well as most used model among
the mixed spin Ising systems. The reason is that it is the proto-
typical model to study the magnetic features of some molecular-
based based magnetic materials, namely A Fe''Fe™ (C504)5
[A = N0-C,Ho, 4 1)4 (see [20, 21] and references therein),
AM"Fe™ (C,04); (A = N(n-C3H;), M™ = Mn, Fe) [22, 23],
N(n-C4Hy), FeFe™ (C,04); (see [24, 25] and references
therein). Moreover, the other advantages of the model that it
also gives rich and interesting critical phenomena, such as rich
and interesting phase diagrams, more critical points, multiple-
cycle hysteresis behaviors, etc (see [1, 26, 27] and references
therein).

2. Dynamic effective-field equations

A mixed spin (2, 5/2) Ising model consist of two inter-
penetrating square sublattices with spin-2 (states 0 = 0, *1,
+2) and with spin-5/2 (states S = £1/2, +3/2) on the sites
of sublattices A and B, respectively. This mixed spin model
has four order parameters, which have been introduced as
follows: Two average magnetizations (o) and (S) for the
sublattices A and B, respectively that are the excess of one
orientation over the other, frequently called the dipole
moments. Two average quadrupole moments, {q,), which is a
linear function of average square magnetization, namely
(07-2), for the A sublattice and (qg), which is a linear
function of average square magnetization, (S7-35/12), for the
sublattice B. The Hamiltonian of this system is defined as

H=-J> 08 — D[Z ol + ZSJZ]
(i) i J
- h(t)[z o+ Sj] 6]
i i

where (ij) is the interaction between the nearest neighbors
spins on sites i and j. J represents the interactions between the
particles with spin-2 and particles have spin-5/2; it has been
called the nearest-neighbor bilinear exchange constant. The D
is the essentially chemical potential, mostly called the single-
ion anisotropy or crystal-field constant and A(?) represents an
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Figure 3. The DMHL behaviors various values of the reduced crystal-field interaction. (D/zJ) for the magnetization of M, Mg, and My;
w = 0.057, T/zJ = 9.5.

oscillating (sinusoidal) magnetic field and defined as contact with an isothermal heat bath at absolute temperature.
Since the derivative of the dynamic equations is extensively
discussed in paper I, we will briefly give the derivative of
where w = 27rv and h are, respectively, the angular frequency these equations here. We have used the Glauber-type sto-
of the oscillating field and the amplitude. The system is in chastic (GS) dynamics [28] to find the set of dynamic

ho(t) = h sin (wr), 2)
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PA(0y, 03,..., on; t) as the probability that the system has the
o-spin configuration oy, 03,..., onN; t, at time t while letting the
S spins fixed for A sublattice. The similar probability,
PB(S;, S,,...,Sn; t), can also defined for the sublattice B.
Then, we calculate WiA(oi — O‘i,) and W?(Sj — Sg), the prob-
abilities per unit time that the ith o spin changes from o; to o
(while the S spins are momentarily fixed) and the /" S spin
changes from S; to Sg (while the o spins are momentarily fixed),

1,0 {(a)

respectively. Thus, PA(ay, 09,..., on; t) can be written as

Coercivities Fields

iPA(O'Is 025.+-5 ON; t):
dt

2D DI ACEEH

!
=0}

A .
x P (0-1» 025+, Ois..., ON; t)

D/zJ
+20| 22 Wiei — o)
i d i \o=o!
14 {(b) / A ,
X P (0-1» 02""9 Uia"" ON; t)’ (3)

where Wi (0; — o) satisfies the detailed balance condition [1]
and defined as

1 _exp[—f AEMNo; — a))]
7> exp[—3 AEA(g; — o))’

Wioi — of) =

“

where 3 = 1/kgTy, kg is the Boltzmann factor, a{: +2, +1,
0, and

Remanents Magnetizations

AFA(g; — of) = — (07 — O’;)(JZ S? + h(t)]
i

D/zJ —[(6))* = (@)’ID, &)

Figure 4. (a) The behavior of coercive fields and (b) the remanent
magnetizations as the function of the D/zJ for the same parameter
values as in figure 3.

From the master equation associated with the stochastic
process, it follows that the average (o#) satisfies the following

1
equation:

(6)

2exp(44D) sin h(23(E; + h(t))) + exp(8D)sin h(3(E; + h(1))) >

Lot = —tat) + {
exp(4D) cos h(25(E; + h(t))) + exp(SD)cos h(B(E; + h(t))) + 1/2

effective-field equations. The system evolves according to a where (...) denotes the canonical thermal average and
GS process at a rate of 1/7 transitions per unit time; hence, E; =1 Z S?. Performing the similar calculations, the

the frequency of spin flipping is 1/7. We define J
duency P! pping / dynamic equation for the sublattice B can be obtained as

d
TSt = —(s})
5sinh 5ﬁ(E-+h(t)) + 3exp(—4 BD) sin h( 22 (E; + - inh(2E: + n
- & p(—4 BD) sin T(EJ + h(1) | + exp(—6 3D)sin E(EJ + h(t)
+ )
2 cos h(%(EJ’ + h(t))) + 2exp(—4BD) cos h(%(Ej + h(t))) + 2exp(—6 (D) cos h(g(Ej + h(t))) (7)
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Figure 5. The oscillating field frequency (w) of DMHL behaviors for the magnetization of M,, My, and My ; D/zJ = 1.0 and T/zJ = 10.

where E; = J Z al, equations have been obtained for o and S in paper I as
In order to obtain the set of dynamic the effective-field d 5
theory (EFT) equations, we apply the EFT with correlations, " =~/ + a0+ avmp + azmg

introduced by Honmura and Kaneyoshi [29] and Kaneyoshi
et al [30]. The main problem is to evaluate the thermal
average of the last terms in equations (6) and (7). For this
purpose, we have used the exact relation due to Callen [31]
and the decoupling approximation that corresponds essen- + aismp'® + argmp'® + arymp'’ + argmg
tially to the Zernike approximation [32], thus the dynamic + aromp!® + axmp®, )]

+ azmpg’ + asmp® + asmg> + agmg®

+ armp” + agmp® + aomp® + ajomp

+ aymg't + aramp'? + a;zmp + ajamp!

10
4
18
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Figure 6. (a) The behavior of coercive fields and (b) the remanent
magnetizations as the function of the w for the same parameter
values as in figure 5.

and

d
Emg = —mp + by + bymy + bzmAz + b3mA3
+ b4mA4 + b5mA5 + meA6 + b7mA7
+ bgma® 4 bomp® + bioma'® + byymy'!
+ biamy'? 4 bizmy 3

+ brama'* + bismy 'S + bigmy'S. 9

The coefficients a;(i = 1, ...,20) and b;(j = 1, ..., 16)
are given in the appendix of paper 1.
The dynamic magnetizations are defined as [3]
w
Mas = 2=  mas(odr. (10)
27

Moreover, to investigate the DMHL properties one
should define the hysteresis loop area [3], i.e.,

A=— 55 map(t)dh = —hw yf ma (1) cos (wodt. (1)

Numerical calculations of equation (11) give the DMHLs
for the magnetizations of A and B sublattices. Total magne-
tization is described, as My = (M, + Mp)/2 in which its
numerical calculations provide the DMHL features of the total
magnetization. We should also mention that numerical cal-
culations are measured in unit zJ, where z is the number of
nearest neighbor pair of spins; hence, the bilinear interaction
() is restricted to the z. We should also mention that some
researchers have been absorbed z in J. We numerically solve
these equations and, results and discussions are given in
section 3.

3. Results and discussion

Figure 1 illustrates DMHL behaviors various values of the
reduced temperature dependence (T /zJ) for the magnetization of
My, Mp, and Mz; w = 0.05 and D/zJ = 1.0. For low values of
T/zJ, hysteresis curves display positive valued narrow loops
then as the T/zJ increases, evolve into horizontal line with
symmetrical ellipse like loops that they are increasing, then as
the values of T/zJ increasing more, loop areas decreasing and
finally becomes very small. Thus, this figure illustrates the type I
behavior for small values T/zJ, then as the T/zJ increases it
displays the type II behavior and the type III is seen at bigger
values of T/zJ, according to classification of Punya et al [33]
and Vatansever et al [34]. Similar DMHL behaviors have been
also reported [35]. Experimentally, it is observed the similar
DMHL properties in ultrathin Co films on a surface Cu(001)
[4, 5], in [Co/Pt]3 magnetic multilayers [12] and in ultrathin
epitaxial Fe films grown on a flat and stepped W(110) surface
[13]. We should also mention that if the hysteresis loop area is
big and wide that correspond hard magnets which can be useful
for memory devices, magnetic recording and permanent mag-
nets. On the other hand, if the hysteresis loop areas are narrower
and thinner that correspond soft magnets in which desirable for
transformers and motor cores and AC applications. Figures 2(a)
and (b) display the reduced temperature dependence (T/zJ) of
the coercive fields (CFs) and remanent magnetizations (RMs),
respectively, with the same interaction parameters in figure 1. In
figure 2, Hcy, Hep and Hr represent the CFs for magnetizations
of sublattice A, sublattice B and the total magnetization,
respectively. Moreover, Mgy, Mgg and Mgy are the RMs for the
magnetizations of sublattices A, B and the total magnetization,
respectively. Figure 2 shows that as the T/zJ increases the CFs
and RMs decrease and very high values of T/zJ they become
zero. Moreover, RMs are decreasing more rapidly than the CFs.
Similar behaviors, quantitatively, have been observed the
dynamic theoretical work [36] as well as with the theoretical
works [37-39] and experimental reports [40—44] in the equili-
brium cases.

Figure 3 displays DMHL behaviors different values of
the reduced crystal-field dependence (D/zJ) for the M, Mp,
and M7; w = 0.057, T/zJ = 9.5. For low values of D/z]J,
hysteresis curves exhibit a symmetric, narrow and thinner
ellipse like loops, as the D/zJ increases, the DMHL areas
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growing; finally loop areas getting positive values of narrow
and thinner loops and the symmetry is destroyed as increasing
D/z]. The similar behaviors have been theoretically observed
[36,45-47]. Figures 4 (a) and (b) display the behaviors of CFs
and RMs as a function of D/zJ, respectively, with the same
parameters of figure 3. CFs and RMs increase as the D/zJ
values increase. Moreover, CFs are increasing linearly, but
RMs, exponentially. Similar features have also been seen in
different Ising systems [48, 49].

Figure 5 shows the influence of w on the DMHL beha-
viors for the My, My, and My; D/zJ = 1.0 and T/zJ = 10.
From the figure, we observe that the for high values of w,
hysteresis curves display positive valued narrow loops and as
the w values decrease, the loops evolve into horizontal line
with ellipse like loops and their areas growing. Moreover,
DMHLs develope the symmetric shape while w values
increasing. The similar DMHLs have been reported theore-
tically in various Ising systems [35, 50, 51] and experimental
reports [4, 5, 52]. Figures 6(a) and (b) illustrate the behaviors
of CFs and RMs as a function of w, respectively, with the
same parameters of figure 5. The CFs increase with increasing
w values and finally become constant for higher values of w.
On the other hand, RMs decrease while w increases finally
become zero for larger values w and similar behaviors for
figure 6(a) have been theoretically found [51, 52].

4. Conclusions

The DMHL behaviors of a mixed spin (2, 5/2) Ising model
on two interpenetrating square lattices under a time-
dependent (sinusoidal) magnetic field are studied within the
DEFT. In particular, the DMHL properties for different
values of reduced temperatures (T/zJ), crystal-field inter-
action (D/zJ) and frequency (w) of the magnetic field are
investigated. We also examine T/zJ, D/zJ and w depen-
dences of the CFs and RMs. We found that for very low and
high values of T/zJ and D/zJ, the hysteresis loop areas are
thinner and narrower that correspond soft magnets in which
desirable for transformers and motor cores and AC appli-
cations. For small values of w, the hysteresis loop areas are
wide and big that correspond hard magnets which can be
useful for magnetic recording, memory devices and per-
manent magnets. Finally, we should point out that, as far as
we know; DMHLs in molecular based magnetic materials
have not been studied experimentally; hence, we could not
compare our results with some experimental results of
molecular-based magnetic materials. Moreover, some of
obtained results are compared with available theoretical and
experimental works and find a quantitatively good agree-
ment with some theoretical [35-39, 45-51] and exper-
imental works [4, 5, 12, 13, 40-44, 52].
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