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In this paper the magnetic properties of a three layer superlattice with the crystal field on the honeycomb and

square lattice have been studied based on the effective-field theory with self-spin correlations and the differential operator

technique. The effects of the crystal field and longitudinal magnetic field on the susceptibility are discussed in detail. A

number of interesting phenomena, originating from the competition between the longitudinal magnetic field, crystal-field,

and coordination number, have been found.
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1. Introduction

Because of the syntheses of many new magnetic
materials, such as the thin-film magnet, the molecular-
based magnet and superlattice magnet, the emphasis
has been laid on the theoretical study of the layered
Ising model.m=% Layered composite materials have
become of great interest, since the physical proper-
ties of these composite materials may be different
from those of the corresponding bulk systems. The
effect-field theory (EFT) concerning the correlations
between spins is a more advanced method in deal-
ing with the Ising model than the mean-field theory
method. The EFT method has been applied to the
investigation of interesting physical systems, such as
surface magnetism,[®! thin films,%! superlattices”] and
molecular magnetism.!8] The nonlinear magnetization
dynamics of the classical ferromagnet with biaxial
anisotropies in an external magnetic field and mag-
netization dynamics in thin films with stripe struc-
tures induced by spin-polarized current have been

9,10]

investigated.| Experimentally, a three layer super-

lattice has been widely studied owning to the ad-
vancements of experimental techniques making well-

[11,12]

characterized samples possible. However, less

attention has been devoted theoretically to the three

layer superlattice spin system with the crystal field
in a longitudinal field, owing to mathematical com-
plexities. In this paper, the three layer superlattice
system consists of three magnetic bilayer (A4, BB
and CC) with different spins (S4 = Se¢=1/2 and
Sp=3/2) in presence of the crystal field of the bilayer
BB. The Hamiltonian of the three layer superlattice is
described by

H == Jaio) Dol = I 2 S
-3 J;;;s; -D> (S;;
_fznzag_hzsg, (1)
where o7 Z .

7, 0f and S7, are the components of spin-1/2
and spin-3/2 operator in AA, CC and BB bilayer
respectively. The first three sums are carried out only
over nearest-neighbour pairs. J,, J, and J. are the
exchange interaction constant between two nearest-
neighbour magnetic atoms in the bilayer AA, BB and
CC respectively. J;; is Jgp, Jpe and Joc between the A
and B,B and C, A and C respectively. In order to re-
late the system to some experimental data for RE/TM
(rare-earth/transit metal) multilayer systems, we pre-
sume that AA and CC bilayers consist of TM atoms
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and BB bilayer are made of RE atoms. J,p, (Jp. ) (or
3d-4f indirect interaction) is taken to be positive for
light RE or negative for heavy RE. D is the crystal-
field in the bilayer BB. h represents the external lon-
gitudinal magnetic field.

This paper is organized as follows. We shall study
the magnetic properties of the three layer superlattice
with crystal-field systems in a longitudinal magnetic
field. The formulation is based on the EFT with the
differential operator technique. In Section 2, we shall
introduce briefly the basic framework of the EFT the-
ory with correlations and give the formulation for the
systems. In Section 3, numerical results for the sus-
ceptibility will be presented in detail. Finally, we shall

give the summary in Section 4.

We can investigate the magnetization for the
present system with a coordination number z. We
will study the honeycomb (z=3) and square (z=4)
lattices. For obtaining the detailed expression of each
layer magnetization, according to the EFT and using
the differential operator technique, we can get the each

layer magnetization as

M; = (o7) = (exp(EiV)) Fi() =0 , (2)
Mj = (S7,) = (exp(E; V) Fj (@) =0 , 3)
;= ((S7.)%) = (exp(E;V))Gj(@) [x—0 - (4)

where V = 9/0z is differential operator, E;(;) (i=1, 2,
5,6 and j=3, 4) is the effective field, and the functions
Fij)(z) and G(z) are expressed as

3sinh P,B(ac + h)] + exp(=2DB) sinh Bﬂ(m + h)}

B 1
2 cosh [ (x+h } + 2exp(—2Dg) cosh [5,8(.@ +h)

9 cosh [ Bz + h)] + exp(=2DB) cosh Bﬂ(x + h)]

, (6)
|

, (7)

2.Formulation
|
Fi(z) = %tanh Bﬁ(m + h)} ,
Fj(z) =
Gj(z) =

4cosh [25@ + h)} + dexp(—2D) cosh [;ﬁ(m + h)}

where, 8 = 1/kgT, kg is the Boltzmann constant and T is the absolute temperature.

In order to treat Egs.(2)—(4) further, we can use the van der Waerden identity and the decoupling approxim-

ation[13]

exp(aS) = cosh(na) +

> siu(na), (3)

(Si(87)?.--Sn) = (Si){(5;)?)--(Sn). 9)

Using Egs.(8) and (9), we can get the magnetization for each layer as follows

1 1 *
M, = {cosh (§JGV> + 2Mj sinh <§Jav>}

1 1 1
X {cosh (EJQV> + 2M, sinh (—Jav>} X {cosh <§JMV> + 2Mj sinh< Jacv>} 1(2)]z=0, (10)

My = [cosh <;Jav> + 2M5 sinh < J V)}

M. 1
X {cosh(.]abn;;V) + —351nh(Jabn3V)} X [cosh <5Jav> + 2M, sinh( J V>] 2(2)|z=0, (11)
UE]

M
M; =[cosh(JynsV) + n—3 sinh(Jyn3 V)]
3

X {cosh(meV) + My sinh(meV)} X |:COSh <1 abV) + 2M, sinh < abv>:|F3({E)|z=0, (12)

N4



1348 Jiang Wei et al Vol. 15
[ M, . ?
My =| cosh(JynsV) + — sinh(Jyns V)
L N4
[ Ms . 1 . 1 )
x | cosh(Jyn3V) + —= sinh(Jyn3V)| x | cosh 5chv + 2Ms5 sinh EJva Fy(z)|z=0, (13)
L n3 _
[ 1
Ms =| cosh (—JCV> + 2M5 sinh < >}
_ M, 1 1.\
X COSh(Jan4V) + — smh(chmV)} |:COSh <§JCV> + 2Mg sinh <§JCV> F5(x)|z—o, (14)
Mg = [cosh (§JCV> + 2Mg sinh < >}

X [cosh <%J(LCV> + 2M; sinh <§Jacv>} X [cosh <%JCV> + 2Ms5 sinh< J V)} 6(2)|z=0- (15)

Applying the mathematical relation e®V f(x) = f(x+
«), we can expand the right-hand side of Egs.(10)-
(15) and solve the above coupled equations by numer-
ical calculation. The average total magnetization per

site is given by

M = (M; + My + M3+ My + M5 + Mg)/6.  (16)

The longitudinal susceptibility for the system can be

determined from the relation

x = OM/0h. (17)

3. Numerical results and discus-

sions
In this section, at first we shall study magne-
tization of a three layer superlattice with a single-

ion anisotropy on the honeycomb (2=3) and square
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(z=4) lattice by solving the coupled equations given
in Section 2 numerically. In the figures of this pa-
per, the exchange interaction constant are fixed as
Jo, = Jp,=1.0, J.=0.8,J,p = Jp.=—0.5, J,.=0.5 respec-
tively. The magnetizations are functions of tempera-
ture, exchange interaction, crystal field and longitu-
dinal magnetic field and depend on the value of tem-
perature, longitudinal magnetic field and coordination
number. The numerical results are plotted in Fig.1(a)
for the case of the honeycomb lattice and Fig.1(b) for
the case of the square lattice without applying the lon-
gitudinal magnetic field. The solid and dashed lines
are the case of the crystal field D/J, = —1.2 and
D/J, The curves a, b, ¢, d are
plotted for the average magnetization of bilayer sub-
lattice AA ((My + Ms)/2), BB ((Ms + M4)/2), CC
((Ms 4+ Mg)/2) and the total average M respectively.

= —3.5 respectively.
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Fig.1. The temperature dependence of magnetization for the three layer superlattice when the crystal fields are

selected as D/J, =
magnetization of bilayer sublattice AA

—1.2 (solid lines) and D/J, =

—3.5 (dashed lines).
(M1 + M2)/2), BB (M3 + M4)/2), CC

The curves a, b, ¢, d for the average

((Ms 4+ Mg)/2) and the total

average M respectively. (a) For the case of the honeycomb lattice. (b) For the case of the square lattice.
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From the figures, we can see that the absolute value of
bilayer CC average magnetization (c curves) is smaller
than that of AA (a curves), which results in the case
that the exchange interaction constant J,=1.0 is big-
ger than J.=0.8. When the crystal field changes from
D/J,=-1.2 to D/J,=-3.5, the saturation magnetiza-
tion at T=0K of bilayer sublattice BB changes from
3/2 to 1/2. This result is in agreement with that of
Ref.[14]. The saturation magnetization at T=0K may
change from 3/2 to 1/2 when the critical value of D
is given D/J, = —z/2 for the case of the honeycomb
lattice D/J, = —1.5 and square lattice D/J, = —2.
Comparing with Figs.1(a) and 1(b), one can find that
the phase temperature of the honeycomb lattice is
smaller than that of the square lattice.

In Figs.2(a), 2(b) and Figs.3(a), 3(b), we plot the
numerical results of the susceptibility of a three layer
superlattice with a single-ion anisotropy on the hon-

eycomb (z=3) and square (z=4) lattice respectively,

with and without the longitudinal magnetic field. It
can be seen that the curves of susceptibility rapidly
increase and express the peak at the transition tem-
perature and then rapidly decrease with the increase of
temperature. The peak of susceptibility is increasing
with the decrease of the longitudinal magnetic field.
From Figs.2(a), 2(b), it is clearly seen that the tran-
sition temperature at which the curve appears max-
imum for the case of the honeycomb lattice is lower
than that of the square lattice. In Figs.3(a) and 3(b),
one can find that there exist two peaks, which means
that the first peak results from the spin-1/2 of bilayer
sublattice AA and CC and the second peak results
from the spin-3/2 of bilayer sublattice BB. Compar-
ing with Figs.3(a) and 3(b), we find that the temper-
ature at which the susceptibility shows the peak for
the honeycomb lattice is also lower than that of the

square lattice.
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Fig.2. The temperature dependence of susceptibility for the three layer superlattice without applying the
longitudinal magnetic field, when the crystal field are selected as D/J, = —1.2 and -3.5, respectively. (a)
For the case of the honeycomb lattice. (b) For the case of the square lattice.
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Fig.3. The temperature dependence of susceptibility for the three layer superlattice, when the crystal field
is selected as D/J, = —1.2. The numbers represent the values of the longitudinal magnetic field h=0.5 and
h=1 respectively. (a) For the case of the honeycomb lattice. (b) For the case of the square lattice.
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4. Conclusion

Within the framework of EFT based on the differ-
ential technique, we have discussed in detail the influ-
ence with and without the longitudinal magnetic field

on the susceptibilities for the honeycomb and square

lattice. The crystal field plays an important role in
magnetization. The peak of susceptibility is increasing
with the decrease of the longitudinal magnetic field.
The temperature at which the susceptibility shows the
peak for the honeycomb lattice is lower than that of

the square lattice.
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