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The dynamic magnetic behavior of the kinetic metamagnetic spin-5/2 Blume—Capel model is examined, within a
mean-field approach, under a time-dependent oscillating magnetic field. To describe the kinetics of the system, Glauber-
type stochastic dynamics has been utilized. The mean-field dynamic equations of the model are obtained from the Master
equation. Firstly, these dynamic equations are solved to find the phases in the system. Then, the dynamic phase transition
temperatures are obtained by investigating the thermal behavior of dynamic sublattice magnetizations. Moreover, from
this investigation, the nature of the phase transitions (first- or second-order) is characterized. Finally, the dynamic phase
diagrams are plotted in five different planes. It is found that the dynamic phase diagrams contain the paramagnetic (P),
antiferromagnetic (AFs 5, AF3 /5, AF /) phases and five different mixed phases. The phase diagrams also display many
dynamic critical points, such as tricritical point, triple point, quadruple point, double critical end point and separating point.
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1. Introduction

The metamagnetic systems are systems in which anti-
ferromagnetic and ferromagnetic interactions exist simultane-
ously. FeCl, and FeBr, are well-known metamagnets of the
Ising type.!'™ The equilibrium properties of Ising metamag-
nets have been investigated in detail.’>=171 On the other hand,
the dynamic magnetic behavior of the metamagnetic systems
has been a subject of interest for a long time. Yang!'3! stud-
ied the kinetic spin-1/2 metamagnetic Ising system by us-
ing Glauber dynamics.!"”! Zukovic and Idogaki'*’! have in-
vestigated the magnetic properties of a diluted spin-1/2 Ising
metamagnet by using Monte Carlo (MC) simulations. Sahni
et al.”!! employed MC simulations with Kawasaki dynam-
ics to investigate the dynamic behavior of the Ising meta-

magnet. Oguz!??!

investigated the spin-1/2 Ising metamag-
netic system by using the dynamic MC renormalization group
(RG) method. From this investigation, the exactly tricritical
point value was obtained. Santos and Figueiredo!?*! stud-
ied the spin-1/2 metamagnetic Ising system on a square lat-
tice through the master-equation formalism and considered the
stochastic Glauber process within the dynamical pair approx-
imation. Das and Barmal®¥ investigated the dynamic mag-
netic properties of the system in the absence of the external
magnetic field by using three-spin flip dynamics. Giilpinar et
al.1>52%1 studied the dynamics of the Ising metamagnet un-
der a time-dependent oscillating magnetic field by Glauber

27-291 have investigated the nonequi-

dynamics. Keskin et al.l
librium aspects of spin-1,1?’! spin-3/2 Blume—Capel (BC)!?8!

and spin-3/2 Blume-Emery—Griffiths (BEG)>”! metamag-
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netic Ising systems by using the dynamic mean-field approxi-
mation (MFA) based on Glauber dynamics. Giilpmar®?! cal-
culated the sound attenuation coefficient of a spin-1/2 meta-
magnetic Ising system by the thermodynamics of irreversible
processes. Deviren and Keskin[*!! examined the dynamic as-
pects of a two-sublattice Ising metamagnet on honeycomb,
square and hexagonal lattices under the oscillating magnetic
field by using the effective field theory (EFT) with correla-
tions. Acharyyal®?! studied the dynamic responses of an Ising
metamagnet in the presence of the sinusoidal magnetic field by
the MC simulations. Finally, Giilpinar and Vatansever[* have
studied the steady state solutions of the spin-1/2 metamagnetic
Ising model under a time-dependent oscillating external phys-
ical and staggered magnetic fields.

Although the majority of the studies mentioned above
have focused on spin-1/2, spin-1 and spin-3/2 Ising systems,
higher spin systems are not without interest. One of the im-
portant higher spin systems is a spin-5/2 Ising model. A
spin-5/2 Ising model is a six-state spin model, namely, S =
+5/2,43/2,4+1/2. The equilibrium properties of the spin-
5/2 Ising model have been investigated by using the MFA,
EFT, mean-field renormalization group theory (MFRG) and
MC simulations (see Refs. [34]-[43] and references therein).
While considerable progress has been made in understand-
ing the equilibrium properties of the spin-5/2 Ising model, the
nonequlibrium properties of the model have not been explored
thoroughly. There have been only few studies on the dynami-
cal aspects of the model.[*4]

To the best of the author’s knowledge, the dynamic mag-
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netic behavior of the metamagnetic spin-5/2 Ising model has
not been studied so far. The purpose of this work is to study the
nonequilibrium behavior of the kinetic metamagnetic spin-5/2
Ising model with bilinear (/) and crystal-field interactions (D)
under the time-dependent oscillating external magnetic field.
For this purpose, firstly, the mean-field dynamic equations are
constructed by using the Glauber transition rates. These equa-
tions are solved to find the phases in the system. Then, the
dynamic phase transition (DPT) temperatures are obtained by
investigating the thermal behavior of the dynamic sublattice
magnetizations. As a result of these investigations, dynamic
It is
worthwhile mentioning that the dynamic phase diagrams in
the (—
Ising systems will be given in this study, firstly.

phase diagrams are presented in five different planes.
T), (d,h), and (—a,h) planes for the metamagnetic

The paper is organized in the following manner. In Sec-
tion 2, the metamagnetic spin-5/2 BC model is briefly de-
scribed and the derivation of the mean-field dynamic equations
is given by using the Glauber-type stochastic dynamics in an
oscillating magnetic field. Numerical results and discussion
are presented in Section 3. The paper ends with a summary
and conclusion in Section 4.

2. Model and formulations

The Hamiltonian of the metamagnetic spin-5/2 Ising
model that contains a single-ion potential or crystal-field in-
teraction in addition to the bilinear exchange interaction, also
called the Blume—Capel (BC) model, is given by

H = —JZSS —J'Y SiSk

N N
-D (Zs%+ Zs§> ~H <Zsi+ Zs,) G))
i=1 j=1 i=1 j=1

In this Hamiltonian, the first term describes the antiferromag-
netic exchange constant (J < 0) with the nearest neighbor spin
(nn) in the neighboring layers. The second term denotes the
ferromagnetic exchange interaction (J' > 0) of some consid-
ered spin with the next-nearest neighbors spins (nnn) in its
layer. The D is the crystal-field interaction or a single-ion
anisotropy constant and H is a time-dependent oscillating ex-

ternal magnetic field. The H is given by

H(t) = Hypcos(wt), )

where Hy and w = 27 v are the amplitude and the angular fre-
quency of the oscillating field, respectively. The system is in

35 15 |
W"<2_>2) m<2—>2) W’( 27

(-

contact with an isothermal heat bath at absolute temperature
T.

The Glauber transition rates are employed to construct the
set of mean-field dynamic equations. The system evolves ac-
cording to a Glauber-type stochastic process at a rate of 1/t
transitions per unit time; hence the frequency of spin flip-
ping, f,is 1/t. P(S1,S2,...
bility function such that the system has the S-spin configu-

,Snst) is defined as the proba-

ration S1,S52,...,Sy at time . The time dependence of this
probability function is assumed to be governed by the master
equation which describes the interaction between spins and the
heat bath. In Glauber dynamics, the transition probabilities of
the individual spins are assumed to depend on the momentary
values of the neighboring spins as well as on the influence of
the heat bath. W;(S; — S!) is the transition probability per unit
time that the i-th spin changes from the value S; to S while
the others remain momentarily fixed. Therefore, if the spins
on sublattice B remain momentarily fixed, the master equation

for sublattice A can be written as

d

EPA(Sl,Sz,...,SN;Z‘)
SN DIACER)
i\ S;#S;
X PA(81,82,...,8i,...,Sn31)
+Y 1 Y wA(si—s)
i\ Si#S;
x P2 (S1,80,..., 80 ...Snit) . 3)

Since the system is in contact with a heat bath at absolute tem-
perature 7', each spin can change from the value S; to S with
the probability per unit time

1 exp (—BAEA(S; — S)))

W (S —>S/) TZexp ﬁAEA S—)S’))

“

where B = 1/kgT, kg is the Boltzmann factor, ¥ is the sum

over the six possible values of S} = +5/2,43/2, :t1/2 and

—(Si—s <JZS +7'Y S +H)
— [(8)* = ()% D

is the change in the energy of the system when the S; spin

ASi—S8)) =

&)

changes, which can be found by using Eq. (1). Using the de-
tailed balance condition, 2821 we obtain

070511-2



Chin. Phys. B Vol. 23, No. 7 (2014) 070511

| o (2BD) o (56x/2) ]
"~ 72e(BD) cosh(5Bx/2) + 2e(-2BD) cosh(3Bx/2) + 2e(—4BD) cosh(Bx/2) (6a)
5 3 1 3 1 3 3 3 5 3
W"(zﬁz) W’<2H2) Wi 2%2> W’( 272 Wl( 2%2>
) o(~2BD) o (36x/2) o
"~ 72e(BD) cosh(5Bx/2) + 2e(-2BD) cosh(3Bx/2) + 2¢(—4BD) cosh(Bx/2) (66)
5 1 3 1 1 1 3 1 5 1
W’(zﬁz) W’<2H2) Wi 2%2> W’< 2%2> W’( 2%2>
1 o(—4BD) o (x/2) )
~ 72e(BD) cosh(5Bx/2) +2e(=2PD) cosh(3Bx/2) 4+ 2e(~4PD) cosh(Bx/2)’ (6¢)
5 1 3 1 1 1 3 1 5 1
W’(z—> 2) m<2—> 2 W’(z_> 2> W’< 27 2> W’( 27 2>
1 o (—4BD) o (~B1/2) "
~ 72e(BD) cosh(5Bx/2) 4 2e(=2BD) cosh(3Bx/2) 4+ 2e(~4PD) cosh(Bx/2)’ o)
5 3 3 3 1 3 1 3 5 3
W’(z_> 2) m<2—> 2 W’(z_> 2> W’< 27 2> W’( 27 2>
: o (~2BD) o(~365/2) ]
"~ 12e(BD) cosh(5Bx/2) + 2e(~2BD) cosh(3Bx/2) + 2e(—*BD) cosh(Bx/2)’ (6e)
5 5 3 5 1 5 1 5 3 5
A2 0 2N wal2 s 2 Y Cwal L 2 Al L 2N A 22
W"(z_> 2) m<2—> 2) W’(z_> 2) W’< 2 2> W’( 2 2>
1 e<2BD>e(75ﬁx/2)
= - ; (61)

7 2e(2BD) cosh(5Bx/2) +2e(~2BD) cosh(3Bx/2) +2e(~4BD) cosh(Bx/2)
where x = J ZS +J' ZSk + H. Notice that, since WA(S — %) does not depend on the value S;, we can therefore write

nnn
WA(S; — S}) = WA(S!). Hence, the master equation becomes

d
aPA(SI,SZ,...,SN, = Z(ZWA )PA(SI,SZ, ,Si,...,SN;t>

i \S#S

+ZWA < Y PR (51,8, ,s;,...,sN;t)>. (7)

Si#S!
Multiplying both sides of Eq. (7) by S for ma and then taking the average, we obtain

o4 ($)a= —(S) 5¢(BP)sinh (58y/2) 4 3¢ ~2PP) sinh (3By/2) + e ~*FPsinh (By/2)
dr AT AT 2e@BD) cosh (5By/2) +2e(=2BD) cosh (3By/2) +2e(~4BD) cosh (By/2)’

®)

where y = 5(S)g + 7/ (S)a + Hocos(®t), 3 = Jz, and 7 = J'7, z and 7 are the coordination numbers for this model. The system
evolves according to the differential equation given by Eq. (8) that can be written in the following form in terms of a mean-field
approach:

d 5¢2!/Tsinh (5a/2aT) +3e /" sinh (3a/2aT) + e~*!/T sinh (a/2aT)

Q-Smp = —mp+ :
ge’ma T T 2e2d/T cosh (5a/2aT) +2e~24/T cosh (3a/2aT) +2e~44/T cosh (a/2aT)

where a = (mp + ama + othcos(E)), ma = (S)a, mp = (S)p, a =J' /], E=wt, T = (BJ) ', h=Hy/J',d=D/J,and Q = tw.
Now, assuming that the spins on sublattice A remain momentarily fixed and the spins on the sublattice B change, we obtain

©))

mean-field dynamic equation for the sublattice magnetization mp with the similar calculation as

0~ e 5e¢24/T sinh (5b/2aT) 4 3e24/T sinh (3b/2aT) 4 e ~*¥/T sinh (b/2aT)
d€" T BT 2e2/T cosh (5b/20T) + 2 24/T cosh (3b/2aT) + 2e—44/T cosh (b/2aT)’

10)

where b = (ma + amp + ahcos(&)). Hence, the set of the mean-field dynamic equations for the sublattice magnetizations is
obtained. J = —1.0, /27 = 1.0, and z = 7’ = 4 are taken in all calculations.
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3. Numerical results and discussion

3.1. Time variations of the average sublattice magnetiza-

tions

In this section, firstly, the phases in the system will be
found by investigating the time variations of the average sub-
lattice magnetizations (ma (€) and mg(&)). For this purpose,
the stationary solutions of the dynamic equations, given by
Egs. (9) and (10), should be studied for the different values of
T, a, d, and h. The stationary solutions of Egs. (9) and (10)
will be a periodic function of £ with period 27, that is,

ma (§+27m) =ma (8), (11a)

and

mp (& +27m) =mg (§). (11b)

Moreover, they can be one of two types according to whether
they have or do not have the property

ma (§+7) =—ma (), (12a)

and

mg (§+ 1) =—mg (&). (12b)

Type 1 The first type of solution satisfies Eq. (12) and
is called a symmetric solution. This solution corresponds to

3
(a) 3] (b) —
2
2
g ! T o1
::1 mA(f) = mp(§) \;:/:
= 0 S0
o) <
s =
S g -1
9 =2 mg(§)
-3
—3
0 20 40 60 80 100 0 20 40 60 80 100
3 3

paramagnetic (P) phase. It occurs at high temperature or at
high values of external magnetic field. In this solution, m4 (&)
and mp (&) are equal to each other. They oscillate around the
zero value and are delayed with respect to the external mag-
netic field. An example of such a case is shown in Fig. 1(a).

Type 2 The second type of solution which does not sat-
isfy Eq. (12) and is called a nonsymmetric solution. This so-
lution corresponds to an antiferromagnetic (AF) phase. In this
case, ma (&) and mp (&) do not follow the external field and
oscillate around the nonzero value. If ma (&) and mg (&) oscil-
late around +1/2 and F1/2 respectively, this solution is called
the antiferromagnetic-1/2 (AF /) phase; if ma (§) and mg (&)
oscillate around 43 /2 and F3/2 respectively, this solution is
called the antiferromagnetic-3/2 (AF3, ) phase; if ma () and
mp (&) oscillate around +5/2 and F5/2 respectively, this so-
lution is called the antiferromagnetic-5/2 (AFs ;) phase. The
example for AFs; phase is given in Fig. 1(b).

On the other hand, there are mixed phase regions in
which both phases coexist depending on the interaction pa-
rameters and initial values. These regions occur in the system
at low values of the temperature. The examples for AF ,+P
and AF,; + AF;); + AFs/, mixed phase regions are shown
in Figs. 1(c) and 1(d), respectively. Moreover, AFs/+P,
AFy ), + AF3)5, and AF| ), + AFs/, mixed phase regions also
exist in this system.

2.0

md ()

ma(§) = mz(£)

ma(§), mp(€)

ma(€), mp(€)

—1.0

mi(e)

—2.0

20 10 60 50 100 0 10 20 30 40 50
3 13

Fig. 1. Time variations of the average sublattice magnetizations (ma (§) and mg(&)): (a) A paramagnetic phase (P) for « = —0.1,d = —2.5,h =2.2,
and T = 1.4. (b) An antiferromagnetic-5/2 phase (AFs/,) for & = —0.5,d = 5.0, h = 3.0, and T = 1.0. (c) A mixed phase region (AF;/, +P) for
a=-0.1,d=-3.0,h=1.7,and T =0.1. (d) A mixed phase region (AF1/2 +AF;), +AF5/2) fora=-01,d=-19,h=04,and T =0.2.

3.2. Thermal behavior of the dynamic sublattice magneti-

zations

In order to find the dynamic phase boundaries among the
phases, it is necessary to calculate the dynamic phase transi-
tion (DPT) temperatures. The DPT temperatures will be ob-
tained by investigating the thermal behavior of the dynamic
sublattice magnetizations. Moreover, from this investigation,
the nature of phase transitions (continuous or discontinuous)
will be characterized.

The dynamic sublattice magnetizations (Ma,Mp) are de-
fined as

1

My = —
A 2n

./()MmA(i)déj (13a)

and

Mg (13b)

1 2n
- 5x | m(©)ag.

Equations 13(a) and 13(b) are solved by combining the
numerical methods of Adams—Moulton predictor—corrector
method with the Romberg integration. The behaviors of the
My and Mp as a function of the temperature for several val-
ues of the interaction parameters are given in Figs. 2(a)—
2(e).
second-order (also called Neel temperature) and the first-

In these figures, T, and T; are the critical or the

order phase transition temperatures, respectively. Figure 2(a)
shows the thermal behavior of M, and My for o« = —0.5,
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Fig. 2. Thermal behavior of the dynamic sublattice magnetizations (Ma,Mp). (a) A second-order phase transition from the AF5/, phase to the
P phase for @ = —0.5,d =5.0 and h = 4.0, and T is found to be 24.35. (b) A first-order phase transition from the AF| , phase to the P phase
for @ = —0.5,d = —4.0, and h = 2.3, and T; is found to be 0.55. (¢) A second-order phase transition from the AF; /, phase to the P phase for
a=—0.1,d =—-2.5, and h = 0.2 and the initial values of M, and Mg are taken as 0.5 and —0.5; T is found to be 1.27. (d) Two successive
phase transitions, the first one is a first-order phase transition from the AF;/, phase to the AF;/; phase and the second one is a second-order
phase transition from the AF; ), phase to the P phase for oo = —0.1, d = —2.5, and / = 0.2 and the initial values of M and Mp are taken as
1.5 and —1.5; T; and T; are found to be 0.55 and 1.27, respectively. (e) Three successive phase transitions. The first one is a first-order phase
transition from the AFs, phase to the AF;/, phase, the second one is also a first-order phase transition from the AF3/; phase to the AF; ),
phase, and the third one is a second-order phase transition from the AF}; phase to the P phase for & = —0.1,d = —2.5, and & = 0.2 and the
initial values of M and My are taken as 2.5 and —2.5; Tt/ , Tt and T; are found to be 0.26, 0.55, and 1.27, respectively.

d=5.0,and h =4.0. In this figure, Mo =5/2 and Mg = —5/2
at zero temperature and as the temperature increases, M de-
creases, and Mp increases continuously and they meet at T¢.
Hence, a second-order phase transition occurs at T, = 24.35
and the transition is from the AFs; phase to the P phase. Fig-
ure 2(b) presents the existence of 7t when o = —0.5, d = —4.0,
and & = 2.30. In this figure, Mp = 1/2 and Mg = —1/2 at zero
temperature and as the temperature increases, M decreases
and Mp increases until they make jumps to zero at 7;. Then,
My and Mp are always zero. Therefore, the system undergoes
first-order phase transition at 7 = 0.55, because the disconti-
nuity occurs for M and Mg and transition is from the AF;
phase to the P phase. Neither solution does depend on ini-
tial values. Figures 2(c)-2(e) illustrate the thermal behavior
of the M and Mp for & = —0.1, d = —2.50, h = 0.20, and
three different initial values; i.e., the initial values are taken as
MA = 1/2, MB = —1/2 for Fig. 2(C), MA = 3/2, MB = —3/2
for Fig. 2(d) and My = 5/2, Mg = —5/2 for Fig. 2(e). Fig-
ure 2(c) is similar to Fig. 2(a), but in this case, the phase tran-
sition is from the AF;/, phase to the P phase at 7c = 1.27.
In Fig. 2(d), the system undergoes two successive phase tran-
sitions: the first one is first order, because the discontinuity
occurs for the M and Mp at T; = 0.55. Transition is from the
AF;/, phase to the AF;/, phase. The second one is second
order from the AF;/; phase to the P phase at 7; = 1.27. Fi-
nally, in Fig. 2(e), the system undergoes three successive phase
transitions: The first one is a first-order transition from the

AFs ; phase to the AF; /; phase at T, = 0.26, the second one is
also a first-order transition from the AF; ; phase to the AF; ),
phase at T; = 0.55, and the third one is a second-order phase
transition from the AF,; phase to the P phase at 7. = 1.27.
From these figures, it is clearly seen that the system exhibits
AFy ), + AF3; + AFs); and AF;/; + AF;3/; mixed phase re-
gions until 7 = 0.26 and T; = 0.55, respectively. This fact is
seen in the phase diagram of Fig. 3(d) explicitly, by compar-
ing in Figs. 2(c)-2(e) with Fig. 3(d). In Figs. 2(c)-2(e), the
obtained solutions depend on the initial values of M and Mz.

3.3. Dynamic phase diagrams

Since the DPT temperatures among the existing phases
have been obtained in the previous section, now, the dynamic
phase diagrams of the kinetic metamagnetic spin-5/2 Blume—
Capel (BC) model can be presented. The calculated dynamic
phase diagrams are presented in the (T,h), (d,T), (—o,T),
(d,h), and (— o, h) planes in Figs. 3—7, respectively for the var-
ious values of interaction parameters. In these dynamic phase
diagrams, the second-order phase transition temperatures indi-
cated with solid lines and the first-order phase transition tem-
peratures are shown with dashed lines. The dynamic tricritical
point is the point at which solid and dashed lines are combined
and denoted with filled circle.

Figure 3 shows the dynamic phase diagrams in the (T, k)
plane for the various values of d and o« and eight main
topological dynamic phase diagrams are found. The set of
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range of d and o parameters for the dynamic phase diagrams
in this plane is given in Table 1. If one investigate these dy-
namic phase diagrams, one can observe following interesting
results. (i) All phase diagrams exhibit one dynamic tricriti-
cal point. (ii) The dynamic triple point (TP) is observed only
in Fig. 3(e) that three stable solutions or phases coexist in the

14 14
R (a) (b)
AFs5p+P >y P
_____ AF5/2+P
<= 7 < 7
AF5/ AF5);
AFy/0+AF5)2
0 0
0 9 18 27 0 4 8 12
T T
2.5
[ © )
- p , p
2.0 S\_:;T\P_ 2.8 \\\\
1.5{ o
< AFy0+P <
1.0 AFy) 1.4 AF1/
0.5 \\ AF1/2+AF3/2 \\ AF1/2+AF3/2
0+— 0+—1
0 0.4 0.8 1.2 0 0.6 1.2 1.8
T T

system. (iii) The dynamic phase boundary between the param-
agnetic and antiferromagnetic phases is usually second-order
phase transition lines. On the other hand, the boundaries be-
tween the paramagnetic and mixed phases and between the
antiferromagnetic and mixed phases are first-order phase tran-
sition line.

1.5 2.5
\\\AFs/z (d)
N 2.0 e P
1.0 « R
N 1.5
7 ) N
N\ % 2 I RAN
051 7\ = NEAN
A 0.5] N % QEyHARyFAr:)
=) | |
0 S 0 N |
0 1.0 0 0.4 0.8 1.2
T
5 2.5
(g) (h)
44 2.0~ P
\\\ P AFLE{E&
3 S~ 1.57
< <
2 1.0
AFq)2 AF,
1 0.5 e
0 0
0 06 12 1.8 24 0 0.4 0.8 1.2
T T

Fig. 3. Dynamic phase diagrams of the kinetic metamagnetic spin-5/2 Blume-Capel (BC) model in the (7', %) plane. Dashed and solid lines
are the dynamic first- and second-order phase transition lines, respectively. The dynamic tricritical point is indicated with filled circle (o). TP
is the dynamic triple point. (a) @ = —0.5and d = 5.0, (b) a = —0.5and d = -2.2, (c) a = —0.1 andd = —1.9,(d) « = —0.1 and d = 2.5,
(e)a=—-0.1landd =-3.0,(f) o =—0.5and d = —4.0, (g) « = —0.95and d = —6.0, (h) « = —0.1 and d = —11.0.

Table 1. The set of range of d and o parameters for the dynamic phase diagrams in the (7, h) plane.

Figure Set of range of d and « parameters

3(a) for o = —0.5,d > —1.5676; for d = 5.0, every o values

3(b) for o = —0.5, —1.5676 > d > —2.3125; ford = —2.2, —0.4250 > o > —1.1250
3(c) forax = —0.1, —1.7074 >d > —2.1972; ford = —1.9, 0.0 > o« > —2.2277

3(d) for ¢ = —0.1, —=2.1972 > d > —2.6926; for d = —2.5, —0.0226 > a > 0.2501
3(e) for o = —0.1, —2.6926 > d > —3.1624; for d = —3.0, —0.0455 > o > —0.4250
3(f) for ¢ = —0.5, —=3.1320 > d > —4.2455; ford = —4.0, —0.4172 > a > —0.9055
3(g) for o = —0.95, d < —3.9025; for d = —6.0, every « values

3(h) foroo = —0.1,d < —3.1624; ford = —11.0, 0.0 > o« > —0.8950

Figure 4 illustrates the dynamic phase diagrams in the
(d,T) plane for various values of o and & parameters and five
main different topological types of dynamic phase diagrams
are seen. The set of range of & and & parameters for the dy-
namic phase diagrams in this plane is given in Table 2. The fol-
lowing interesting phenomena have been observed from these
phase diagrams. (i) The dynamic tricritical point is only seen
in the phase diagram of Fig. 4(b). (ii) The system exhibits one
or two dynamic TPs (see Figs. 4(b)—4(e)). (iii) Figure 4(e)
contains a dynamic quadruple point (QP) where four stable
solutions coexist. (iv) Figures 4(c)—4(e) display interesting
dynamic critical point. This point might be called a double

critical end point (B) due to the reason that two different criti-

cal phases coexist. This point occurs for negative values of d
in the system. (v) All dynamic phase boundaries among the
mixed phases are first-order phase transition line.

Figure 5 represents the dynamic phase diagrams in the
(—a,T) plane for various values of d and h parameters and
six different phase topologies are obtained. The set of range
of d and h parameters for the dynamic phase diagrams in this
plane is given in Table 3. The basic properties of these phase
diagrams are given as follows. (i) Figures 5(b) and 5(e) contain
one dynamic tricritical point. (ii) The phase diagrams display
one or two dynamic TPs (see Figs. 5(b), 5(d), and 5(e)). (iii)
The dynamic B appears in Fig. 5(d). (iv) In Figs. 5(c) and 5(d),

the filled triangle corresponds to the separating point which
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separates the AF;/, phase from the AFs/, phase. This point  the phases is only a second-order phase transition line. The
has been observed previously in different systems.’*8 (v)  mixed phases are separated from each other first-order phase
In Figs. 5(a) and 5(f), the dynamic phase boundary between  transition line.

12 (a) 12 (b) ()
12
P P P
8 8 - 8
’ &
&~ & // AF
4 AF 4 / o ARz [ AR,
5/2 / 41 AF P
op! AF5)p+P 1/2+
'\ j\ TP B
O 1 AY 0 ___________
-3 -2 —1 0 1 —2.0 —~1.0 0 —6 —4 -2 0
d d d
25 12
(d) (e)
20 P
P
8
15
~ &~
10
AT, o+ AFs o 4 AF, o+ AF3 5+ AF5 s
1/2 3/2 5 AFUAR, g 1/2 3/2 /2
5 AT /2 AFs 2+ AFs 2 VAR AR
Ky Qp
0 = 0
8 —4 0 -3 -2 —1 0
d d

Fig. 4. Same as Fig. 3, but in the (d, T') plane. QP and B are the dynamic quadruple point and the dynamic double critical end point,
respectively. (a) @ = —0.1 and h = 6.0, (b) « = —0.1 and h =4.0, (c) o = —0.1 and h =2.0, (d) « = —0.1 and h = 1.0, (e) x = —1.0

and h =0.1.
Table 2. The set of range of o and h parameters for the dynamic phase diagrams in the (d,T) plane.
Figure Set of range of & and / parameters
4(a) for h =6.0, a < —0.0041; for o = —0.1, h > 4.2852
4(b) for h =4.0, —0.06398 > o > —0.1455; for a = —0.1, 2.0945 < h < 4.2852
4(c) for h =2.0, —0.0523 > o« > —0.3460; for oe = —0.1, 1.8750 < h <2.0945
4(d) for h = 1.0, every « values; for ¢ = —0.1, h < 1.8750
4(e) for h = 0.1, every o values; for o« = —0.1, h < 3.3831
30 30 20
(a) (b)
P P
15
20 20
=~ & /// & 10
10 10 TP/ .
AFs5) //\\ AFs5/2 . ARy )+ AF5)0+ AFs)2
\
4 \ AF,,
7 AF5/5+P \ :;2\\/ AF1/2+AF5),
0 0 2 \ 0 ~= ‘72_-_-
0 02 04 06 08 1.0 0 02 04 06 08 1.0 0 02 04 06 0.8
—a —a —a
2.0 2.5
(d) (e) (f)
p 2.0 P
1.5
1.5
& 10 &
1.0
AF/9+AF3/5+AF5), AFy)2
AF)2+AF5) 0.5 , 0.5 AP
/
s AF P
_________ TP L 7 1/27+ 0
1.0 0 02 04 06 08 1.0 0 02 04 06 08 1.0
—a —a

Fig. 5. Same as Fig. 3, but in the (—a,T) plane. The filled triangle (V) separates the AF;/, phase from the AFs/, phase. (a) d = 1.0 and
h=0.1,(b)d =5.0and h =10.0, (c)d = —2.0and h=0.1,(d)d = —2.50 and h = 0.7, (e) d = —11.0and h = 2.0, (f)d = —5.0 and h = 0.1.
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Table 3. The set of range of d and h parameters for the dynamic phase diagrams in the (—ot, T) plane.

Figure Set of range of d and h parameters

5(a) forh=0.1,d > —1.3128; ford = 1.0, h < 8.3872

5(b) for h =10.0,d > —1.3825; ford = 5.0, h > 9.3440

5(c) forh=0.1, —1.3128 > d > —2.1682; ford = —2.0, h < 1.2371
5(d) forh=0.7, —=2.0348 > d > —3.1304; ford = —2.5, h <2.1104
5(e) forh=2.0,d < —2.5236; ford = —11.0, 1.7973 < h <2.8872
5(f) forh=0.1,d < —2.3895; ford = —5.0, h < 1.7972

The calculated dynamic phase diagrams in the (d, /) plane
are presented in Fig. 6 for various values of o and T param-
eters and five different phase diagrams are found. The set of
range of the o and T parameters for the dynamic phase dia-
grams in this plane is given in Table 4. If one investigate these
dynamic phase diagrams, one can observe the following inter-
esting main results. (i) The phase diagrams exhibit one or two
dynamic tricritical points. (ii) One, two, or three dynamic TPs
occur in the system for negative values of d. (iii) One dynamic
QP is observed in Figs. 6(d) and 6(e). (iv) Fig. 6(e) contains
the dynamic B, but the others do not. (v) In Fig. 6(c), the filled
triangle separates the AF /; phase from the AFs ; phase at low
values of h. (vi) In Fig. 6(a), the dynamic phase boundary is
only second-order phase transition line, which separates the
AFjs ), phase from the P phase. In Fig. 6(e), all phase bound-
aries among the phases are first-order phase transition line.

Finally, figure 7 shows the dynamic phase diagrams in the
(—o, h) plane for various values of d and T parameters and six

and T parameters for the dynamic phase diagrams in this plane
is given in Table 5. The following main results have been ob-
served from these phase diagrams. (i) Figure 7(a) displays the
dynamic tricritical point at high values of 4. (ii) In Fig. 7(e),
the dynamic TP occurs in the system. (iii) In Fig. 7(f), the
dynamic phase boundary is a second-order phase line, which
separates the AF /; phase from the P phase. In Figs. 7(b)-7(e),
all dynamic phase boundaries among the phases are first-order
phase transition line. In Fig. 7(a), the dynamic phase boundary
between the AFs ), and P phases is a second-order phase line
at low values of / and a first-order phase line at high values of
h.

It should be mentioned that very similar phase dia-
grams to Figs. 3, 4(a), 5(a), 5(f), 6(a), 6(b), 7(a), 7(b),
and 7(f) were obtained in kinetic spin systems with different
spins.[28:495-581 O the other hand, the dynamic phase dia-
grams in Figs. 4(b)—4(e), 5(b)-5(e), 6(c)-6(e), and 7(c)-7(e)
are new phase diagrams, which were obtained for only this

different phase topologies are obtained. The set of range of d  system.
8 12 v
16 (b) (c)
I S )
S=zo—e P
6 T ~<z7
12 8 ‘\t
. AF;/0+P
< 4 < 5/2
8 <= P AF5/9+P
) AF5 4
4 AFs5)
0 0 0 AR
4 —4 —2 0 -5 -3 —1
d d d
12
@ e
12 ZIIIcod .~
P
/ AF5)2+P
8 P A
8 AF5/2+P i
< l' AF5/2 < ,I AF5/2
I' AFy2+P /IAF,,H»AF»;,,Q
AF 12+ AFyp AF 1o+ AF30+AF52 4 A /
AN _lor / /AR ot ARy 4 AR
AV Rt it (=18 J A AT
Af XX / AR e K77~
0 L 1 17\ 0 ya 1 N kN
-6 —4 —2 0 2 -6 -3 0 3
d
Fig. 6. Same as Fig. 3, but in the (d, /) plane. (a) @ = —0.1and 7 =20.0, (b) a = —1.0and T =4.0, (¢c) a = —0.1 and T = 1.0, (d) o« = —0.8

andT =0.2,(e) a =—0.1and T =0.1.
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Table 4. The set of range of ¢ and T parameters for the dynamic phase diagrams in the (d,4) plane.

Figure Set of range of & and T parameters
6(a) for T =20.0, oc > —0.5998; for e = —0.1, T > 13.169
6(b) for T = 4.0, every o values; for o = —1.0, T > 3.253
6(c) for T = 1.0, o > —0.8082; for oo = —0.1, 0.5036 < T < 13.169
6(d) for T =0.2, @ < —0.7475; for ¢ = —0.8,0.1675 < T < 0.9537
6(e) for T =0.1, & > —0.8995; for ¢ = —0.1, T < 0.5036
16 25
(a), P ) 161 P (),
ad 20 - i =T _-
121 P -7 12 ,/::/”¢[
15 - _==::”’
< - ///’ AFs/zi‘E/, = AF AF5/0+P
8 10+-" _ =T < 81 5/2
,,,, 1AF12+AF3)
., AF5)2 5 AF5/2 4 /
kAo AF1/0+AF5)2
. R
0 0.2 0.4 0.6 0.8 1.0 0 0.2 0.4 0.6 0.8 1.0 0 0.2 0.4 0.6 0.8 1.0
— — —Q
4
4 (d) (e) (f)
P _ P Pt 3 P
e -
Py 3 -
3 PR =
- ’ /53 TP _-~ 2
Pre /! < -7
<~ 2 e e 2 =27 <
L~ /fc”’\/ N [ >=—=>= AT /»+P
=y r AFy
r 3 1 1/2
1 AFy ) 7 Trs 1
/ Ny & AF1/2
/S
/<
0 / (X 0 0
6 02 04 06 08 10 0 02 0.6 0.8 1.0 02 04 06 0.8 1.0
— —Q —Q

Fig. 7. Same as Fig. 3, but in the (— o, /) plane. a)d = —1.0 and T = 8.0, (b) d =2.0 and T = 0.250, (c)d = —1.80 and T = 0.1, (d)
d=—-4.0and T =0.15,(¢)d = —10.0and T = 0.25, (f)d = —11.0 and T = 1.0.

Table 5. The set of range of d and T parameters for the dynamic phase diagrams in the (—a, k) plane.

Figure Set of range of d and T parameters

7(a) For T =8.0, —=3.9115 <d <2.1412; ford = —1.0, 1.6750 < T <9.1201
7(b) For T =0.25,d > —1.4629; ford =2.0, T <7.9375

7(c) ForT =0.1, —1.9352 <d < 1.6116; ford = —1.8,0.0 <T <0.3650
7(d) For T =0.15, —5.6260 < d < —2.6799; ford = —4.0, T <2.1012

7(e) For T =0.25, d < —2.5368; ford = —10.0, T < 0.4391

7(f) ForT =1.0,d < —-2.1163; ford = —11.0,0.5038 < T < 1.9733

4. Summary

In this work, the nonequilibrium or dynamic phase tran-
sitions of the kinetic metamagnetic spin-5/2 Blume—Capel
model in the presence of a time-dependent oscillating exter-
nal magnetic field have been investigated. The time evolu-
tion of the system was described by a stochastic dynamics of
the Glauber type. By using the master equation, the dynamic
mean-field equations of the system have been obtained. The
time variations of the order parameters are investigated to find
the phases in the system. As a result of this investigation, it has

been found that the system exhibits two solutions or phases:
paramagnetic (P) and antiferromagnetic (AFs/,, AF;/,, and
AF|y). Moreover, the system contains five mixed phase re-
gions (AFs ) + P, AF , + P, AF 5 + AF3 5, AF| 5 + AF5 5,
and AF; ), + AF;3 5 + AFs ;) composed of binary and ternary
combination of these phases. The mixed phase regions usu-
ally occur at low values of the temperature. Then, the thermal
behavior of the order parameters in a period, also called the
dynamic order parameters, are studied in order to characterize

the nature of phase transitions and to obtain the dynamic phase
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transition (DPT) temperatures. After all these investigations,
the dynamic phase diagrams have been presented in the (7', /),
d,T), (—a,T), (d,h) and (—a,h) planes for different values
of the interaction parameters. The system also displayed many
dynamic critical points, such as tricritical, triple point (TP),
quadruple point (QP), double critical end point (B), and sepa-
rating point.

Finally, we should emphasize that this mean-field dy-
namic study, in spite of its limitations, e.g., the correlation
of spin fluctuations have not been considered, suggests that
kinetic metamagnetic spin-5/2 Ising model has an interesting
dynamic behavior and gives rich dynamic phase diagrams.
It is quite different from the standard Ising model, and it
would be worthwhile to further explore it by using nonper-
turbative methods such as kinetic Monte—Carlo simulations or
renormalization-group calculations. Moreover, our results will
be instructive in the time-consuming process of searching the
critical behavior of this system while using the dynamic MC
simulations, as well as they may give some light for experi-
mental works.
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