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Magnetic properties of the site-diluted spin-1 Ising superlattice
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The critical behavior of a diluted spin-1 Ising superlattice is examined using the effective-field theory with
a probability distribution technique that accounts for the self-spin correlation functions. The critical tempera-
ture of the system is studied as a function of the exchange interactions in each material, the concentration of
magnetic atoms, and the thickness of the constituents in a unit cell. A critical value of the interface exchange
interaction above which the interface magnetism appears is found. We calculated also some magnetic proper-
ties of a diluted spin-1 Ising superlattice such as the layer longitudinal magnetizations and quadrupolar mo-
ments. It is shown that the properties of the diluted system are different from those of the corresponding pure
system.
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I. INTRODUCTION

Magnetic layered structures and superlattices have
tracted significant attention recently because of a wide a
of fascinating properties. The study of a magnetic super
tice that consists of two or more ferromagnets with differe
bulk properties has been motivated by the idea that the p
erties of the superlattice can be significantly different fro
those of their constituents. A detailed review of the prop
ties of magnetic multilayers and superlattices has appea1

With the advance of modern vacuum science, in particu
the epitaxial growth technique, it is possible to grow ve
thin magnetic films, of predetermined thicknesses, even
few monolayers. Superlattice structures composed of
different ferromagnetic layers have already been artificia
fabricated. Ferromagnetic ordering in some of these mo
layers has been reported and the critical properties of s
systems have been studied, either experimentally2–5 or
theoretically.6–15 For a periodic multilayer system forme
from two ferromagnetic materials, Fishman, Schwable, a
Schwenk8 have discussed its statics and dynamics within
framework of the Ginzburg-Landau formulation. They ha
computed the transition temperature and spin-wave spe
The Landau formalism of Camley and Tilley has been
plied to calculate the critical temperature in this system10

For a more complicated superlattice with an arbitrary nu
ber of different layers in an elementary unit, Barnas´11 has
derived some general dispersion equations for the bulk
surface magnetic polaritons. These equations are then
plied to magnetostatic modes and retarded wave propaga
in the Voigt geometry.12

On the other hand, there is a class of magnetic substa
that are well approximated by simple or site-diluted Isi
systems.16–19 Notable examples are Cs3Cl5 , DyPo4 ,
FepMg12pCl2 , FepCo12pCl2, and Cd12pMnpTe. Each of
them may be a promising candidate for being prepared in
form of a superlattice and the critical measurements. Fr
the experimental point of view it is possible to synthesize
0163-1829/2001/63~5!/054436~9!/$15.00 63 0544
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multilayered systems in which each layer thickness is re
lated on the atomic scale.20 Therefore it is possible to desig
the structure of the sample so as to fit it to the study o
specific fundamental physics problem. Examples of such
perimental studies dealing with the interface and deal
with the surface magnetic order problem when the bulk
the sample is paramagnetic were reported by Shinjoet al.20

and Rauet al.,21 respectively. For the site-diluted system
the magnetic atoms on the same lattice sites are rando
replaced by nonmagnetic atoms. Generally speaking,
magnetic properties of the diluted magnetic systems may
obviously different from those of the corresponding pu
systems. It has been known that a lot of new physical p
nomena can appear in these magnetic systems. Kaney
Tamura, and Sarmento22 investigated a semi-infinite system
with surface dilution by means of the effective-field theo
with correlations. Qiang Hong23,24and Benyoussef, Boccara
and Saber25 studied the diluted semi-infinite system using t
mean-field theory and renormalization-group method,
spectively. Ferchmin and Maciejewski26 have studied a di-
luted Ising film and predicted that the surface magnetic ph
can appear when the concentration of magnetic atoms on
surface is high enough.

Saberet al.27 have studied the phase diagrams of the s
diluted spin-12 Ising superlattice using the effective-fiel
theory and they have shown that the properties of the dilu
system are different from those of the corresponding p
system.

All the studies mentioned above are concerned with Is
systems withS5 1

2 . For S51, the properties of bulk Ising
magnetic systems,28 semi-infinite magnetic systems,29 and
Ising magnetic thin films30–33were discussed. However, it i
difficult to find studies of a diluted Ising superlattice with
higher spin.

In this paper, we are concerned with the phase transiti
and magnetic properties in a diluted spin-1 Ising superlat
consisting of two ferromagnetic materials with different bu
properties. For simplicity, we restrict our attention to t
©2001 The American Physical Society36-1
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N. EL AOUAD et al. PHYSICAL REVIEW B 63 054436
case of simple cubic structures, but other structures can
treated without any difficulty. In particular, we consider t
two constituentsA andB with different bulk transition tem-
peratures, i.e.,Tc

AÞTc
B . The interface is, in general, differen

in nature from both bulks, even if the bulk critical temper
tures are the same. We use the effective-field theory wi
probability distribution technique34 in the present work, as i
is believed to be far superior to the standard mean-field
proximation since it does not predict a zero critical conc
tration for diluted magnets. The method takes into consid
ation the fluctuations of the effective field and correc
accounts for all the single-site kinematic relations. The
vantage of the probability distribution technique is that
allows the self-consistent equations that hold for an arbitr
lattice structure with a coordination numberZ to be obtained
and therefore results for different structures can be obta
without the detailed algebra encountered when employ
other techniques. For the sake of simplicity, we assume
the concentration of magnetic atoms of the superlattice
homogenous.

Because of the periodicity of the superlattice structure,
restrict our discussions to a unit cell that interacts with
nearest-neighbor cells via the interface exchange interac
Our major concerns are the dependence of the critical t
perature on the interface exchange coupling, the influenc
the concentration of magnetic atoms, and the interface
change interaction on the critical temperature and the o
parameters.

In the following section, we introduce the model and d
rive the equations that determine the layer longitudinal m
netizations, the quadrupolar moments, and the critical t
perature. Numerical results are discussed in Sec. III. A b
conclusion is given in Sec. IV.

II. FORMALISM

We consider a superlattice consisting of two different f
romagnetic materialsA andB stacked alternately: materialA
with La layers and materialB with Lb layers. The exchange
interaction between nearest-neighboring spins inA(B) is de-
noted byJaa(Jbb), while Jab stands for the exchange inte
action between the nearest-neighboring spins across th
terface. The periodic condition suggests that we only hav
consider one unit cell of the thicknessL5La1Lb , which
interacts with its nearest neighbors via the interface excha
interaction Jab . The situation is depicted in Fig. 1. Th
Hamiltonian of the system is given by

H52(
( i , j )

Ji j cicjSizSjz , ~1!

where the sum runs over all nearest-neighbor spin pairsSiz

denotes thez component of a quantum spinSW i of magnitude
S51 at sitei, Ji j stands for one of the three exchange int
actions depending on where the spin pair is located, andci is
the occupation number on the lattice sitei, ci51 if the lattice
site is occupied by a magnetic atom and zero otherwise.
method we use is the effective-field theory32–34 that em-
ployed the probability distribution technique to account
05443
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the single-site spin correlations. Following that procedu
the layer longitudinal magnetization̂̂ciSiz&c& and the qua-
drupolar moment̂ ^ciSiz

2 &c& are given by

miz5^^ciSiz&c&5^ci^Siz&c&5^ci&^^Siz&c&5c^^Siz&c&

5cK 2 sinhFbS (
j

cjJi j SjzD G
112 coshFbS (

j
cjJi j SjzD G L

5cK f 1zS (
j

cjJi j SjzD L ~2!

qiz5^^ci~Siz!
2&c&5^ci&^^~Siz!

2&c&5c^^~Siz!
2&c&

5cK 2 coshFbS (
j

cjJi j SjzD G
112 coshFbS (

j
cjJi j SjzD G L

5cK f 2zS (
j

cjJi j SjzD L , ~3!

wheremiz andqiz are, respectively, the longitudinal magn
tization and quadrupolar order parameter of thei th site, b
51/kBT, ^•••&c indicates the usual canonical ensemble th
mal average for a given configuration, and the sum is ove
the nearest neighbors of the sitei, ^•••& is the spatial con-
figurational average. In a mean-field approximation, o
would simply replace these spin operators by their therm
valuesmz ~the longitudinal magnetizations!. However, it is at
this point that a substantial improvement to the theory
made by noting that the spin operators have a finite se
base states, so that the averages over the functionsf 1z and

FIG. 1. Sketch of a unit cell of the superlattice.
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MAGNETIC PROPERTIES OF THE SITE-DILUTED . . . PHYSICAL REVIEW B63 054436
f 2z can be expressed as an average over a finite polyno
of spin operators belonging to the neighboring spins. T
procedure can be effected by the combinatorial method
correctly accounts for the single-site kinematic relations.
to this point the theory is exact, but the right-hand sides
Eqs. ~2! and ~3! will contain multiple-spin-correlation func
tions. To perform spatial configurational averaging on
right-hand side of Eqs.~2! and ~3!, one now follows the
general approach described in Refs. 32–34. Thus, with
use of the integral representation method of thed Dirac’s
distribution, Eqs.~2! and ~3! can be written in the form

miz5E dv f 1z~v!
1

2pE dt exp~ ivt !

3)
j

^exp~2 i tc jJi j Sjz!&, ~4!

qiz5E dv f 2z~v!
1

2pE dt exp~ ivt !)
j

^exp~2 i tc jJi j Sjz!&,

~5!

where

f 1z~y!5
2 sinh~by!

112 cosh~by!
, ~6!

f 2z~y!5
2 cosh~by!

112 cosh~by!
, ~7!

andb51/KbT. In the derivation of the Eqs.~4! and ~5!, the
commonly used approximation has been made accordin
which the multi-spin-correlation functions are decoupled in
products of the spin averages.

To make progress, the simplest approximation of negle
ing the correlations between different sites will be ma
This is achieved by introducing the probability distributio
of the spin variablesSiz given by34

P~ci ,Siz!5
1

3
~12c!d~ci !@d~Siz11!1d~Siz!1d~Siz21!#

1
1

2
d~ci21!@~qiz2miz!d~Siz11!

12~c2qiz!d~Siz!1~qiz1miz!d~Siz21!#, ~8!

with

c5^^ci&c&, ~9!

miz5^^ciSiz&c&, ~10!

and

qiz5^^ciSiz
2 &c&. ~11!

Allowing for the site magnetizations and quadrupolar m
ments to take different values in each atomic layer paralle
the surface of the superlattice, and labeling them in acc
dance with the layer number in which they are situated,
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application of Eqs.~2!, ~4!, and ~8! yields the following set
of equations for the layer longitudinal magnetizations:

mnz5c22N22N0 (
m50

N

(
n50

N2m

(
m150

N0

(
n150

N02m1

(
m250

N0

(
n250

N02m2

2m1m11m2

3Cm
NCn

N2mCm1

N0Cn1

N02m1Cm2

N0Cn2

N02m2~122qnz!
m

3~qnz2mnz!
n~qnz1mnz!

N2m2n~122qn21,z!
m1

3~qn21,z2mn21,z!
n1~qn21,z1mn21,z!

N02m12n1

3~122qn11,z!
m2~qn11,z2mn11,z!

n2

3~qn11,z1mn11,z!
N02m22n2f 1z~@Jn,n~N2m22n!

1Jn,n21~N02m12n1!1Jn,n11~N02m22n2!# !,

~12!

whereN andN0 are the numbers of nearest neighbors in
plane and between adjacent planes, respectively (N54 and
N051 in the case of a simple cubic lattice with a coordin
tion numberZ5N12N0 that is considered here! andCk

l are
the binomial coefficients,Ck

l 5 l !/k!( l 2k)!.
The equations of the longitudinal quadrupolar mome

are obtained by substituting the functionf 1z by f 2z in the
expressions of the layer longitudinal magnetizations; t
yields

qnz5mnz@ f 1z~y!→ f 2z~y!#. ~13!

In this work we are interested in the calculation of the ord
ing near the transition critical temperature. The usual ar
ment thatmnz tends to zero as the temperature approache
critical value allows us to consider only terms linear inmnz
because higher-order terms tend to zero faster thanmnz on

FIG. 2. Dependence of the critical temperatureTc
A/Jaa of an

infinite bulk simple cubic lattice of materialA on the concentration
c of magnetic atoms.
6-3
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approaching a critical temperature. Consequently, all te
of the order higher than linear terms in Eqs.~12! that give the
expressions ofmnz can be neglected. This leads to the set
simultaneous equations

mnz5An,n21mn21,z1An,nmnz1An,n11mn11,z . ~14!

The system of Eqs.~14! is of the form

Mmz50, ~15!
s

tr
e
t

ica

05443
s

f

where mz is a vector of components
(m1z ,m2z , . . . ,mnz , . . . ,mLz) and the matrixM is symmet-
ric and tridiagonal with elements

Mi , j5~Ai ,i21!d i , j1Ai , j~d i , j 211d i , j 11!. ~16!

The only nonzero elements of the matrixM are given by
Mn,n215c22N22N0 (
m50

N

(
n50

N2m

(
m150

N0

(
n150

N02m1

(
m250

N0

(
n250

N02m2

(
i 50

n1

(
j 50

N02(m11n1)

~21! i2m1m11m2d1,i 1 j

3Cm
NCn

N2mCm1

N0Cn1

N02m1Cm2

N0Cn2

N02m2Ci
n1Cj

N02(m11n1)
~12r n!m~12r n21!m1

3~12r n11!m2r n
N2mr n21

(N02m1)2( i 1 j )r n11
N02m2f 1z~yn!, ~17!

Mn,n5c 22N22N0 (
m50

N

(
n50

N2m

(
m150

N0

(
n150

N02m1

(
m250

N0

(
n250

N02m2

(
i 50

n

(
j 50

N2(m1n)

~21! i2m1m11m2d1,i 1 j

3Cm
NCn

N2mCm1

N0Cn1

N02m1Cm2

N0Cn2

N02m2Ci
nCj

N2(m1n)~12r n!m~12r n21!m1~12r n11!m2

3r n
(N2m)2( i 1 j )r n21

N02m1r n11
N02m2f 1z~yn!21, ~18!

Mn,n115c22N22N0 (
m50

N

(
n50

N2m

(
m150

N0

(
n150

N02m1

(
m250

N0

(
n250

N02m2

(
i 50

n2

(
j 50

N02(m21n2)

~21! i2m1m11m2d1,i 1 j

3Cm
NCn

N2mCm1

N0Cn1

N02m1Cm2

N0Cn2

N02m2Ci
n2Cj

N02(m21n2)
~12r n!m~12r n21!m1

3~12r n11!m2r n
N2mr n21

N02m1r n11
(N02m2)2( i 1 j ) f 1z~yn!, ~19!

where

yn5Jn,n~N2m22n!1Jn,n21~N02m12n1!1Jn,n11~N02m22n2! ~20!

and

r n5c 22N22N0 (
m50

N

(
n50

N2m

(
m150

N0

(
n150

N02m1

(
m250

N0

(
n250

N02m2

2m1m11m2Cm
NCn

N2mCm1

N0Cn1

N02m1Cm2

N0Cn2

N02m2~122r n!m

3r n
N2m~122r n21!m1r n21

N02m1~122r n11!m2r n11
N02m2f 2z~yn!. ~21!
h
uce

l
the
le
All the information about the critical temperature of the sy
tem is contained in Eq.~15!. Up to now we did not precise
the values of the exchange interactions; the terms in ma
~15! are general ones. In a general case, for arbitrary
change interactions and the thickness of the superlattice
evaluation of the critical temperature relies on the numer
solution of the system of linear equations~15!. These equa-
tions are fulfilled if and only if

detM50. ~22!
-

ix
x-
he
l

III. RESULTS AND DISCUSSION

In this paper, we takeJaa as the unit of energy, the lengt
is measured in units of the lattice constant, and we introd
the reduced exchange interactionsR15Jbb /Jaa and R2
5Jab /Jaa . Let us begin with the evaluation of the critica
temperature with an example: the critical temperature of
site-diluted spin-1 Ising model for the simplest possib
‘‘bulk case’’ of a materialA ~i.e., N54,N051,Ji , j5Jaa).
Then we can reduce detM to the following form:
6-4
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detMbulk5Ua b b

b a b

b a b

••• •••

b a b

••• •••

b a b

b a b

b b a

U
(L,L)

, ~23!

where the elements in the above determinant are given by

a5Mn,n~Jn,n5Jn,n215Jn,n115Jaa!, ~24!

b5
1

4
~a11!, ~25!

andL in the ‘‘bulk’’ case is an arbitrary number. Now, we obtain the critical temperature from the condition detMbulk50.
This yields forc51 to Tc

A/Jaa53.5186, which is to be compared with the mean-field approximation resultTc
A/Jaa56.

In Fig. 2, we show the behavior of the bulk critical temperatureTc
A/Jaa of the bulk materialA as function of the concen-

tration c of magnetic atoms. With the decrease ofc, the phase region in which the ferromagnetic ordering is realiza
gradually becomes small and vanishes at the bulk critical concentrationcB50.2706 at which the bulk critical temperature
Tc

A/Jaa reduces to zero.

A. Phase diagrams

In this section, we are interested in the study of the critical temperatures for the diluted ferromagnet spin-1 Ising su
tice. We remember that the exchange interactions between the nearest-neighbor spins in slabsA andB and across the interface
are different. These differences influence the form of detM , which can be written as

UM1,1 M1,2 M1,L

••• ••• ••• ••• ••• ••• ••• ••• ••• •••

MLa ,La21 MLa ,La
MLa ,La11

MLa11,La
MLa11,La11 MLa11,La12

••• ••• ••• ••• ••• ••• ••• ••• ••• •••

ML21,L22 ML21,L21 ML21,L

ML,1 ML,L21 ML,L

U
(L,L)

. ~26!
la

m

of

ng

f

-
t

lue

lk,

line
In order to calculate the critical temperatures of the super
tice, we have to solve Eq.~21! numerically in which we
substitute detM by its expression given by Eq.~26!.

Without loss of generality, we assume the critical te
perature of slabA higher than that of slabB, that is, Jaa
>Jbb (R15Jbb /Jaa<1), and henceTc

A/Jaa>Tc
B/Jaa , where

Tc
A/Jaa is the bulk critical temperature of a uniform lattice

materialA andTc
B/Jaa5R1Tc

A/Jaa .
To study the effects of the reduced interface excha

R25Jab /Jaa and the concentrationc of magnetic atoms on
the critical temperatureTc /Jaa of the superlattice,Tc /Jaa is
calculated as a function ofR2 for fixed R150.6 and fixed
Lb55, but with various values ofLa and various values o
the concentrationc.
05443
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Figure 3~a! corresponds to the pure casec51 and it
shows that for 1<R2<7, the dependence of the critical tem
peratureTc /Jaa on R2 is approximately linear in agreemen
with the results of other methods.10,13,14For higher values of
R2 , Tc /Jaa becomes nearly constant for each value ofLa . It
is easy to see from this figure that there exists a critical va
of the reduced interface exchangeR2

c such that, whenR2

.R2
c and consequentlyTc /Jaa.Tc

A/Jaa ,Tc
B/Jaa , the system

may order in the interface layers before it orders in the bu
i.e., the interface magnetism dominates. ForR2 less thanR2

c ,
we have the contrary situation. The dashed horizontal
corresponds to the bulk critical temperature of materialA for
the concentration of magnetic atomsc51.0.
6-5
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FIG. 3. ~a! The critical temperatureTc /Jaa of the superlattice versus the reduced interface exchange interactionR25Jab /Jaa for Lb

55, R15Jbb /Jaa50.6, andc51. The number accompanying each curves denotes the value ofLa . ~b! The critical temperatureTc /Jaa of
the superlattice versus the reduced interface exchange interactionR25Jab /Jaa for Lb55, R15Jbb /Jaa50.6, andc50.8. The number
accompanying each curves denotes the value ofLa . ~c! The critical temperatureTc /Jaa of the superlattice versus the reduced interfa
exchange interactionR25Jab /Jaa for Lb55, R15Jbb /Jaa50.6, andc50.6. The number accompanying each curve denotes the value oLa .
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Figure 3~b! shows the dependence ofTc /Jaa on R2 for the
same values of the parameters as Fig. 3~a! (Lb55,R150.6),
except here the concentration of magnetic atoms isc50.8.
The dashed horizontal line corresponds to the bulk crit
temperature of materialA for the concentration of magneti
atomsc50.8. This figure exhibits some new interesting r
sults for the diluted case. First, as is seen from this figure,
05443
l
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e

critical temperature curves show the reentrant phenom
for a given value ofTc /Jaa there may exist two values of th
interface exchange interactionR2. This phenomena may b
attributed to the competition between the effects of the
change couplings and the dilution. Second, the depende
of Tc /Jaa on R2 is completely different from the first cas
(c51); it increases from a value that depends onLa at R2
6-6
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50, passes through a maximum, and decreases for large
ues ofR2. Third, it is interesting to note that there exist tw
critical values of the reduced interface exchangeR2

c :R2
c

52.496 andR2
c58.363, such that when 2.496,R2,8.363,

and consequentlyTc /Jaa.Tc
A/Jaa ,Tc

B/Jaa , the system may
order in the interface layer before it orders in the bulk; a
when R2,2.496 orR2.8.363 we have the contrary situa
tion.

Figure 3~c! shows the dependence ofTc /Jaa on R2 for the
same values of the parameters as Fig. 3~a! (Lb55,R150.6),
except here the concentration of magnetic atoms isc50.6.
The variation ofTc /Jaa versusR2 is the same as in Fig. 3~b!,
except thatTc /Jaa increases from a value that depends
La , at R250, and it increases with the increase ofLa for Lb
fixed. We note that the interface magnetism disappear
this case.

In Fig. 4, we show the phase diagram of the system
plotting the critical reduced interface exchange interact
R2

c as a function ofR1 for different values ofc. For the pure
case,c51, there exists a single value ofR2

c for all the values
of R1 and it decreases with the increase ofR1. For the diluted
case,cÞ1, it is seen that we have a range ofR1, which
depends onc, where we find two values of the reduced cri
cal interface exchange interaction. Otherwise this criti
value does not exist. All the curves meet at the point
abscissaR151 and of ordinateR25R2

c51.

B. Order parameters

In this section, we are interested in the study of the la
ordering parameters of the magnetic superlattice descr
above. These quantities depend on the temperature, the

FIG. 4. Dependence of the reduced interface exchange coup
R2

c on the reduced exchange couplingR15Jbb /Jaa for Lb55, and
several values of the concentrationc of magnetic atoms.
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centration of magnetic atoms, the reduced exchange inte
tions, and the unit-cell thicknessL. We can obtain the laye
longitudinal magnetizations and quadrupolar moments fr
Eqs.~12! and~13! as functions of temperature. We consid
a superlattice withL540 layers whereLa5Lb520.

Four types of phase diagrams~the longitudinal magneti-
zationmn,z profiles! are found depending on the values of t
reduced exchange interactionsR1 , R2, the temperature, and
the concentration of magnetic atoms. These phase diagr
correspond to the four possibilities for the magnetization

@m1,z
A >m2,z

A >m3,z
A and m1,z

B >m2,z
B >m3,z

B # ~type 1!,

@m1,z
A <m2,z

A <m3,z
A and m1,z

B <m2,z
B <m3,z

B # ~type 2!,

@m1,z
A <m2,z

A <m3,z
A and m1,z

B >m2,z
B >m3,z

B # ~type 3!,

@m1,z
A >m2,z

A >m3,z
A and m1,z

B <m2,z
B <m3,z

B # ~type 4!.

These diagrams are shown respectively in Figs. 5–8
some selected values of the reduced exchange interac
R1 , R2 , c, and T/Jaa . The solid and dotted curves corre
spond to the magnetization profile of the sublatticeA andB,
respectively. The number accompanying each curve den
the value of the temperatureT/Jaa . Because of the symme
try of the superlattice, we limit the interpretation to the fir
half of the layers. The variation of longitudinal quadrupol
momentsqn,z versusn is the same asmn,z versusn.

ng
FIG. 5. Longitudinal magnetization profiles for a superlatti

with L540 layers whenR15Jbb /Jaa50.6,R25Jbb /Jaa53.5, and
c50.8. The solid and dashed lines correspond respectively to
sublatticeA andB. The number accompanying each curve deno
the value of temperatureT/Jaa .
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FIG. 6. Longitudinal magnetization profiles for a superlatti
with L540 layers whenR15Jbb /Jaa50.6,R25Jbb /Jaa50.5, and
c50.8. The solid and dashed lines correspond respectively to
sublatticeA andB. The number accompanying each curve deno
the value of temperatureT/Jaa .

FIG. 7. Longitudinal magnetization profiles for a superlatti
with L540 layers whenR15Jbb /Jaa50.6,R25Jbb /Jaa51.0, and
c50.8. The solid and dashed lines correspond respectively to
sublatticeA andB. The number accompanying each curve deno
the value of temperatureT/Jaa .
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We present the magnetization profiles in Fig. 5 forR1
50.6, R253.5, c50.8, and two values of the temperatur
T/Jaa51.0, andT/Jaa52.0. We see that the longitudina
magnetizationsmn,z have their largest values at the interfac
and they decrease with the number of layers to reach t
minimal values in the bulk (n510). This suggests that ther
exists an interface magnetism in the system. It is interes
to note that the effect of the interface is more significant
high temperature;mn,z decrease with the increase of the tem
peratureT/Jaa as expected.

We present the magnetization profiles in Fig. 6 forR1
50.6, R250.5, c50.8, and two values of the temperatur
T/Jaa50.5, andT/Jaa51.0. We see that the longitudina
magnetizationsmn,z have their smallest values at the inte
faces and they increase with the number of layers to re
their maximal values in the bulk (n510). It is interesting to
note that there is no interface magnetism in this case;mn,z
decrease with the increase of the temperatureT/Jaa as ex-
pected.

In Figs. 7 and 8 we show the magnetization profiles
R251.0, c50.8, and two values of the temperature:T/Jaa
51.0 andT/Jaa52.0 and forR150.6 andR151.5, respec-
tively. In these cases we can see that the interface magne
is only present in one sublattice, in sublatticeB for the first
case and in the sublatticeA in the second case.

IV. CONCLUSION

In conclusion, we have studied the critical behavior a
some magnetic properties of the diluted spin-1 Ising mo

he
s

he
s

FIG. 8. Longitudinal magnetization profiles for a superlatti
with L540 layers whenR15Jbb /Jaa51.5,R25Jbb /Jaa51.0, and
c50.8. The solid and dashed lines correspond respectively to
sublatticeA andB. The number accompanying each curve deno
the value of temperatureT/Jaa .
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of magnetic superlattice consisting of two materials, us
the effective-field theory with a probability distribution tec
nique that accounts for the self-spin correlation function.

For the pure case, a critical valueR2
c of the reduced inter-

layer exchange interactionR2 has been found such that fo
R2.R2

c the interface magnetism dominates, and forR2

,R2
c we have the contrary situation.

As discussed in Sec. III A, the study of the effect of t
dilution on the critical temperature of the system is ve
significant: The behavior of the system is different from t
pure case (c51). A number of interesting phenomena ha
been found such as the reentrant behavior in the critical t
perature curves that can be attributed to the competition
tween the exchange couplings and the dilution. We can
see that depending onR1 andc, the system may exhibit two
critical values of the reduced interface coupling. It is inte
esting to note that the interface magnetism does not exis
every values ofc andR1.
.J.

ia

tu

05443
g
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We have also studied the magnetizations~and the quadru-
polar moments! versus the number of layers of the unit ce
and have shown that these phase diagrams exhibit four t
depending onR1 , R2 , c, andT/Jaa . This study also shows
the existence of the interface magnetism in the system.

The formalism of transition temperature derivation o
tained above is general and can be used for the stud
superlattices of various thicknesses and structures. Altho
we have discussed only ferromagnetic exchanges~all J.0!,
the formulation is applicable to antiferromagnetic couplin
as well.
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