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Abstract We examine the dynamic phase transitions and the dynamic compensation tem-
peratures, within a mean-field approach, in the mixed spin-3/2 and spin-5/2 Ising system
with a crystal-field interaction under a time-varying magnetic field on a hexagonal lattice by
using Glauber-type stochastic dynamics. The model system consists of two interpenetrat-
ing sublattices with σ = 3/2 and S = 5/2. The Hamiltonian model includes intersublattice,
intrasublattice, and crystal-field interactions. The intersublattice interaction is considered
antiferromagnetic and to be a simple but interesting model of a ferrimagnetic system. We
employ the Glauber transition rates to construct the mean-field dynamic equations, and we
solve these equations in order to find the phases in the system. We also investigate the ther-
mal behavior of the dynamic sublattice magnetizations and the dynamic total magnetization
to obtain the dynamic phase transition points and compensation temperatures as well as to
characterize the nature (continuous and discontinuous) of transitions. We also calculate the
dynamic phase diagrams including the compensation temperatures in five different planes.
According to the values of Hamiltonian parameters, five different fundamental phases, three
different mixed phases, and six different types of compensation behaviors in the Néel clas-
sification nomenclature exist in the system.
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1 Introduction

Mixed spin Ising systems provide good models for investigating the ferrimagnetic materi-
als which are currently the subject of a great deal of interest due to their great potential
for technological applications, as well as for academic research. These systems also supply
simple models for the study of molecular-based ferrimagnets which could be potentially
useful materials for magneto-optical recordings. Moreover, under certain conditions, these
systems can have a compensation temperature where the total magnetization vanishes below
the critical temperature. The existence of compensation temperatures is of great technologi-
cal importance since at this point only a small driving field is required to change the sign of
the total magnetization.

Many combinations of mixed-spin Ising systems, such as spins (1/2, 1), spins (1/2, 3/2),
spins (1, 3/2), spins (1, 2), etc., have been studied by a variety of techniques in equilibrium
statistical physics. The exact solutions of some of the mixed-spin Ising systems have also
been studied on a honeycomb lattice, a bathroom-tile, diced lattices, a Bethe lattice, two-fold
Cayley tree and several decorated planer lattices. Half-integer spin systems are more exciting
for a number of reasons. First, they can show multicritical behavior or a magnetoelastic
transition or instability, and second they are less studied [1]. The simplest and most studied
half-integer mixed-spin Ising system is spins (1/2, 3/2) which has been extensively studied
(see [2–12] and references therein). Another half-integer mixed-spin Ising system which
has been studied is spins (1/2, 5/2) but this has been investigated less extensively than spins
(1/2, 3/2) [13, 14]. Another possible half-integer mixed-spin Ising system is spins (3/2,
5/2) which is the highest mixed-spin Ising system and less explored the mixed system. An
early attempt to study the mixed spin-3/2 and spin-5/2 ferrimagnetic Ising model was made
within the framework of the effective-field theory (EFT) [15], where the phase diagrams
and the internal energy of the system on the honeycomb lattice with interlayer coupling
was investigated. The system has also been investigated on the Bethe lattice by using exact
recursion relations, and it was found that it exhibits one or two compensation temperatures
depending on the values of the crystal fields [16]. It was also found that the system on
the Bethe lattice undergoes first- and second-order phase transitions, but does not give any
tricritical points. The mixed spin-3/2 and spin-5/2 Ising model on the two-fold Cayley
tree was studied by means of exact recursion relations, and a first- and second-order phase
transitions were found [17]. Recently, the ground state phase diagrams for the mixed Ising
3/2 and 5/2 spin model were investigated extensively [18].

On the other hand, many complicated high spin magnets have been synthesized [19];
hence the equilibrium and nonequilibrium behaviors of high mixed-spin Ising systems, such
as spins (3/2, 5/2) should be investigated in detail. Moreover, a variety of critical points
can be found and more phases are possible for larger spins, e.g. compare the results of spins
(1/2, 1) [20] with spins (1, 3/2) [21] and with spins (1, 5/2) [22]. We should also men-
tion that the mixed spins (3/2, 5/2) model appears to be convenient to the understanding
of particular biological compounds. For example, some experimental studies point out that
a mixed of 3/2 and 5/2 spins is behind the unusual magnetic properties of certain types
of ferric heme proteins known as ferricytochromes c′ [23–26]. Heme proteins are used as a
synthetic base to design novel biomaterials with great potential applications in optical com-
munications, and are considered as the base for nanoporous catalytic materials [27], besides
their important role in oxygen transport by blood. Therefore, the aim of this paper is to
study the nonequilibrium properties of the kinetic mixed spin-3/2 and spin-5/2 ferrimag-
netic Ising system with a crystal-field interaction under a time-varying magnetic field on a
hexagonal lattice by using the Glauber-type stochastic dynamics [28]. In particular, we cal-
culate the dynamic phase transition temperatures, and present the dynamic phase diagrams;
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we also study the dynamic compensation behaviors. For these purposes, first we employ
the Glauber transition rates to construct the mean-field dynamic equations and solve these
equations in order to find the phases in the system. Then we investigate the thermal be-
havior of the dynamic sublattice magnetizations and dynamic total magnetization to obtain
the dynamic phase transition points and dynamic compensation temperatures as well as to
characterize the nature (continuous or discontinuous) of the transitions. We also present the
dynamic phase diagrams including the compensation temperatures in five different planes.

It is worthwhile mentioning that in recent years, the dynamic phase transition has become
an interesting field of researches in magnetic systems, theoretically (see [20–22], [29–32]
and references therein), and experimentally in amorphous YBaCuO films [33], ultrathin Co
films on a Cu(001) surface [34], ferroic systems (ferromagnets, ferroelectrics and ferroelas-
tics) with pinned domain walls [35], cuprate superconductors [36], [Co/Pt]3 magnetic mul-
tilayers [37], and polyethylene naphthalate (PEN) nanocomposites [38]. On the other hand,
the increasing interest in compensation behaviors is mainly related to the potential techno-
logical applications of these systems in the area of thermomagnetic recording [39–42]. The
presence of the compensation temperature in mixed spin Ising systems has been studied
by well-known methods in equilibrium statistical physics (see [43] and references therein).
Moreover, the existence of the dynamic compensation temperatures in kinetic mixed-spin
Ising systems with spins (1/2, 1) [44–46], with spins (1/2, 3/2) [47] and with spins (2, 5/2)
[48] has also been investigated. Finally, it is worthwhile mentioning that the compensation
temperature has been observed experimentally in different systems [49, 50].

The rest of the paper is organized as follows. In Sect. 2, the model is presented and
the derivation of the mean-field dynamic equations of motion is given by using a Glauber-
type stochastic dynamics in the presence of a time-dependent oscillating external magnetic
field. In Sect. 3, the numerical results for the average sublattice magnetizations, dynamic
sublattice magnetizations, dynamic total magnetization and dynamic phase diagrams are
studied in detail. Finally, a summary and conclusion are given in the last section.

2 Model and Formulations

We consider a mixed spin-3/2 and spin-5/2 Ising system on a hexagonal lattice under the
oscillating magnetic field. The model consists of two interpenetrating sublattices with σ and
S spins; hence the two different types of spins are described by Ising variables, which can
take the values σ = ±3/2, ±1/2 and S = ±5/2, ±3/2, ±1/2. The Hamiltonian model for
the system is

H = −Ja

∑

〈ij〉
σiσj − Jb

∑

〈ij〉
SiSj − Jab

∑

〈ij〉
σiSj − �

(
∑

i

σ 2
i +

∑

j

S2
j

)

− H

(
∑

i

σi +
∑

j

Sj

)
, (1)

where the summation index 〈ij 〉 denotes a summation over all pairs of nearest-neighbor
spins. Ja, Jb and Jab are the exchange couplings between the nearest-neighbor pairs of
spins σ -σ , S-S and σ -S, respectively. Jab interaction is restricted to the z1 nearest-neighbor
pair of spins, that z1 = 4, and Ja and Jb are restricted to the coordination numbers of z2

and z3, respectively, in which z2 = z3 = 2. The parameter Jab will be taken as negative in
all subsequent analyses, that is, the intersublattice coupling is antiferromagnetic and is a
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simple but interesting model of a ferrimagnetic system. � is the crystal-field interaction or
a single-ion anisotropy constant, and H is a time-dependent external oscillating magnetic
field: H(t) = H0 cos(wt), with H0 and w = 2πν being the amplitude and the angular fre-
quency of the oscillating field, respectively. The system is in contact with an isothermal heat
bath at an absolute temperature TA.

Now, we apply the Glauber-type stochastic dynamics [28] to obtain the set of mean-
field dynamic equation. Thus, the system evolves according to the Glauber-type stochastic
process at a rate of 1/τ transitions per unit time; hence the frequency of spin flipping, f ,
is 1/τ . Leaving the S spins fixed, we define P σ (σ1, σ2, . . . , σN ; t) as the probability that
the system has the σ -spin configuration, σ1, σ2, . . . , σN , at time t , also, by leaving the σ

spins fixed, we define P S(S1, S2, . . . , SN ; t) as the probability that the system has the S-spin
configuration, S1, S2, . . . , SN , at time t . Then, we calculate Wσ

i (σi → σ ′
i ) and WS

j (Sj → S ′
j ),

the probabilities per unit time that the ith σ spin changes from σi to σ ′
i (while the S spins

are momentarily fixed) and the j th S spin changes from Sj to S ′
j (while the σ spins are

momentarily fixed), respectively. Thus, if the S spins are momentarily fixed, the master
equation for the σ spins can be written as

d

dt
P σ (σ1, σ2, . . . , σN ; t) = −

∑

i

(
∑

σi �=σ ′
i

Wσ
i

(
σi → σ ′

i

)
)

P σ (σ1, σ2, . . . , σi, . . . σN ; t)

+
∑

i

(
∑

σi �=σ ′
i

Wσ
i

(
σ ′

i → σi

)
)

P σ
(
σ1, σ2, . . . , σ

′
i , . . . σN ; t), (2)

where Wσ
i (σi → σ ′

i ) is the probability per unit time that the ith spin changes from the value
σi to σ ′

i . Since the system is in contact with a heat bath at absolute temperature TA, each
spin can change from the value σi to σ ′

i with the probability per unit time;

Wσ
i

(
σi → σ ′

i

) = 1

τ

exp[−β�Eσ (σi → σ ′
i )]∑

σ ′
i
exp[−β�Eσ (σi → σ ′

i )]
, (3)

where β = 1/kBTA, kB is the Boltzmann constant and kB = 1 is taken,
∑

σ ′
i

is the sum over
the four possible values of σ ′

i = ±3/2, ±1/2, and

�Eσ
(
σi → σ ′

i

) = −(
σ ′

i − σi

)
(

Ja

∑

j

σj + Jab

∑

j

Sj + H

)
− [(

σ ′
i

)2 − (σi)
2
]
�, (4)

gives the change in the system’s energy when the σi -spin changes. The probabilities satisfy
the detailed balance condition. Since Wσ

i (σi → σ ′
i ) does not depend on the value σi , we can

write Wσ
i (σi → σ ′

i ) = Wσ
i (σ ′

i ), then the master equation becomes

d

dt
P σ (σ1, σ2, . . . , σN ; t) = −

∑

i

(
∑

σi �=σ ′
i

Wσ
i

(
σ ′

i

)
)

P σ (σ1, σ2, . . . , σi, . . . , σN ; t)

+
∑

i

Wσ
i (σi)

(
∑

σi �=σ ′
i

P A
(
σ1, σ2, . . . , σ

′
i , . . . , σN ; t)

)
. (5)

Since the sum of the probabilities is normalized to one, by multiplying both sides of (5) by
σk and taking the average and finally by using a mean-field approach, we obtain the first
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mean-field dynamic equation for the σ spins:

�
d

dξ
mσ = −mσ + 3 sinh(3 a1

T
) exp( d

T
) + sinh(

a1
T

) exp(− d
T
)

2 cosh(3 a1
T

) exp( d
T
) + cosh(

a1
T

) exp(− d
T
)
, (6)

where a1 = z1mS + Ja

|Jab |z2mσ + h0 cos(ξ),mσ = 〈σ 〉, ms = 〈S〉, T = kBTA

|Jab | , d = �
|Jab | ,

h0 = H0
|Jab | , ξ = wt and � = τw.

Now assuming that the σ -spins remain momentarily fixed and that the S-spins change, we
obtain the mean-field dynamical equation for the S-spins by using the similar calculations as
before, except we take Sj ′ = ±5/2, ±3/2, ±1/2 instead of σi′ = ±3/2, ±1/2. The second
mean-field dynamic equation for the S spins is obtained as

�
d

dξ
mS = −mS + 5 exp( 2d

T
) sinh(

5a2
2T

) + 3 exp(−2 d
T
) sinh(

3a2
2T

) + exp(−4 d
T
) sinh(

a2
2T

)

2 exp( 2d
T

) cosh(
5a2
2T

) + 2 exp(−2 d
T
) cosh(

3a2
2T

) + 2 exp(−4 d
T
) cosh(

a2
2T

)
,

(7)

where a2 = z1mσ + Jb

|Jab |z3ms + h0 cos(ξ). Hence, a set of mean-field dynamical equations
for the system are obtained. We fixed Jab = −1 that the intersublattice interaction is anti-
ferromagnetic and � = 2π . In the next section, we will give the numerical results of these
equations.

3 Numerical Results and Discussions

3.1 Time Variations of Average Order Parameters

In this section, first we study the time variations of the average sublattice magnetizations to
find the phases in the system. In order to investigate the behaviors of time variations of the
average sublattice magnetizations, first, we have to study the stationary solutions of the set
of coupled mean-field dynamical equations, given in (6) and (7), when the parameters T ,
Ja , Jb , d and h0 are varied. The stationary solutions of these equations will be a periodic
function of ξ with period 2π ; that is, mσ (ξ + 2π) = mσ (ξ) and mS(ξ + 2π) = mS(ξ).
Moreover, they can be one of three types according to whether they have or do not have the
properties

mσ (ξ + π) = −mσ (ξ) and mS(ξ + π) = −mS(ξ). (8)

The first type of solution which satisfies (8) is called a symmetric solution. It corresponds to
a paramagnetic (p) phase. In this solution, the average sublattice magnetizations mσ (ξ) and
mS(ξ) are equal to each other. They oscillate around the zero value and are delayed with re-
spect to the external magnetic field. The second type of solution which does not satisfy (8), is
called a nonsymmetric solution, and it corresponds to a ferromagnetic solution. In this solu-
tion, the submagnetizations mσ (ξ) and mS(ξ) are equal to each other (mσ (ξ) = mS(ξ) �= 0).
In this case, submagnetizations do not follow the external magnetic field any more, and in-
stead of oscillating around zero, they oscillate around nonzero values, namely either ±3/2
or ±1/2; hence, we have the antiferromagnetic phase. If mσ (ξ) and mS(ξ) oscillate around
±3/2 and ∓3/2 respectively, this solution is called the antiferromagnetic-3/2 (af3/2) phase.
If mσ (ξ) and mS(ξ) oscillate around ±1/2 and ∓1/2 respectively, this solution is called the
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antiferromagnetic-1/2 (af1/2) phase. The third type of solution, which does not satisfy (8),
is also called a nonsymmetric solution, but this solution corresponds to a ferrimagnetic
(i) solution because the submagnetizations mσ (ξ) and mS(ξ) are not equal to each other
(mσ (ξ) �= mS(ξ)), and they oscillate around a nonzero value. Hence, if mσ (ξ) and mS(ξ)

oscillate around ±3/2 and ∓5/2 respectively, this solution is called the ferrimagnetic-1
(i1) phase. If mσ (ξ) and mS(ξ) oscillate around ±3/2 and ∓1/2 respectively, the solution is
called the ferrimagnetic-2 (i2) phase. These facts are seen clearly by solving (6) and (7) using
the Adams-Moulton predictor-corrector method for a given set of parameters and initial val-
ues. Since solutions to these kinds of equations are examined extensively in [21, 31, 47, 51],
we will not discuss the solutions or present any figures here. From these studies, we observe
that the system contains the p, af3/2, af1/2, i1 and i2 fundamental phases and the i1 + p, af
3/2 + p, af1/2 + p coexistences or mixed phases.

3.2 Thermal Behavior of the Dynamic Sublattice and Total Magnetizations

In this subsection, we investigate the temperature dependence of the dynamic sublattice
magnetizations and the total dynamic magnetization to determine the DPT points and the
compensation temperatures, respectively. This investigation leads us to characterize the na-
ture (continuous and discontinuous) of dynamic transitions. The dynamic sublattice mag-
netizations (Mσ , MS ) and the dynamic total magnetization Mt = (Mσ + MS)/2 are defined
as

Mσ,S = 1

2π

∫ 2π

0
mσ,S(ξ) dξ, (9)

and

Mt = 1

2π

∫ 2π

0

(
mσ (ξ) + mS(ξ)

2

)
dξ. (10)

The behaviors of the dynamic sublattice magnetizations (Mσ ,MS) and the dynamic total
magnetization (Mt) as functions of the temperature for several values of interaction para-
meters are obtained by solving (9) and (10). We solve these equations by combining the nu-
merical methods of the Adams-Moulton predictor corrector with the Romberg integration.
The dynamic total magnetization (Mt ) vanishes at the compensation temperature Tcomp. The
compensation point can then be determined by looking for the crossing point between the
absolute values of the sublattice magnetizations. Therefore, at the compensation point, we
must have

|Mσ (Tcomp)| = |MS(Tcomp)|, (11)

and

sgn[Mσ (Tcomp)] = sgn[MS(Tcomp)]. (12)

We also require that Tcomp < TC, where TC is the critical point temperature. A few explana-
tory and interesting examples are plotted in Figs. 1(a)–(c) in order to illustrate the calculation
of the DPT points and the compensation temperatures. In these figures, TC and Tt are the
second- and first-order phase transition temperatures, respectively. Tcomp is the compensa-
tion temperature. Figure 1(a) shows the behavior of |Mσ |, |MS | and |Mt | as functions of
the temperature for Jab = −1.0, Ja = 5.0, Jb = 0.2, d = 1.0 and h0 = 0.1. In this figure,
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Fig. 1 The temperature dependence of the dynamic magnetizations (|Mσ |, |MS |) and the dynamic total
magnetization (|Mt |). TC and Tt are the second- and first-order phase transition temperatures, respectively.
Tcomp is the compensation temperature. (a) Exhibiting a second-order phase transition from the i1 phase to the
p phase for Jab = −1.0, Ja = 5.0, Jb = 0.2, d = 1.0 and h0 = 0.1, and TC is found to be 17.32. (b) Exhibiting
a second-order phase transition from the af1/2 phase to the p phase for Jab = −1.0, Ja = 1.1, Jb = 0.9,
d = −3.5 and h0 = 2.0 and the initial values of |Mσ | and |MS | are taken as 3/2 and 5/2, respectively; TC is
found to be 1.16. (c) Exhibiting two successive phase transitions, the first one is a first-order phase transition
from the p phase to the af1/2 phase, and the second one is a second-order phase transition the from the af1/2
phase to the p phase for Jab = −1.0, Ja = 1.1, Jb = 0.9, d = −3.5 and h0 = 2.0 and the initial values of
|Mσ | and |MS | are taken as zero; TC and Tt are found to be 1.16 and 0.26, respectively

|Mσ | = 1.5 and |MS | = 2.5 are at zero temperature, and they decrease to zero continu-
ously until TC as the temperature increases; hence a second-order phase transition occurs
at TC = 17.32. In this case, the dynamic phase transition is from the i1 phase to the p
phase. Moreover, one compensation temperature or N-type behavior occurs in the system
that exhibits the same behavior as that classified in the Néel theory [52] as the N-type be-
havior [53]. Figures 1(b) and 1(c) illustrate the thermal variations of |Mσ |, |MS | and |Mt |
for Jab = −1.0, Ja = 1.1, Jb = 0.9, d = −3.5 and h0 = 2.0 for various different initial val-
ues. |Mσ | = 0.5 and |MS | = 0.5 at zero temperature, and they decrease to zero continu-
ously until TC as the temperature increases; hence a second-order phase transition occurs
at TC = 1.16. In this case, the dynamic phase transition is from the af1/2 phase to the p
phase. In Fig. 1(c), the system undergoes two successive phase transitions: The first one is
a first-order phase transition because a discontinuity occurs for the dynamic sublattice mag-
netizations at Tt = 0.26. The transition is from the p phase to the af1/2 phase. The second
is a second-order phase transition from the af1/2 phase to the p phase at TC = 1.16. This
means that the coexistence region, i.e., the af1/2 + p mixed phase, exists in the system, and
this fact is seen clearly in the phase diagram of Fig. 3(c) (compare in Figs. 1(b) and 1(c)
with Fig. 3(c)). Moreover, one compensation temperature or L-type behavior occurs in the
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system (see Fig. 1(b)) which exhibits the same behavior as that classified in the Néel theory
[52] as the L-type behavior [53].

We also studied the compensation behavior of the system in detail and found that it
exhibits the Q-, R-, P-, S-, N- and L-type behaviors that can be seen in Figs. 2(a)–(f), re-

Fig. 2 The dynamic total magnetization as a function of the temperature for different values of interaction pa-
rameters. The system exhibits the Q-, R-, P-, S-, N- and L-types of compensation behaviors. (a) Jab = −1.0,
Ja = 1.1, Jb = 0.9, d = 1.0 and h0 = 1.0, (b) Jab = −1.0, Ja = 2.0, Jb = 0.1, d = 1.0 and h0 = 1.0,
(c) Jab = −1.0, Ja = 0.2, Jb = 2.0, d = 1.0 and h0 = 1.0, (d) Jab = −1.0, Ja = 1.1, Jb = 0.1, d = −2.0
and h0 = 2.0, (e) Jab = −1.0, Ja = 5.0, Jb = 0.2, d = 0.5 and h0 = 0.1, (f) Jab = −1.0, Ja = 2.0, Jb = 0.8,
d = −4.0 and h0 = 1.0
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Fig. 3 Dynamic phase diagrams of the mixed spin Ising ferrimagnetic model in the (d,T ) plane. Solid,
dashed and dash-dot-dot lines are the dynamic second-, first-order phase transitions and the compensation
temperature lines, respectively. The special points are the dynamic tricritical point ("), double critical end
point (B), quadruple point (QP). The filled (Q) and unfilled (P) triangles correspond to the separation points
which separate the ferrimagnetic-1 (i1) phase from the antiferromagnetic-3/2 (af3/2) phase, and the af3/2
phase from the ferrimagnetic-2 (i2) phase, respectively. (a) Jab = −1.0, Ja = 5.0, Jb = 0.2 and h0 = 0.1,
(b) Jab = −1.0, Ja = 2.0, Jb = 0.8 and h0 = 1.0, (c) Jab = −1.0, Ja = 1.1, Jb = 0.9 and h0 = 2.0,
(d) Jab = −1.0, Ja = 1.5, Jb = 0.5 and h0 = 2.2

spectively. These behaviors depend strongly on the interaction parameter. We should also
mention that the M- and W-type curves cannot appear in the system.

3.3 Dynamic Phase Diagrams

Since we obtained DPT points and compensation temperatures in Sect. 3.2, we can now
present the dynamic phase diagrams of the system. The phase diagrams calculated in the
(d,T ) plane are presented in Fig. 3 and one explanatory phase diagram for each of the
(Ja, T ), (−Jb, T ), (d, Ja) and (d,−Jb) planes is presented, seen in Figs. 4(a)–(d) for various
values of interaction parameters, respectively. In these dynamic phase diagrams, the dashed,
solid and dash-dot-dot lines represent the first-order, second-order phase transitions temper-
atures and the compensation temperatures, respectively. The special points are the dynamic
tricritical point with a filled circle, the double critical end point (B), the triple point (TP), the
quadruple point (QP) and separating point depicted as the filled and unfilled triangles. The
hatched regions shown in grey are the af3/2 phase, and the hatched regions with the zigzag
lines are the af1/2 phase where the compensation effect exists in both regions; hence the total
magnetizations vanish in these regions.

Figure 3 illustrates the dynamic phase diagrams in the (d,T ) plane for various values of
the interaction parameters, and eight main distinct topological types of phase diagrams are
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Fig. 4 Same as Fig. 3, but in different planes. TP is the dynamic triple point. (a) In (Ja,T ) plane for
Jab = −1.0, Jb = 0.9, d = −3.0 and h0 = 0.1. (b) In (−Jb,T ) plane for Jab = −1.0, Ja = 2.0, d = −0.5
and h0 = 0.1. (c) In (d , Ja) plane for Jab = −1.0, Jb = 0.5, T = 0.3 and h0 = 2.2, the filled triangle
corresponds to the separation points which separate the i1 phase from the af3/2 phase. (d) In (d,−Jb) plane
for Jab = −1.0, Ja = 1.5, T = 2.0 and h0 = 2.2

found. We only present four representative and more interesting graphs. From these phase
diagrams, the following interesting phenomena and main results are observed.

(i) The phase diagrams contain the compensation temperatures.
(ii) Figure 3(d) exhibits a reentrant behavior, i.e., as the temperature is increased, the sys-

tem passes from the paramagnetic (p) phase to the ordered phases, and back to the p
phase again.

(iii) The phase diagrams of Fig. 3(d), Figs. 3(a)–(c) and Figs. 3(b)–(c) display the dynamic
tricritical, the double critical end (B), and the dynamic quadrupole (QP) points, respec-
tively.

(iv) The system contains the p, af3/2, af1/2, i1 and i2 fundamental phases and the i1 + p,
af3/2 + p, af1/2 + p coexistences or mixed phases.

(v) The dynamic phase boundaries among the fundamental phases are mostly a second-
order phase transition lines, but among the mixed phases or between the fundamental
and mixed phases are mostly first-order phase transition lines.

We also calculated the dynamic phase diagrams, including the compensation behaviors
in the (Ja, T ), (−Jb, T ), (d, Ja) and (d,−Jb) planes, and five, five, eight and seven main
distinct topological dynamic phase diagrams were found, respectively. Since most of the
phase diagrams in these planes can be readily obtained from the phase diagrams in the (d, T )
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plane, especially for very high and low values of d and T , we give only one interesting phase
diagram in each plane, see Figs. 4(a)–(d).

Figure 4(a) is obtained for Jab = −1.0, Jb = 0.9, d = −3.0 and h0 = 0.1 in the (Ja, T )

plane. The system exhibits one dynamic double critical end point (B) and the dynamic phase
boundary between the af1/2 and af3/2 phases is always a first-order phase transition line. The
dynamic phase boundaries between the af1/2 and p phases, and between the af3/2 and p
phases are second-order phase transition lines. The hatched region with the zigzag lines is
the af1/2 phase where the compensation effect exists; hence the total dynamic magnetization
vanishes. As we can see, a compensation effect disappears only when a maximum value of
Ja is reached. Moreover, if one increases Ja values, the af3/2 phase region becomes larger.
We found a phase diagram similar to the one seen in the mixed spin-1/2 and spin-1 Ising
system [44] and in the mixed spin-1/2 and spin-3/2 Ising model on a hexagonal lattice [47].

Figure 4(b) is calculated for Jab = −1.0, Ja = 2.0, d = −0.5 and h0 = 0.1 in the
(−Jb, T ) plane. As we can see, TC and Tcomp are both decreasing functions of Jb . These
results were expected because as Jb increases, MS decreases, and a lower temperature is
needed for which Mσ = MS . At a given value of Jb , the compensation temperature goes to
zero. We found a similar phase diagram to the one seen in the mixed spin-1/2 and spin-1
Ising system [44] and in the mixed spin-1 and spin-3/2 Ising system [54].

For Jab = −1.0, Jb = 0.5, T = 0.3 and h0 = 2.2, the phase diagram in the (d,Ja) plane
is presented in Fig. 4(c). One can observe that this phase diagram contains the p, af3/2,
af1/2, and i1 fundamental phases and the i1+ p, af3/2 + p, af1/2 + p coexistences or mixed
phases. The dynamic phase boundaries among these phases are mostly first-order phase
transition lines, except the boundaries between the af1/2 and af1/2 + p phases, between the
af3/2 and af3/2 + p phases for certain values of d . Moreover, this figure displays a dynamic
tricritical point, double critical end point (B), triple point (TP) and separating point (Q).
The filled triangle corresponds to the separating point which separates the af3/2 phase from
the ferrimagnetic-1 (i1) phase. As we can see, a compensation point appears only when
a minimum value of Ja is reached. As to be expected, increasing Ja above its minimum
value, the first magnetization Mσ keeps ordered up to a high value of crystal-field. However,
MS is almost constant, the crossing point between Mσ and MS changes a little, and the
compensation value is nearly constant.

Finally, Fig. 4(d) is constructed for Jab = −1.0, Ja = 1.5, T = 2.0 and h0 = 2.2 in the
(d,−Jb) plane. The p and i1 fundamental phases occur in the system, and the dynamic phase
boundary between these phases is only a second-order phase transition line. Moreover, this
figure contains the compensation temperature, but does not exhibit any dynamic critical
point. As we can see, TC and Tcomp are both decreasing functions of d . These results were
expected because as Jb increases, MS decreases, and a lower temperature is needed for
which Mσ = MS . At a given value of d , the compensation temperature goes to zero.

4 Summary and Conclusion

In this work, we have studied within a mean-field approach the stationary states of the kinetic
mixed spin-3/2 and spin-5/2 ferrimagnetic Ising model in the presence of a time-dependent
oscillating external magnetic field on a hexagonal lattice. The model consists of two inter-
penetrating sublattices with σ = 3/2 and S = 5/2. For this spin arrangement, any spin at
one lattice site has two nearest-neighbor spins on the same sublattice, and four on the other
sublattice. The Hamiltonian model includes the intersublattice interaction, intrasublattice
interaction, crystal field interaction and sinusoidal magnetic field. The intersublattice inter-
action is antiferromagnetic. We use the Glauber-type stochastic dynamics to describe the
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time evolution of the system. We have studied time variations of the average magnetizations
in order to find the phases in the system and the temperature dependence of the average
magnetizations in a period, which is also called the dynamic magnetizations, to obtain the
dynamic phase transition (DPT) points as well as to characterize the nature (continuous or
discontinuous) of transitions. The total dynamic magnetization is investigated as a function
of temperature to find the compensation temperatures and to determine the type of behavior.
Finally, dynamic phase diagrams are presented in five different planes. The phase diagrams
contain the paramagnetic (p), antiferromagnetic-1/2 (af1/2), antiferromagnetic-3/2 (af3/2),
ferrimagnetic-1 (i1), ferrimagnetic-2 (i2) phases, the af1/2 + p, af3/2 + p and i1 + p mixed
phases, and the compensation temperatures or Q-, R-, P-, S-, N- and L-type behaviors in the
Néel classification nomenclature, depending on the interaction parameters. The system also
displays the dynamic tricritical point, double critical end point, triple point, quadruple point,
separating point and reentrant behavior, which also strongly depend on interaction parame-
ters. Moreover, in general, the dynamic phase boundaries among the fundamental phases
are second-order lines, but the boundaries between the fundamental and mixed phases and
among the mixed phases are first-order lines.

Finally, we should also mention that this mean-field dynamic study, in spite of its limita-
tions, such as the correlation of spin fluctuations have not been considered, suggests that the
kinetic mixed spin-3/2 and spin-5/2 ferrimagnetic Ising model has an interesting dynamic
behavior and provides rich dynamic phase diagrams as well as the dynamic compensation
behaviors. Hence, we hope that our detailed theoretical investigation may stimulate further
works to study the nonequilibrium or the dynamic phase transition in the kinetic mixed
spin-3/2 and spin-5/2 ferrimagnetic Ising model by using more accurate techniques such as
kinetic Monte-Carlo simulations or the renormalization-group calculation. We also hope that
our results will be instructive in the time consuming process of researching critical behavior
of this system using the dynamic MC simulations.
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