World Journal of Condensed Matter Physics, 2013, 3, 111-118

3% Scientific
http://dx.doi.org/10.4236/wjcmp.2013.32018 Published Online May 2013 (http://www.scirp.org/journal/wjcmp)

#%% Research

Magnetic Properties of a Mixed-Spin-3/2 and Spin-2
Ising Ferrimagnetic System in an Applied
Longitudinal Magnetic Field

Fathi Abubrig

Department of Physics, Faculty of Science, Almergeb University, Zliten, Libya.
Email: dr_fathiomar@yahoo.com

Received December 27, 2012; revised February 26™, 2013; accepted March 18", 2013

Copyright © 2013 Fathi Abubrig. This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

ABSTRACT

The magnetic properties of a mixed Ising ferrimagnetic system consisting of spin-3/2 and spin-2 with different single
ion anisotropies and under the effect of an applied longitudinal magnetic field are investigated within the mean-field
theory based on Bogoliubov inequality for the Gibbs free energy. The ground-state phase diagram is constructed. The
thermal behaviours of magnetizations and magnetic susceptibilities are examined in detail. Finally, we find some inter-

esting phenomena in these quantities, due to applied longitudinal magnetic field.

Keywords: Mixed-Spin; Ising; Susceptibility

1. Introduction

Recently, there have been many theoretical studies of
mixed-spin Ising ferrimagnetic systems. These systems
have been of interest because they have less translational
symmetry than their single-spin counterparts, since they
consist of two interpenetrating unequivalent sublattices.
For this reason, They are studied not only for purely
theoretical interest but also because they have been pro-
posed as possible models to describe a certain type of
ferrimagnetic systems such as molecular-based magnetic
materials [1-3] which are of current interest. Moreover,
the increasing interest in these systems is mainly related
to the potential technological applications of these sys-
tems in the area of thermomagnetic recording [4,5].
Therefore, the synthesis of new ferrimagnetic material is
an active field in material science.

One of these models to be studied was the mixed-spin
Ising system consisting of spin-1/2 and spin-S (S > 1/2)
in uniaxial crystal field. The model for different values of
S (S > 1/2) has been investigated by exact on honey-
comb lattice [6-8], as well as on Bethe lattice [9,10],
mean-field approximation [11], effective-field theory
with correlations [12-16], cluster variational theory [10],
renormalization-group technique [17] and Monte-Carlo
simulation [18-20]. On the other hand, ferromagnetic and
ferrimagnetic systems subjected to longitudinal magnetic
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fields have been investigated for many years [21-23].
The results assured that the longitudinal magnetic field
has strong effects on the magnetic properties of these
systems. Subsequently, the attention has been devoted to
mixed-spin systems in a longitudinal field theoretically.
The magnetic properties of the mixed spin-1/2 and spin-1
Ising ferromagnetic system with a crystal-field interac-
tion in the presence of a longitudinal magnetic field by
using the cluster variational method was investigated by
Ekiz and Keskin [24]. Wei et al. [25] studied the mag-
netic properties of a mixed spin-1/2 and spin-3/2 Ising
model in a longitudinal magnetic field within the frame-
work of EFT with correlations. They examined the ther-
mal behaviours of the magnetizations, susceptibilities
and phase diagrams in detail. The magnetic properties of
a mixed spin-1/2 and spin-3/2 Ising system in a longitu-
dinal magnetic field on a Bethe lattice were studied by
using the recursion relation scheme [26]. The thermody-
namic and magnetic properties of a mixed Ising system
on a triangular array in the presence of longitudinal
magnetic field were investigated by Aouzi et al by using
EFT with correlations [27]. Jiang and Bai also studied
the influences of an external longitudinal magnetic field
on the magnetic properties of mixed spin-1/2 and
spin-3/2 Ising ferromagnetic or ferrimagnetic bilayer
system [28]. The Magnetic properties of an anti-ferro-
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magnetic and ferrimagnetic mixed spin-1/2 and spin-5/2
Ising model in the longitudinal magnetic field and the
Magnetic Properties of a Mixed Spin-3/2 and Spin-2 Ising
Ferrimagnetic System within the Effective-field Theory
are studied by Bayram Deviren et al by using the effec-
tive-field theory with correlations [29,30] and the results
show that the longitudinal magnetic field plays an im-
portant role in the magnetic properties of the mixed spin
Ising systems.

In this paper, our aim is to investigate the magnetic
properties of the mixed spin-3/2 and spin-2 Ising system
in the presence of longitudinal magnetic field within the
framework of the mean-field theory based on Bogoliubov
inequality for the Gibbs free energy. The outline of this
work is as follows. In Section 2, we define the model and
present the mean-field theory based on Bogoliubov ine-
quality for the Gibbs free energy for the mixed-spin sys-
tem with the applied longitudinal magnetic field. In Sec-
tion 3, we discuss the temperature dependences of the
sublattice and total magnetizations and sublattice and
total susceptibilities for selected values of single-ion
anisotropies. Finally, In Section 4 we present our conclu-
sions.

2. Formulation of the Model and Its
Mean-Field Solution

We consider a mixed spin-3/2 and spin-2 Ising model
consisting of two sublattices 4 and B, which are arranged
alternately. In this system, the sites of sublattice 4 are
occupied by spin S/, which take spin values +3/2 and
+1/2, while those of the sublattice B are occupied by
spins S/ , which take spin values +2, =1 and 0. The Ham-
iltonian of the system is given by

N/2 ) N/2 2
H=-JYS's"-D,Y (S;‘) -D,> (Sf)
ij i=1 j=1 )
N/2 N/2
~hY.S'~hY S*
i=1 j=1

where <z]> indicates a summation over all pairs of
nearest-neighboring sites and the first summation is car-
ried out only over nearest neighbour pairs of spins on
different sublattices and J (J < 0) is the nearest-nei-
ghbour exchange parameter, D, is the crystal field inter-
action constant of spin-2 ions and Dj is that of spin-3/2
ions. / is the external magnetic field acting on the lat tice.

In order to treat the model approximately we employ a
variational method based on the Bogoliubov inequality
for the Gibbs free energy which is given by the inequal-
ity, G(H)<¢ , where G(H) is the true free energy
of the model described by the Hamiltonian (1) and ¢ is
given by the relation

¢EGO(H0)+<H—H0>O )

G, (HO) is the average free energy of a trial Hamilto-
nian H, and ( ------ ) , denotes a thermal average over
the ensemble defined by H,.

As the conventional procedure, the trial Hamiltonian is
assumed to be in the form

h-5 st o577 ]

_ ;’[(“ S‘f+DB(Sf)2],

where y, and y, are the two variational parameters
related to the molecular fields acting on the two different
sublattices, respectively.

By evaluating Equation (2), it is easy to obtain the ex-
pression of the free energy per site in MFA

3)

g E%:i{ln [2 exp (44D, )cosh(28y,)

+6XP(ﬂDA)COSh(ﬂ7A )+1 :I
+In [2exp (98D, /4)cosh(3/2/,) )
+2exp(BD, [4)cosh (87, /2)

1
= [—zJm,my +(y,—h)ym, +(ys —h)my |,

where B =1/k,T , N is the total number of sites of the lat-
tice and z is the number of the nearest neighbors of every
ion in the lattice. m, and mjp are the sublattice magnetiza-
tions per site which are defined by Equations (5) and (6)
below:

Now, by minimizing the free energy in Equation (4)
with respectto y,and y,, we obtain

y,=zJmy+h, y, =zJm, +h, 7

The mean field properties of the present system are
then given by Equations (5)-(7). As the set of Equations
(5)-(7) have in general several solutions for the pair, the

4 sinh(28y,)+2exp(-38D,)sinh(B7,)

M= 2cosh(28y,)+2exp(-38D,)cosh(By,)+exp(-48D,)
B 3sinh(3/2 8y, )+exp(—28D,)sinh(1/2y,)

(&)

"8 = cosh(3/2 By, )+ 2exp(~23D, )cosh (112 7,
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pair chosen is that which minimizes the free energy.
given in Equation (5). We are here interested in studying
the thermal variation of the sublattice magnetizations and
the averaged total magnetization per site which defined
as

M=(m,+my)/2. ®)
On the other hand, the sublattice initial susceptibili-
ties(,, x5 ) are defined by
_ fim omy .
h—0 6h

From which the total initial susceptibility per site is
given by

Xa=

. oM 1
Z—}}E&E—E(}(A"'ZB)' )

3. Results and Discussions
3.1. Phase Diagrams

We begin with the ground-state structure of the system.
At zero temperature, we find four phases with different
values of {m,, my, q,,q;}, namely the ordered ferri-

magnetic phases
3 4, 2} as wellj,
4

}as wellJ

1}as well}
"4

0,= 1—1% ( 1——ll}aswellj,

and disordered phases
1
D, = {0, 0,0, —}
4

D, 5{0,0,0,3},
4

where the parameters ¢, and ¢z are defined by:

1r={(517 ) ={(7)

From Hamiltonian (1) and by comparing the ground-
state energies of the different phases, the ground-state
phase diagram can be determined, and is shown in Fig-
ure 1.

3.2. Sublattice Magnetizations m 4 and mp

In this subsection, let us at first examine the temperature
dependence of the sublattice magnetizations m, and mp
for the system. The results are depicted in Figure 2 with
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Figure 1. Ground-state phase diagram of the mixed spin-3/2
and spin-2 Ising ferrimagnetic system with the coordination
number z and different single-ion anisotropies D, / z‘J ‘ and

DB/z‘J‘ . The four phases: ordered O,, O,, O3, O4 and dis-

ordered D,, D, are separated by first-order transition lines.

2.5

D,/zlJ|=1.0

0 I 2
ks T/}]

Figure 2. Thermal variation of the sublattice magnetiza-
tions m 4, mp for the mixed-spin Ising ferrimagnet with the

coordination number z, when the value of D, /z‘.l‘

changed for fixed DB/z‘J‘ =1.0.

D /Z|J|— 1.0, and selected values of DA/z|J| Notice
that the selection of D / z|J | corresponds to the cross-
over from the O; to the O, phase (see the ground state
phase diagram Figure 1), therefore the ground state is
always ordered. When D, / z|J |= 1.0 , the sublattice
magnetizations m, and mp have standard characteristic
convex shape. When D, /z|J|= —0.45 (slightly above
the boundary between the phase O; and the phase O; in
the ground state-phase diagram, where D, / z|J |= -0.5)
the sublattice magnetization m, may exhibit a rather
rapid decrease from its saturation value m, = 2.0 with the
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increase of temperature from 7 = 0 K to a certain tem-
perature . When D, /z|J|=—-0.5 (at the boundary
between the ordered phase O; and the ordered phase O,
in the ground state phase-diagram), the saturation value
of m, is 1.5, which indicates that the half of the spins on
the sublattice 4 are equal to +2 (or —2 as well) and the
other half are equal to +1 (or —1 as well). Note that this
mixed state persists as long as D, /z|J|: —-0.5 and
Dy /z|J|=-0.5. When D,/z|J|=-0.55 the ground
state phase is O, phase, with m, = 1.0 at 7= 0 K. How-
ever, in this case the thermal variation of m, exhibits an
interesting feature which is the initial rise of m, with the
increase of temperature before decreasing to zero value
at the critical point 7..

As shown in Figure 2, for DA/z|J|: —1.45 (slightly
below the boundary between the ordered phase O, and the
disordered phase D; in the ground state D, /z|J|=-1.5),
the sublattice magnetization m, exhibits a rapid decrease
before it decreases normally by increasing the value of
kpT / z|J | to the critical point 7,. In this case, a large
magnetization jump is observed at the critical point, in-
dicating a first-order transition. On the other hand, for all
values of D, / z|J | the sublattice magnetization myp
decreases normally by increasing the value of k,7/z|J|
to the critical point 7,, even though it is coupled to m,.
The previous results for sublattice magnetization are
similar to those observed in the Mixed Spin-3/2 and
Spin-2 Ising Ferrimagnetic System within the Effective-
field Theory [30] and in the mixed-spin-1 and spin-3/2
Ising ferrimagnetic system [31-33].

Figure 3 shows the sublattice magnetization curves as
a function of temperature for several values of D, / Z|J | ,
when D, /z|J|=1.0. In this case, the selection of
D, / z|J | corresponds to the crossover from the O, to the
O; phase. When D, / z|J |= 0.5, the sublattice magneti-
zation m, may show normal behaviour. When
Dy /z|J| =—0.95 (slightly above the boundary between
the ordered phase O; and the ordered phase O,, where
D, /z|J| = —1.0) the magnetization curve mpz may ex-
hibit a rather rapid decrease from its saturation value
(mp = —3/2) at T = 0 K, while for the value of
D, / z|J | = —1.05 (slightly below that boundary), there
is a rapid increase of mp from the saturation value (mp =
—3/2) with the increase in 7. When the value of
Dy, / z|J | = —1.0, the saturation value of the sublattice
magnetization mp at T =0 K is (mp = —1.0). It indicates
that at this point, the spin configuration of S’ in the
ground state consists of the mixed state; half of the spins
on the sublattice B are equal to —3/2 (or +3/2 as well) and
the other half are equal to —1/2 (or +1/2 as well). It is
also seen from Figure 3 that when DB/z|J| =-2.5, the
sublattice magnetization mp decreases normally from its
saturation value (mpz = —1/2) to vanish at the critical tem-
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D,/z|7|=1.0

Figure 3. Thermal variation of the sublattice magnetiza-
tions m4, mp for the mixed-spin Ising ferrimagnet with the

coordination number z, when the value of DA/z‘J‘ is

changed for fixed DA/z‘J‘ =1.0.

perature T..

On the other hand, for all the values of D, / z|J | the
sublattice magnetization m4 may show normal behaviour,
even though it is coupled to m.

3.3. Susceptibility

In Figure 4, the temperature dependences of the initial
susceptibilities (total and sublattices) of the system are
shown for D,/z|J|=1.0 and D,/z|J|=1.0. We can
see clearly that the total susceptibility y, increases
slowly by increasing temperature. When the temperature
approaches T, the total susceptibility y, increases very
rapidly and goes to infinity at the critical temperature T,.
Moreover, one can observe that in the vicinity of T, the
sublattice susceptibility y, rapidly increases for
T <T. and goes to+o at I'=7, and rapidly de-
creases for 7 >7 . On the other hand, the sublattice
susceptibility y, rapidly decreases for T'<T,, goes to
—oo at T'=T, and rapidly increases for 7'>7,. In
Figure 5, the total initial magnetic susceptibilities y,
are depicted for the system, with D, / z|J | =1.0, when
the value of D, / z|J | is changed. As is seen from this
figure, the total susceptibility diverges at the critical
temperature and the point of singularity shifts to lower
temperature, upon decreasing the value of D, /z|J|.
Now, besides the infinite values of y, at, T =T, the
total susceptibility at low temperatures exhibits a sharp
maximum in the low-temperature region (when
DB/zJ =-097) and a broad maximum (when
DB/z J| =-0.92,-0.87,—-0.80). Particularly, It is seen
from Figure 5 that the largest broad maximum appears
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Figure 4. Initial susceptibilities (total and sublattices) versus
temperature for the mixed spin-3/2 and spin-2 Ising ferri-
magnetic system with coordination number z, when

D,/z|J|=1.0 and D,/z|J|=1.0.

D, /z|7|=1.0

Xr DB/z|J|:

Figure 5. Thermal variations of the total initial susceptibil-
ity for the mixed spin-3/2 and spin-2 Ising ferrimagnetic
system with the coordination number z, for several values
ofDB/z‘J‘ when the value ofDA/z‘J‘ =1.0.

for DB/Z|J| =-092 and with the increase of
D, /z|J|, its magnitude gradually decreases, and disap-
pears when DB/Z|J| >-0.38.

In Figure 6, temperature dependences of total and
sublattice susceptibilities are presented for constant val-
ues ofDA/z|J| =1.0 and DB/z|J| =-092. It is easy
to see from this figure that the variation of the total sus-
ceptibility at low-temperature region originates from the
behaviour of the y, sublattice susceptibility. It is also
seen that the y, sublattice susceptibility exhibits the
usual temperature dependence in the vicinity of 7,, while
the sublattice susceptibility y, takes negative values.
We notice that the existence of the sharp maxima (sharp
peak) in the magnetic susceptibility was found by Na
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Figure 6. Initial susceptibilities (total and sublattices) versus

temperature for the mixed spin-2 and spin-3/2 Ising ferri-
magnet with coordination number z, when DA/z‘J‘ =1.0

and D,/z|J|=-0.92.

kamura and Tucker for the mixed spin-1 and spin-3/2
Ising ferrimagnet by using Monte Carlo simulation [34].
Moreover, the sharp and broad maxima can be observed
in the mixed ferro-ferrimagnetic ternary alloy in refer-
ence [35].

In Figure 7, we present the temperature dependence of
the total susceptibility for the system with
D,/z|J|=1.0 and D,/z|J|=-1.0 (in the boundary
between the phase O; and the phase O,, in the ground-
state phase diagram (Figure 1)). In this case, the total
susceptibility exhibits two divergences: one at 7= 0 K
indicating a first-order phase transition and another at
T =T, indicating a second-order phase transition. We
notice that these effects can be observed for ferro-ferri-
magnetic ternary alloy [35], site-diluted [36], bond-di-
luted [37], and site-bond-correlated Ising model [38].

In Figure 8, we show the thermal variation of the ini-
tial susceptibilities (total and sublattices). For the system
with D, /z|J|=1.0 and D,/z|J|=-1.0. It is seen
from this figure that the divergence of the total suscepti-
bility at zero temperature originates from the divergence
of the sublattice susceptibility y, .

Now, in order to explain the appearance of the broad
maximum in the susceptibility of the sublattice B in
low-temperature region (Figure 6), we consider the
temperature dependence of the sublattice magnetizations
my and mp (as shown in Figure 9) for the system
with D, /z|J|=1.0 and D,/z|J| = -0.92, when h =
0(solid lines) and when 4 # 0 (dashed lines). In this fig-
ure, it is seen that there is a rapid decrease in mp from its
saturation value (mpz = —3/2) with the increase in 7 and it
is clear that at any point of temperature in this region,
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D,/z}J|=1.0

D,/z|J|=-1.0

0 T T
0 1 2

K, T/2]
Figure 7. Thermal variations of the total initial susceptibil-
ity for the mixed spin-2 and spin-3/2 Ising ferrimagnet with
the coordination number z, when the value of D / z ‘J ‘ =1.0

and the value ofDB/z‘J‘ =-1.0.
3

0 1
k,T/z)J|

Figure 8. Initial susceptibilities (total and sublattices) versus
temperature for the mixed spin-2 and spin-3/2 Ising ferri-

magnet with coordination number z, when DA/z\J\ =1.0
and D,/z|J|=-10.

there is a jump in mp from a certain value, when 4 # 0 to
a lower value, when 4 = 0 resulting in the broad maxi-
mum of y,.

To explain the physical scenario for the appearance of
the divergence of the susceptibility of the sublattice B at
zero temperature (Figure 8), we consider the temperature
dependence of the sublattice magnetizations m, and mjp
(as shown in Figure 10) for the system with
D,/z|J|=1.0 and D,/z|J| =—-1.0, when & = 0 (solid
lines) and when % # 0 (dashed lines). In this figure, there
is a mixed-spin state on the sublattice B in the ground
state, for DB/z|J| =-1.0 and 4 = 0, consisting from
the §7=3/2 and S} =1/2 with equal probabilities.

Copyright © 2013 SciRes.
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D,/z|7|=-0.92
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Figure 9. Thermal variation of the sublattice magnetiza-
tions m4, mp for the mixed-spin Ising ferrimagnet with the

coordination number z. when the value of DA/z‘J‘ =1.0

and D, / z‘J ‘ =—0.92. The solid lines represent the sublat-

tice magnetizations without an external magnetic field effect
on the system (4 = 0.0), while the dashed lines represent the
sublattice magnetizations under the effect of an external
magnetic field (2 = 0.05).

2.5

0 0‘.4 0.‘8 1‘.2 1‘.6 2

kT 2]
Figure 10. Thermal variation of the sublattice magnetiza-
tions m4, mp for the mixed-spin Ising ferrimagnet with the
coordination number z. when the value of D,/z|J|=1.0
and D, / z‘J ‘ =—1.0 . The solid lines represent the sublattice

magnetizations without an external magnetic field effect on
the system (2 = 0.0), while the dashed lines represent the
sublattice magnetizations under the effect of an external
magnetic field (% = 0.05).

However, at & # 0 the Sf =—0.5 is suddenly favored
resulting in a divergence of the y, sublattice suscepti-
bility at 7= 0 K.
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4. Conclusions

In this paper, we have studied the magnetic properties of
a ferrimagnetic mixed spin-3/2 and spin-2 Ising system
with different single ion anisotropies in a longitudinal
magnetic field by using the meanfield theory based on
Bogoliubov inequality for the Gibbs free energy.

The ground state phase diagram of the model was con-
structed in DA/z|J| and DB/Z|J| plane. In this phase
diagram, we have found four ordered phases and two
disordered phases separated by first order lines. We also
have investigated the thermal variations of the sublattice
magnetizations for selected values of D, / z|J | and
D, / z|J | and we have found some interesting results in
the sublattice magnetization curves we have found that
the sublattice magnetizations may exhibit a rather rapid
decrease from their saturation values with the increase
of temperature from 7 = 0 K to a certain temperature 7.
The initial susceptibilities (total and sublattices) of the
system are considered for selected values of D, / z|J |
and D, /z|J| and The temperature dependences of the
initial susceptibilities (total and sublattices) of the system
are considered for selected values of D, / z|J | and
Dy, / z|J | and we have found that besides the infinite
values of y, at T'=T the total susceptibility at low
temperatures may exhibits a sharp maximum or broad
maximum in the low-temperature region (when
D, /z|J| approaches the boundary between the phases
in the ground state phase diagram). We have also found
that the susceptibility (in the boundary between the
phases in the ground state phase diagram) may exhibit
two divergences: one at 7= 0 K indicating a first-order
phase transition and another at T' =17, , indicating a sec-
ond-order phase transition.
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