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In this work, the hysteresis behavior of a nanotube, consisting of a ferromagnetic core of spin-1 atoms surrounded by
a ferromagnetic shell of spin-1 atoms with ferro- or anti-ferromagnetic interfacial coupling is studied in the presence of a
random magnetic field. Based on a probability distribution method, the effective-field theory has been used to investigate
the effects of the random magnetic field, the interfacial coupling constant, and the temperature on the hysteresis loops of
the nanotube. Some characteristic behaviors have been found, such as the existence of double or triple hysteresis loops
for appropriate values of the system parameters. The remanent magnetization and the coercive field, as functions of the

temperature, are examined.

Keywords: effective-field theory, nanotube, critical phenomena

PACS: 64.60.De, 61.46.Fg, 68.35.Rh

1. Introduction

Magnetic nanomaterials have recently attracted consid-
erable attention and intensive research due to their promis-
ing applications in diverse areas of high-density mag-

121 magnetic resonance imaging,*! non-

netic storage media,!
linear optics,! ferrofluids,® environmental remediation, !
catalysis,[’! and biomedicine.l¥! Theoretically, the mag-
netic properties of nanoparticles have been widely in-
vestigated by the use of various techniques, including
the mean-field theory,[gl effective-field theory,[lo‘m Monte

3-17] Green’s function technique,!'%!]

Carlo simulations, !
and Bethe—Perils approximation.[?”! For example, Zaim et
al.''% have discussed the magnetic behavior of a ferrimag-
netic core/shell nanoparticle. They have found that the sys-
tem can exhibit one or even two compensation temperatures.
Canko et al.,!"! have investigated the Blume—Capel model on
a cylindrical Ising nanotube. They have obtained that the tri-
critical point depends on the coupling constant between the
core and the surface shell. In a recent work, Kaneyoshi[m]
observed that the existence of reentrant behavior and compen-
sation point in a decorated Ising nanowire is dependent on the
system parameters.

The hysteresis behaviors in magnetic nanoparticles is a
[21-27] Recently, Ke-

skin et al.!>! have investigated the hysteresis loops of the

common interest of many research works.

cylindrical Ising nanowire defined by Kaneyoshi,!?$%°! for the
reduced temperatures below, around, and above the critical
temperature. They have observed that the results of hystere-
sis behaviors of nanowires are in good agreement with both

DOI: 10.1088/1674-1056/22/11/116401

theoretical and experimental results. Within the mean field ap-
proximation, Usov et al.[*") have studied the magnetic prop-
erties of a composite nanoparticle having an inner ferromag-
netic core and an outer antiferromagnetic shell. It is shown
that the coercive force increases as a function of the antifer-
romagnetic shell thickness. Moreover, The dependence of re-
manence and coercivity on the exchange and dipolar magnetic
fields of the nanoparticle systems is studied in Ref. [31]. It
is found that both remanence and coercivity decrease with the
increase of temperature. Based on the Monte Carlo simula-
tion, the effects of size and surface anisotropy on hysteresis
loops of a small spherical particle have been investigated. 3!
These simulations showed that the hysteresis loops and coer-
civity are strongly affected by the particle size and the thick-
ness of the surface layer with large anisotropy. Using the
effective-field theory with correlations and the Glauber-type
stochastic approach, 3334 Deviren er al. have studied hystere-
sis loop areas and correlations of a cylindrical Ising nanotube
or nanowire in an oscillating magnetic field.

During the last few years, the interest in magnetic systems
at a nanometric scale has grown due to their interesting mag-
netic properties, which are significantly different from those
of the bulk. In recent works, the effective-field theory with
correlations has been used to study the magnetic properties
of the mixed spin (1, 3/2) ferrimagnetic cubic nanowire!!
and the mixed spin (3/2, 5/2) ferrimagnetic nanoparticle. 3%
One or two compensation points have been found for cer-
tain values of the system parameters. In Ref. [37], the influ-

ences of the crystal fields on the phase diagram of a mixed
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spin (1, 3/2) ferrimagnetic nanoparticle have been investigated
by using Monte Carlo simulation. It has been found that the
system exhibits tricritical and compensation points. Jiang et
al.®) have studied the effect of the single-ion anisotropies
on the magnetization plateaus of a ferrimagnetic mixed-spin
nanoparticle at very low temperature in detail. In Ref. [39]
Guo et al. developed a method to study the magnetic suscepti-
bility and the hysteresis loop of mixed ferri-ferrimagnets com-
posed of Prussian blue analogs with an orthorhombic struc-
ture. The results have shown that the magnetic susceptibility
including the initial magnetic susceptibility of the novel mag-
net Sy GdilL, [Cr'"! (CN)g).

In partlcular,
[29]

we pay attention to the work of
Kaneyoshi,'””! where the magnetization and susceptibility of
a cylindrical core/shell spin-1/2 Ising nanotube within the
effective-field theory with correlations have been investigated.
However, the study of the effects of the random magnetic field
on the hysteresis behaviors of a spin-1 Ising nanotube with
core/shell morphology has not been done. Therefore, the pur-
pose of this paper is to investigate the hysteresis behaviors of
an Ising nanotube, using an effective-field theory based on a
probability distribution method. We also investigate the tem-
perature dependence of the coercivity and remanent magneti-
zation.

The rest of the paper is arranged as follows. In Section 2,
we give the model and the formalism. In Section 3, we present
the results and discussion, while Section 4 is devoted to a brief
conclusion.

2. Model and formalism

We consider an Ising nanotube model in a random mag-
netic field consisting of a spin-1 ferromagnetic core which is
surrounded by a spin-1 ferromagnetic surface shell (Fig. 1).
Each spin is connected to the two nearest-neighbor spins on
the above and below sections. The Hamiltonian of the model
is given by

H=—J.Y SiSi—=J Y SuSu—Jint Y, SiSm— Y hiSi
(i.J) (m.n) (i.m) i
_thSm_H<ZSi+ZSm>a (1
m i m

where the J. and Js are the exchange interaction parameters
between two nearest neighbor magnetic atoms at the core and
the surface shell, and Jj, is the exchange interaction between
two neighbor magnetic atoms at the surface shell and the core,
S; is the spin, which takes the values £1,0 at each site i of
the Ising nanoparticle model and a summation indexes (i, j),
(m,n), and (i,m) denote a summation over all pairs of neigh-
boring spins at the core, shell surface, and between the shell
and the core, respectively, H is an external magnetic field, A;
and h,, are the random longitudinal magnetic fields acting on

S; and S, respectively distributed according to a trimodal dis-
tribution

P(h) = p8(h)+

P(hm) = p&(hm)

Two longitudinal magnetizations on the shell surface, namely

S (1= ) (8~ ho) +8(hi +ho), ()

+ %(1 — P)(8 (o) + 8 (h+ o). (3)

mg, and mg, and a longitudinal magnetization on the core,
namely m. within the framework of the effective-field theory
with a probability distribution, can be obtained as
2002 1 2-m2—py iy
— Z Z Z Z (1 +1p+113)
=0 =0 u3=0v;=0 v,=0 v3=0
><c2 cftzqﬂsc2 HCy ey B (1 - gy )M
X (1= gs,)*2 (1= qe)*3 (g5, —ms; )" (gs, —msy) ™
X (‘]C - mc)v3 (451 +my, )27}“7‘}1
X (gs, + m52)27#27v2 (ge+me)'H Y
x Ey, (xl,h ho) )
22— 22—y
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Fig. 1. Schematic representation of a cross-section of a nanotube. Open
circles indicate magnetic atoms at the surface shell and solid circles are
magnetic atoms constituting the core.
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Two longitudinal quadrupolar moments on the shell surface,
namely g5, and gs, and a quadrupolar moment on the core,
namely ¢, can be obtained as

12— 2—pp -3

2
= Z Y Yy 22‘““‘2”‘3 Cu G Ci

=0ty =0pu3=0v;=0 v,=0 v3=
xcﬁl MC O (1= gy )M (1 - g )
X (1=gqe)*(gs; —ms;)"' (gs, —ms,) "
X (qe —me)" (s, +m51>27M7V]
X (qsz +msz)2—H2—V2 (qc erc)l—us—w
< F (xl,h ho) %)
22—y 2—p2—pi3

=% T VY Y IEIGGE,

=0 7 =0 11320 V| =0 V7 =0 v3—
><C31 My 20y (1 — g )M
X (1=g5,)"2 (1= qc)" (g5, —ms; )" (gs, —ms,) ™
X (ge —me)" (gs, +ms, )27“17"1
X (qs, +ms, ) > 71272 (ge - m) TS
X F, (xg,h ho) )
41— 24—y
ge =27 Z Yy Yy L 2, GG,
—0 1y—=0 1130 V| =0 V=0 v3—
X Cy MOy 2y (1 — g, )M
x (1 _‘IsZ)Hz(l —qc)" (‘Isl _msl)vl (‘]sQ _m52>v2
X (gc —me)¥? (gs, +ms, )l_ul_vl
X (gs, +m52)27uziv2 (qc +m) Y

XFq(th»hO)v (9)
where
x| = JS(Z—,ul —2\/1)—1—.]5(2—“2—2\/2)
+Jin(1— 3 —2v3),
Xy = JS(Z—‘Ltl —2V1)+Js(2—u2—2V2)

+Jint(271u3 *2‘/3)»
x3 = Jine(1 = 1 —2v1) +Jint (2 — 12 — 2W2)
+Jc(4—[.l3 —2V3),

F(xj,h,ho) = pfm(xj,h70)—|—%(l—p)(fm(xj,h,—ho)

+ fm(xj,h, ho)), (10)
Fy(xg.oho) = pfy ey 0) 4 (1= ) Uyl —ho)

+ fq(Bxj.h,ho)), j=1,2,3. 1

The functions f, and f; are given by

2sinh(Bx; +H + ho)
i,h hy) = ' 12
Jn(xjshs o) 14 2cosh(Bxj +H +ho)’ "
2cosh(Bxj+H + ho)
1
Ja(xjhiho) = 1 +2cosh(Bx;+H +hy)’ (1

with B = 1/(kgT), T is the absolute temperature and kg is
the Boltzmann factor, C,lc denotes the binomial coefficient,
CL=1!/(k\(I—k)!).

Furthermore, let us define the longitudinal magnetization
per site of the shell surface My, and the total magnetization
per site M as follows:

1
Msh - E(msl +m32), (14)
1
M, = g(mm +mg, +me). (15)
According to the third law of thermodynamics, the Gibbs
free energy can be written in the form[4°]
TCy(t
F:U—T/ 1O (16)
0 t
where U is the internal energy per site and
U
C(T) ===
(1) =5

is the specific heat per site of the system. The internal energy
per site within the framework of the EFT is

U =(H;) = (ES) — — (mg, +mg, +mc)

3 (

1 0
—g(”m + s, +ue) — g(
It is easy to obtain the expression of u, ,us,, and uc by sub-
sisting the function F(x;,ho) with W(x;) = x;F (x;,ho) in the
expressions of the longitudinal magnetizations mg, ,ms,, and

ms, +ms, +mc).

Me.

3. Results and discussion

Our investigations in this work are for both ferromagnetic
and ferrimagnetic cases. Hence, Jiy, > 0 and Jip < O corre-
spond to the ferromagnetic and antiferromagnetic interfacial
couplings, respectively.

3.1. Ferromagnetic case

In this section, we investigate the influence of the ran-
dom magnetic field on the phase transition and the hysteresis
loops of a ferromagnetic nanotube. In the following, in the
absence of the external magnetic field (H = 0), we show in
Fig. 2(a), the total magnetization per spin M; as a function
of the temperature T /J, for two values of the random mag-
netic field (hy/J. = 3.2 and 3.8), and the fixed parameters,
Js/Je = Jine/Je = 1 and p = 0.25. For hy/J. = 3.2, it is ob-
served that when we increase the temperature, the total magne-
tization decreases continuously and vanishes at a second-order
ferromagnetic—paramagnetic phase transition (7, /J. = 2.28).
It is seen that when hg/J. = 3.8, the total magnetization un-
dertakes a jump, at a first-order temperature T /J. = 0.69,
between the ferromagnetic (Mr # 0) and the paramagnetic
(M7 = 0) phases of the magnetic nanotube. In Fig. 2(b), we
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plot the internal energy U per spin as a function of the temper-
ature T /J., for the same parameters of Fig. 2(a). It is remarked
that the curves of the internal energy present a discontinuous
behavior, which is clearly observed at the first-order transition
(T./J. = 0.69). Figure 2(c) presents the phase diagram in the
(T./Je, ho/J.) plane with fixed parameters Jg/Je = Jine/Je = 1
and p = 0.25. We can see that the critical temperature de-
creases progressively with hg/J; increasing, starting from a
high saturation value at ip/J. = 0 to reach zero at hy/J. = 4.
It is also seen that we have a tricritical point (TCP) (heavy

black), which joins the second-order phase transition branch

1.0 (d‘) Jint/Jc:l
J)J.=1
p=0.25
0.8 H=0
. 0.6
=

0.4

—o— h(J/JC:3~8
0.2k —o— h(J/JC:3.2
0 L - . . .
0 0.5 1.0 1.5 2.0 2.5
T/J.

S

—3t
D

5t

H=
—o— ho/J.=3.8
—7F —e— hy/J.=3.2
0 0.5 1.0 1.5 2.0 2.5
T/ J,
4.0
-(C) Jint/Jc: 1
_ Jy)J.=1
H=0
2 20}
&
1.0F
0 1 1 1 1 1 1 1 .....‘ 1
0 1.0 2.0 3.0 4.0 5.0

h()/Jc

Fig. 2. (a) The total magnetization M, as a function of the tempera-
ture 7'/J. for two values of hg/Jc (3.2 and 3.8), and the fixed parame-
ters, Js/Je = Jint/Je = 1 and p = 0.25. (b) The internal energy per site
of the system as a function of the temperature 7' /J. for two values of
ho/Je (3.2 and 3.8), and the fixed parameters, Js/Jc = Jine/Je = 1 and
p =0.25. (c) The phase diagram in the (T.—ho) plane of the system
for Js/Je = Jint/Je = 1, the solid and dashed lines correspond to the
second- and first-order phase transitions, respectively. The tricritical
point is marked by heavy black.

(solid line) with the first-order phase transition branch (dashed
line) of the phase diagram. We should mention that a similar
phase diagram was obtained in Ref. [41].

In order to examine the effect of the temperature T'/J, on
the hysteresis behavior of the ferromagnetic nanotube, a series
of hysteresis loops are plotted in Fig. 3(a) with fixed parame-
ters, Js/Je = Jint/Je = 1, ho/J. = 3.2, and p = 0.25. From this
figure, we can see that the magnetization curves are symmetric
for both positive and negative values of the external magnetic
field. We can also see that the hysteresis loops disappear for a
temperature above the transition temperature T /J. = 2.28 and
that the shape of the hysteresis loop becomes narrower as the
temperature increases below the transition one. In Fig. 3(b),
we display the temperature dependence of the coercive mag-
netic field H. and the remanent magnetization My for fixed pa-
rameters values, Js/J. = Jine/Je = 1, ho/J. = 3.2 and p = 0.25.
The coercive magnetic field is defined as the field at which the
sign of the magnetization changes. It is clear that the coercive
field decreases with the temperature increasing and vanishes
at T, /J. = 2.28. Our results are in agreement with those ob-
tained in Ref. [42]. It is also clear that the remanent magneti-
zation decreases with the increase of the temperature from its
saturation value at low temperature region, and vanishes for
T/Je > To/Je.

LoLT/1=07
0.5F
= of
—0.5
ho/J.= 3.9
JfJe=1
—1.0 Jo/Je=1
p=0.25
—1.0 —0.5 0 0.5 1.0
H
4.0
L@ o ]
. —e—H. A
h()/JC = 32-
43.0
0.8 Jint/chl i
J)Je=1
L =0.25
- 0.6 p 2.0 md
=
0.4t
1.0
0.2F 1
lo
00 1.0 2.0 3.0

T/ J.

Fig. 3. (a) Hysteresis loops of the nanotube for hg/J. = 3.2, J5/J. =
Jint/Je =1, p=0.25, and for different values of the temperature 7.
(b) The dependence of the coercive field H, and the remanent magne-
tization Mg on the temperature 7' /J; for hy/J. = 3.2, p = 0.25, and
‘/S/‘]C :Jint/Jc =1
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]’L()/JC = 15

1.0}

M

2.0
ho/ J.

Fig. 4. (a) Hysteresis loops of the nanotube for T'/J. = 2.28, Js/J. =
Jine/Je = 1, p=0.25, and for different values of the random magnetic
field ho/Jc. (b) The dependence of the coercive field H. and the re-
manent magnetization Mg on the the random magnetic field Ao /J, for
T/J. =228, p=0.25 and Js/J. = Jin/Jc = 1.

1.0

0.5

M
o

—-0.5

—-1.0

- T/J.=0.3
ho/J.= 3.8
Jiut/Jc =1
Js/J.=1
p=0.25

—0.4

L (c)

S 1/J.=069
}Lo/!]C:3.8
Jim/Jc =1
Jo)J.=1
p=0.25

—0.2 0 0.2 0.4
H

—0.4

The dependence of the hysteresis loops on the random
magnetic field hg/J. for Js/J. = Jin/Jc = 1, T /J. = 2.28, and
for p = 0.25 is shown in Fig. 4(a), it is apparent that with the
increase of the random magnetic field, the hysteresis loop is
more compact and narrow. The coercive field decreases with
the increase of the applied random field and vanishes at the
critical field value i = 3.2 (Fig. 4(b)). For ho/J. > hy/J., the
hysteresis loop disappears. We can also notice that when the
random magnetic field increases, the remanent magnetization
decreases from its saturation value at the low random magnetic
field region, and vanishes at the critical random magnetic field.

To show the presence of the double hysteresis curves in
this system, we have investigated the hysteresis curves at dif-
ferent values of the temperature below, around, and above the
critical temperature, for ho/J. =3.8, Jin/Jo = Js/Je=1, and
p = 0.25. From Fig. 5(a), at a temperature below the critical
one T'/J. = 0.3, it is seen that we have only one ferromagnetic
hysteresis loop. It is clear also that two steps appear when
the temperature approaches its critical value T/J. = 0.69
(Fig. 5(b)). For T /J. > T /J. (Figs. 5(c)-5(d)), it is observed
that the shape of the hysteresis loops changes from ferro-
magnetic hysteresis loop to double hysteresis loops and that
when the temperature increases from 0.69 to 1, the hystere-
sis loops disappear. The double hysteresis loops have been
seen experimentally in different systems, for example in Mn-
doped (pb, La) (Zr,Ti)O3 ceramics,/**! and in Fe304/Mn303

superlattices. [44]

(b)

1.0

T/J.=0.65
ho/Je=3.8
Jint/Je=1
p=0.25
—-04 —-0.2 0 0.2 0.4
rof @
0.5F I
-
s T/J.=10
I ho/J.=3.8
—0.5F - Tt/ Je=1
-_____/ JS/JC: 1
. p=0.25
—0.4 —0.2 0 0.2 0.4
H

Fig. 5. The magnetic hysteresis curves of the ferromagnetic nanotube for kg /J. = 3.8, J;/J. = 1, and p = 0.25, and for different values
of the temperature T'/J: (a) T/J =0.3, (b) T /J =0.65,(c) T/J =0.69, and (d) T /J = 1.
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3.2. Ferrimagnetic case

In this section, we investigate the effects of the interfa-
cial coupling, the random magnetic field, and the shell cou-
pling on the hysteresis loops of a ferrimagnetic nanotube with
core/shell morphology. In Fig. 6, we show the dependence of
the hysteresis loops of a ferrimagnetic nanotube on the antifer-
romagnetic interfacial coupling constant Jin/J; at T /J. = 1.8
for Js/J. = 1, ho/J. =0, and p = 0.25. We can see that if
the antiferromagnetic coupling constant is small (Fig. 6(a)), a
central loop opens only. The central loop involves two steps
due to the different ferromagnetic properties of the core and
the shell. This phenomenon illustrates that the behavior of

absolute value of the antiferromagnetic interfacial coupling
constant decreases. It is shown that when |Jj|/Jc increases
(Figs. 6(b) and 6(c)) the hysteresis curve changes from one
central loop to triple loops. The larger the antiferromagnetic
coupling constant is, the more difficult for the applied mag-
netic field to change the direction of the magnetization at the
interfacial layers in the core and the shell is. So the outer
loops stretch further out horizontally with increasing |Jine|/Jc.
It implied that the behavior of the system is ferromagnetic
like for smaller |Jiy|/Jc, and antiferromagnetic like for larger
[Jint| /Jc- The results mentioned above are qualitatively in good
agreement with hysteresis loops of ferroelectric or ferrielectric

the nanotube approaches that of ferromagnetic behavior as the  core/shell nanotubes. [+!
Jint/Je=—0.1 (a) 1ok Jint/Je=—0.3 (b) Jine/ Je=—0.8 (c)
o of 1.0}
I [ g/ =1 O 22=1
ho/JCZO | h[)/JCZO ho/Jc:O
05F /7218 | 05T 17, =18 050177, =18
. | p=0.25 - p=0.25 . [ p=0.25
= = o '
—0.5 :-_) —0.5 J’
—1.0F —1.0F
—i0 0 1.0 3 - 1 3 3 -1 1 3
H H H

Fig. 6. The magnetic hysteresis curves of the ferrimagnetic nanotube for the fixed parameters ho/J.=0, Js/Jo=1, T /J. = 1.8 and
p = 0.25, and for different values of the antiferromagnetic interfacial coupling constant: (a) Jip;/Jec = —0.1, (b) Jine/Je = —0.3, and

(©) Jint /Je = —0.8.

| }L()/JCZO.I (a)
Jint/Jc =-0.5
[ J/J.=1

0.5r7/5.=1.8
'p—0.25/——T/
70.5: I

1.0

—1.0f
-2 1 0 1 2
H
Lok ho/Je=18 (c)
| Jim,/Jc: —05
J)Je=1
051 7/7.=1.8
Fp=0.25

ho/Je=1.4 (b)

I Jinc/JC:fO.S (

g Je=1
0.5F T/J.=1.8
L p=0.25

= or

L

—1.0p

1.

(=]

ho/J.=2.8 (d)
Jint/Je=—0.5
| J/Je=1
057 17/5.=1.8
I p=0.25

1.0

Fig. 7. The magnetic hysteresis curves of the ferrimagnetic nanotube for the fixed parameters Jip /Jc = —0.5, Js/Jo=1,T /J. = 1.8, and
p = 0.25, and for different values of the random magnetic field: (a) ho/J. = 0.1, (b) ho/Jc = 1.4, (¢) ho/J. = 1.8, and (d) hy/J. =2.8.
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To better understand the effect of the random magnetic

field on the hysteresis loops, we plot in Fig. 7, the magnetiza-

tion curves versus the applied magnetic field H for Js/J. = 1,

Jint/-]c =

—0.5, T /J. = 1.8 and for different values of the ran-

dom magnetic field (ho/J. = 0.1, 1.4, 1.8, and 2.8). From
Fig. 7, we can see that the size of the outer loops and that of

the central loop is narrower when the random magnetic field
varies from 0.1 to 1.4. As shown in Fig. 7(c), for ho/J. = 1.8,
the outer loops disappear and the central one reduces. When

ho/J. = 2.8 in Fig. 7(d), the hysteresis loops disappear.

In order to investigate the effect of the exchange interac-

tion Jg/J. at the surface, we plot in Fig. 8, the magnetization

curves versus the applied magnetic field H for ho/J. = 0.5,
Jint/Je = —0.3, T /J. = 1.8 and for different values of the shell
coupling (Js/J. = 0.85, 1.2, and 1.8). It is observed that the
shapes of the hysteresis loops change from triple hysteresis
loops to one central loop and that when J;/J. increases, the
area of the central loop increases.
teresis loop behavior has been seen for different systems, such
as in single chain magnets with antiferomagnetic interchain
coupling™! and in molecular-based magnetic materials.*”]
In addition, triple hysteresis loop behaviors have been also
seen experimentally in CoFeB/Cu, CoNip/Cu, FeGa/py, and
FeGa/CoFeB multilayered nanowires.

0.3

/

(b)

[48]

Moreover the triple hys-
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Fig. 8. The magnetic hysteresis curves of the ferrimagnetic nanotube for the fixed parameters Jip; /Je =

H

—0.3, hy/Je =05, T/J. = 1.8 and

p = 0.25, and for different values of the shell coupling: (a) Js/J. = 0.85, (b) Js/J. = 1.2, and (¢) Js/J. = 1.8.

4. Conclusion

In summary, we have studied the hysteresis behavior of
spin-1 Ising nanotubes with core/shell morphology in a ran-
dom magnetic field where we have taken coupling constants
Je and J; for the core and the shell respectively, and an interfa-
cial coupling constant Ji,; between the nearest-neighbors spin
across the core-shell. Using an effective-field theory based
on a probability distribution method, we discussed both fer-
romagnetic and ferrimagnetic cases, the influence of the ran-
dom magnetic field, the temperature, and the interfacial cou-
pling constant on the hysteresis behaviors. It is shown that
for the ferromagnetic case, the shapes of the hysteresis loops
change from a ferromagnetic hysteresis loop to double hys-
teresis loops and that when T increases, the double hystere-
sis loops disappear. It is also shown that, the coercive field
decreases with the temperature increasing. For the ferrimag-
netic case, it is clear that the triple hysteresis loop behavior
occurs for the larger antiferromagnetic coupling constant and
that when the surface coupling J; is increased, the behavior
changes from triple to simple hysteresis loops.
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