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Phase diagrams of the site-diluted spin-12 Ising superlattice
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Using the effective-field theory with a probability distribution technique that accounts for the single-site spin
correlations, the critical behavior of a diluted spin-1

2 Ising superlattice consisting of two different ferromagnet
materials is examined. The critical temperature of the system is studied as a function of the thickness of the
constituents in a unit cell, the concentration of magnetic atoms, and the exchange interactions in each material.
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 thickness, even o
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 formed from two diffe
ent ferromagnetic materials, Fishmanet al.8 have discussed
its statics and dynamics within the framework of t
Ginzburg-Landau formulation. They have computed the tr
sition temperature and spin-wave spectra. The Landau
malism of Camley and Tilley9 has been applied to calcula
the critical temperature in this system.10 For more compli-
cated superlattices with an arbitrary number of different l
ers in an elementary unit, Barnas´11 has derived some gener
dispersion equations for the bulk and surface magnetic
laritons. These equations are then applied to magnetos
modes and retarded wave propagation in the Vo
geometry.12

On one hand, from both the experimental and theoret
points of view, the spin-12 Ising magnetic superlattice is ver
important. Aguilera-Granja and Mora´n-López16 studied some
experimental results by modeling the ferromagnetic thin fi
within the framework of the spin-1

2 Ising Hamiltonian. As a
PRB 600163-1829/99/60~6!/4149~9!/$15.00
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result, analytical expression of the thickness dependenc
the critical temperature was obtained and the model was
plied to estimate the magnetic interaction in Fe and Gd
trathin films. The experimental results in the case of Fe fil
on Au substrates5 were very well reproduced. Haiet al.,18

using the effective-field theory, studied the critical propert
in a superlattice consisting of two ferromagnetic materi
with different bulk transition temperatures. The critical tem
peratures were obtained as functions of the thickness of
superlattice with various couplings strengths betwe
nearest-neighbor spins in the same material and across
interface. Sy and Ow13 and Sy,14 using the mean-field ap
proximation, and Saberet al.,15 using the effective-field
theory,17 investigated alternating magnetic superlattices. T
critical temperatures were calculated as a function of
thickness of the superlattice for various couplings streng

On the other hand, there is a class of magnetic substa
that are well approximated by simple or site-diluted Isi
systems.19–22 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 temperature measu
ments. From the experimental point of view it is possible
synthesize the multilayered systems in which each la
thickness is regulated on the atomic scale.23 Therefore it is
possible to design the structure of the sample so as to fit
the study of a specific fundamental physics problem. E
amples of such experimental studies dealing with the in
face and dealing with the surface magnetic order prob
when the bulk of the sample is paramagnetic were repo
by Shinjoet al.23 and Rauet al.,24 respectively. For the site
diluted systems, the magnetic atoms on some lattice sites
randomly replaced by nonmagnetic atoms. Generally spe
ing, the magnetic properties of the diluted magnetic syste
may be obviously different from those of the correspond
pure systems. It has been known that a lot of new phys
phenomena can appear in these magnetic systems. Ka
4149 ©1999 The American Physical Society
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4150 PRB 60A. SABER et al.
oshi et al.25 investigated a semi-infinite system with surfa
dilution by means of the effective-field theory with correl
tions. Qiang Hong26,27 and Benyoussefet al.28 studied the
diluted semi-infinite system using the mean-field theory a
renormalization-group method, respectively. Ferchmin a
Maciejewski29 have studied a diluted Ising film and predicte
that the surface magnetic phase can appear when the co
tration of magnetic atoms on the surface is high enough

In this paper, we study a diluted spin-1
2 Ising superlattice

consisting of two ferromagnetic materials with different bu
properties as our model system. For simplicity, we rest
our attention to the case of simple cubic structures but o
structures can be treated without any difficulty. In particul
we consider the two constituentsA andB with different bulk
transition temperatures, i.e.,Tc

AÞTc
B . The interface is, in

general, different in nature from both bulks, even if the bu
critical temperatures are the same. We use the effective-
theory with a probability distribution technique17 in the
present work, as it is believed to be far superior to the st
dard mean-field approximation since it does not predic
zero critical concentration for diluted magnets. For the s
of simplicity, we assume that the concentration of magne
atoms of the superlattice is homogeneous. In Sec. II we
line the formalism and derive the equation that determi
the transition temperature. Numerical results are discusse
Sec. III where the existence of the interface magnetic ph
transition is discovered and the critical value of the interfa
coupling relative the bulk coupling is determined. A bri
conclusion is given in Sec. IV.

II. MODEL AND FORMULATION

We consider a superlattice consisting of two different f
romagnetic materialsA andB stacked alternately: materialA
with La layers and materialB with Lb layers. The coupling
strength between nearest-neighboring spins inA(B) is de-
noted byJaa (Jbb), while Jab stands for the exchange cou
pling between the nearest-neighbor spins across the inter
The periodic condition suggests that we only have to c
sider one unit cell of the thicknessL5La1Lb , which inter-
acts with its nearest neighbors via the interface coupling.
situation is depicted in Fig. 1. The Hamiltonian of the syst

FIG. 1. Two-dimensional cross section of a unit cell of the s
perlattice composed of two ferromagnetic materialsA andB, where
L5La1Lb is the thickness of the cell.
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is given by

H52(
( i , j )

Ji j cicjs izs jz , ~1!

where the first sum runs over all nearest-neighbor pairs
the second sum is taken over all the spins,s iz denotes thez
component of a quantum spinsW i of magnitudes5 1

2 at site
i , Ji j stands for one of the three coupling constants depe
ing on where the spin pair is located, andci is the occupation
number on the lattice sitei , ci51 if the lattice site is occu-
pied by a magnetic atom and zero otherwise.

The method we use is the effective-field theory, fully d
scribed by Saber,17 that employed the probability distributio
technique to account for the single-site spin correlations. F
lowing that procedure, we find in the current situation th
for a fixed configuration of neighboring spins the therm
averagê s iz& is given by

^s iz&5ci f zS (
j 51

Z

Ji j cjs jzD , ~2!

where

f zS (
j 51

Z

Ji j cjs jzD 5
1

2
tanhS 1

2
b(

j 51

Z

Ji j cjs jzD ~3!

andb51/kBT. The sum in Eqs.~2! and~3! is over the near-
est neighbors of the sitei , Z being the nearest-neighbor co
ordination number of the lattice. In a mean-field approxim
tion one would simply replace these spin operators by th
thermal valuesmz and these occupation numbers by the co
centrationc of magnetic atoms. However, it is at this poi
that a substantial improvement to the theory is made by n
ing that the spin operators and their occupation numb
have a finite set of base states, so that the average ove
function f z can be expressed as an average over a finite p
nomial of spin operators and their occupation numbers
longing to the neighboring spins. This procedure can be
fected by the combinatorial method and correctly accou
for the single-site kinematic relations. Up to this point t
theory is exact, but the right-hand side of Eq.~2! will contain
multiple correlation functions. Usually, at this stage
Zernike-type decoupling of the multiple correlation functio
is made that neglects the correlation between quantities
taining to different sites.

The above thermal average was for a fixed spatial c
figuration. In the next step, we have to carry out the spa
configurational averaging, to be denoted by^•••& r . To make
progress, the simplest approximation of neglecting the co
lations between different sites will be made. This is achiev
by introducing the probability distribution of the spin var
ables iz with its occupation numberci , P(ci ,s iz), which is
given by17

P~ci ,s iz!5 1
2 ~12c!d~ci !@d~s iz1 1

2 !1d~s iz2 1
2 !#

1 1
2 d~ci21!@~c22mz!d~s iz1 1

2 !

1~c12mz!d~s iz2 1
2 !#, ~4!

with

c5^^ci&& r ~5!

-



rlattice,
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and

mz5^^cis iz&& r5^^s iz&& r . ~6!

III. RESULTS

Allowing for the site magnetizations to take different values in each atomic layer parallel to the surface of the supe
and labeling them in accordance with the layer number in which they are situated, the application of Eqs.~2! and~4! leads to
the following equation for thenth layer magnetization:

mnz522N22N0c (
m50

N

(
n50

N2m

(
m150

N0

(
n150

N02m1

(
m250

N0

(
n250

N02m2

2m1m11m2~12c!m1m11m2

3Cm
NCn

N2mCm1

N0Cn1

N02m1Cm2

N0Cn2

N02m2~c22mnz!
n~c12mnz!

N2(m1n)

3~c22mn21,z!
n1~c12mn21,z!

N02(m11n1)~c22mn11,z!
n2~c12mn11,z!

N02(m21n2)

3 f zS 1

2
$Jnn@N2~m12n!#1Jn,n21@N02~m112n1!#1Jn,n11@N02~m212n2!#% D , ~7!
st
p

tis

.
y
is
b
a
e
ob
re
p

r
a

hes
in

all

s

wheren51,2,3, . . . ,L, N, andN0 are the numbers of neare
neighbors in the plane and between adjacent planes, res
tively (Z5N12N0). Ck

l are the binomial coefficientsCk
l

5 l !/k!( l 2k)!.
The periodic condition of the superlattice has to be sa

fied, namely,m0z5mLz andm1z5mL11,z .
We have thus obtained the self-consistent equation Eq~7!

for the magnetizationmnz , that can be solved directly b
numerical iteration. No further algebraic manipulation
necessary. This is the advantage of introducing the proba
ity distribution technique. The same equations hold for
arbitrary superlattice structure with a coordination numb
Z, and therefore results for different structures can be
tained without carrying out the detailed algebra encounte
when employing other techniques. For the case of a sim
cubic lattice, which we will consider here, one hasN54 and
N051. As we are interested with the calculation of the o
dering near the transition critical temperature, the usual
ec-

-

il-
n
r,
-
d
le

-
r-

gument thatmnz tends to zero as the temperature approac
its critical value, allows us to consider only terms linear
mnz because higher-order terms tend to zero faster thanmnz
on approaching a critical temperature. Consequently,
terms of the order higher than linear terms in Eq.~7! can be
neglected. This leads to the set of simultaneous equation

mnz5An,n21mn21,z1An,nmnz1An,n11mn11,z , ~8!

which can be written as

Mmz50, ~9!

whereM is a matrix acting on the vectormz containing the
magnetizationsmnz . The elements of the matrixM are given
by

Mi j 5~Aii 21!d i , j1Ai , j~d i , j 211d i , j 11!. ~10!

The only nonzero elements of the matrixM are given by
Mn,n21522N22N0c (
m50

N

(
n50

N2m

(
m150

N0

(
n150

N02m1

(
m250

N0

(
n250

N02m2

(
i 50

n1

(
j 50

N02(m11n1)

~21! i2m1m11m21 i 1 j

3d1,i 1 j~12c!m1m11m2cN12N02(m1m11m21 i 1 j )Cm
NCn

N2mCm1

N0Cn1

N02m1Cm2

N0Cn2

N02m2Ci
n1Cj

N02(m11n1)

3 f zS 1

2
$Jnn@N2~m12n!#1Jn,n21@N02~m112n1!#1Jn,n11@N02~m212n2!#% D , ~11!

Mn,n522N22N0c (
m50

N

(
n50

N2m

(
m150

N0

(
n150

N02m1

(
m250

N0

(
n250

N02m2

(
i 50

n

(
j 50

N2(m1n)

~21! i2m1m11m21 i 1 j

3d1,i 1 j~12c!m1m11m2cN12N02(m1m11m21 i 1 j )Cm
NCn

N2mCm1

N0Cn1

N02m1Cm2

N0Cn2

N02m2Ci
nCj

N2(m1n)

3 f zS 1

2
$Jnn@N2~m12n!#1Jn,n21@N02~m112n1!#1Jn,n11@N02~m212n2!#% D21, ~12!
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Mn,n11522N22N0c (
m50

N

(
n50

N2m

(
m150

N0

(
n150

N02m1

(
m250

N0

(
n250

N02m2

(
i 50

n2

(
j 50

N02(m21n2)

~21! i2m1m11m21 i 1 j

3d1,i 1 j~12c!m1m11m2cN12N02(m1m11m21 i 1 j )Cm
NCn

N2mCm1

N0Cn1

N02m1Cm2

N0Cn2

N02m2Ci
n2Cj

N02(m21n2)

3 f zS 1

2
$Jnn@N2~m12n!#1Jn,n21@N02~m112n1!#1Jn,n11@N02~m212n2!#% D , ~13!

with the periodic-boundary conditionsM1,05M1,L andML,L115ML,1 .
All the information about the critical temperature of the system is contained in Eq.~9!. Up to now, we did not assign precis

values to the coupling constants, concentration of magnetic atoms and the thickness of the superlattice: the terms in~9!
are general ones.

In a general case, for arbitrary values of these parameters, the evaluation of the critical temperature relies on n
solution of the system of linear equations~9!. These equations are fulfilled if and only if

detM50. ~14!

This condition can be satisfied forL different values of the critical temperatureTc from which we choose the highest possib
one.29

This value of the critical temperature corresponds to a solution wherem1z ,m2z , . . . ,mLz are all positive, which is com-
patible with a ferromagnetic ordering. The other solutions correspond, in principle, to other types of ordering that usu
not occur here.

In this paper, we takeJaa as the unit of energy, the length is measured in units of the lattice constant and we introdu
reduced exchange couplingsR15Jbb /Jaa andR25Jab /Jaa .

Let us begin with the evaluation of the critical temperature with an example: the critical temperature of the site-dilute
1
2 Ising model for the simplest possible ‘‘bulk case’’ of a materialA ~i.e.,N54, N051, Ji , j5Jaa). Then we can reduce detM
to the following form:

detM5Ua b b

b a b

b a b

. . . . . .

b a b

. . . . . .

b a b

b a b

b b a

U
(L,L)

, ~15!
by

e

-

re-
ulk

l
s

es
m-
est-
e

whose value is

detMbulk5)
k51

L Fa12b cosS 2p~k21!

L D G , ~16!

where the elements in the above determinant are given

a5Mn,n~Jn,n5Jn,n215Jn,n115Jaa!, ~17!

b5
1

4
~a11!, ~18!

and L in the ‘‘bulk’’ case is an arbitrary number. Now, w
obtain the critical temperature from the condition detM50.

In Fig. 2, we show the behavior of the bulk critical tem
peratureTc

A/Jaa of the bulk materialA as a function of the
concentrationc of magnetic atoms. With the decrease ofc
the phase region in which the ferromagnetic ordering is
alizable gradually becomes small and vanishes at the b
critical concentrationcB50.2928 at which the bulk critica
temperatureTc

A/Jaa reduces to zero. The series method30

and the Monte Carlo simulations30 give, respectively,cB
50.307 andcB50.325. In particular, for the pure system
with c51 ~or the regular simple cubic lattice! the Tc

A/Jaa

value atc51 is given byTc
A/Jaa51.2683, which is to be

compared with the mean-field approximation resultTc
A/Jaa

51.5 and the series methods result30 Tc
A/Jaa51.1277.

Now let us turn to the study of the critical temperatur
for the diluted ferromagnet spin-1/2 superlattice. We reme
ber that the exchange couplings between the near
neighbor spins in the slabsA andB and across the interfac
are different. These differences influence the form of detM ,
which can be written as
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detM5aU a1 1 b1

1 c1 1

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

1 c1 1

1 a1 b1

b2 a2 1

1 c2 1

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

1 c2 1

b2 1 a2

U
(L,L)

, ~19!
la

ists
are

lab
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ical
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n-
where the coefficientsa, a1 , a2 , b1 , b2 , c1, and c2 are
given by

a5S 1

M1,1/4
D 2S 1

M2,1
D 2(La22)

3S 1

MLa11,La11/4D 2S 1

MLa12,La11
D 2(Lb22)

, ~20!

a15M1,1/M1,2, a25MLa11,La11 /MLa11,La12,

b15M1,0/M1,2, b25MLa1Lb,1 /MLa11,La12, ~21!

c15M2,2/M2,1, c25MLa12,La12 /MLa12,La11 .

In order to calculate the critical temperatures of the super
tice, we have to solve Eq.~14! numerically in which we
substitute detM by its expression given by Eq.~19!.

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.
t-

We note that for the case ofJab50 (R250), the super-
lattice reduces to two sets of simple films, so there ex
separated phase transitions in two slabs. But here, we
interested in the case ofJabÞ0 (R2Þ0). Therefore, without
loss of generality, we assume the critical temperature of s
A higher than that of slabB, that is Jaa>Jbb (R1

5Jbb /Jaa<1), and henceTc
A/Jaa>Tc

B/Jaa , whereTc
A/Jaa is

the bulk critical temperature of a uniform lattice of mater
A andTc

B/Jaa5R1Tc
A/Jaa .

We have calculated many dependencies of the crit
temperature of the superlattice on the reduced interface
pling, superlattice thickness, and concentration of magn
atoms but here we will present only some particular intere
ing results.

We first show the critical temperature of the superlatt
Tc /Jaa as a function of the unit cell widthL5La1Lb in Fig.
3 whenR150.9, R250.5, and various values of the conce
tration c of magnetic atoms. Three cases of differentLb are

FIG. 3. Dependence of the critical temperatureTc /Jaa of the
superlattice on the thicknessL for R150.9, R250.5, various val-
ues ofc, and various values ofLb .
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FIG. 4. The critical temperatureTc /Jaa of the superlattice versus the reduced interface exchange interactionR25Jab /Jaa for Lb

53, R15Jbb /Jaa50.9, and several values ofc. The number accompanying each curve denotes the value ofLa . ~a! c51; ~b! c50.7; ~c!
c50.35.
e

ca

ng
t-

f

er
re

e

plottedLb53, 4, and 5. We first note that for a given valu
of c(Lb), Tc /Jaa decreases with increasing~decreasing!
Lb (c). For a givenLb , it is observed thatTc /Jaa increases
steadily asL increases indefinitely. For each value ofc, all
the curves approach the limiting value that is the bulk criti
temperature of materialA, Tc

A/Jaa , which depends onc.
This is, of course, easily understood.

To study the effects of the reduced interface excha
couplingR25Jab /Jaa and the concentration of magnetic a
omsc on the critical temperatureTc /Jaa of the superlattice,
l

e

Tc /Jaa is calculated as a function ofR2 for fixed R150.9
and Lb53, but various values ofLa and various values o
the concentrationc.

Figure 4~a! corresponds to the pure casec51 and it
shows that forR2.1 the dependence ofTc /Jaa on R2 is
approximately linear in agreement with the results of oth
methods.10,13,14 It is easy to see from this figure that the
exists a critical value of the reduced interface exchangeR2

c

such that, when R2.R2
c and consequently Tc /Jaa

.Tc
A/Jaa , Tc

B/Jaa , the system may order in the interfac
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FIG. 5. The critical temperatureTc /Jaa of the superlattice versus the thickness forLb53, R15Jbb /Jaa50.9, and several values ofc.
The number accompanying each curve denotes the value of reduced exchange couplingR25Jab /Jaa . ~a! c51; ~b! c50.7; ~c! c50.35.
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layers before the intralayer ordering, i.e., the interface m
netism dominates. ForR2,R2

c , Tc /Jaa,Tc
A/Jaa , Tc

B/Jaa ,
we have the contrary situation. Initially it has a plane int
layer ordering, i.e., the intralayer magnetism dominates
the system behaves like metamagnets.

Figure 4~b! shows the dependence ofTc /Jaa on R2 for the
same values of the parameters as Fig. 4~a!, except here the
concentration of magnetic atoms isc50.7. This figure ex-
hibits some new interesting results for the diluted case. F
as is seen from this figure, the critical temperature cur
show the reentrant phenomena that may be attributed to
competition between the effects due to the exchange c
plings and the dilution. Second, the dependence ofTc /Jaa on
-

-
d

t,
s
he
u-

R2 is not linear and it is interesting to note that there ex
two critical values of the reduced interface exchan
R2

c , R2
c51.3952 and R2

c55.5277, such that whenR2
,1.3952 or R2.5.5277, and consequently,Tc /Jaa

,Tc
A/Jaa , Tc

B/Jaa , the system may order in the intralaye
before the interface ordering; and when 1.3952,R2

,5.5277, and consequently,Tc /Jaa.Tc
A/Jaa , Tc

B/Jaa , the
system may order in the interface layers before the intrala
ordering, i.e., the interface magnetism dominates.

Figure 4~c! shows the dependence ofTc /Jaa on R2 for the
same values of the parameters as Fig. 4~a! except here the
concentration of magnetic atoms isc50.35. This figure ex-
hibits also some interesting results for the diluted case~the
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reentrant phenomena in the critical temperature curv!.
Here, the dependence ofTc /Jaa on R2 is not linear and the
critical temperature of the superlatticeTc /Jaa increases with
the increase ofLa for Lb fixed. We note that the interfac
magnetism disappears in this case.

In Figs. 5~a!–5~c! we show the critical temperature of th
superlattice as a function of the unit cell thicknessL for fixed
Lb53, R150.9, various values ofR2, and various values o
c.

Figure 5~a! corresponds to the pure casec51. The hori-
zontal line corresponds to the case ofR25R2

c51.3585, such
that Tc /Jaa5Tc

A/Jaa51.2683 and remains constant for an
La . We see thatTc /Jaa increases with the increase ofR2.
For R2.R2

c the critical temperature of the superlattice
higher than the bulk critical temperatureTc

A/Jaa andTc /Jaa

decreases with the increase ofL to reach an asymptotic
value. ForR2,R2

c the critical temperature of the superlattic
is smaller than the bulk critical temperaturesTc

A/Jaa and
Tc /Jaa increases with the increase ofL to reachTc

A/Jaa for
large values ofL. This suggests that there exists an interfa
magnetism in the system, i.e., forR2.R2

c the system may
order in the interface layers before it orders in the ot
layers.

Figure 5~b! corresponds to the diluted case withc50.7.
The horizontal line corresponds to two critical values ofR2

5R2
c51.3752 or 5.5277 such thatTc /Jaa5Tc

A/Jaa50.8085
and remains constant for anyLa . Contrary to the pure case
we see thatTc /Jaa does not increase with the increase ofR2.
For 1.3752,R2,5.5277 the critical temperature of the s
perlattice is higher than the bulk critical temperatureTc

A/Jaa

and Tc /Jaa decreases with the increase ofL to reach an
asymptotic value. ForR2,1.3752 orR2.5.5277 the critical
temperature of the superlattice is smaller than the bulk c
cal temperaturesTc

A/Jaa and Tc /Jaa increases with the in-
crease ofL to reachTc

A/Jaa for large values ofL. Here the
interface magnetism in the system exists only in the reg
1.3752,R2,5.5277.

Figure 5~c! corresponds to the diluted case withc50.35.
Contrary to the pure case, we see thatTc /Jaa does not in-
crease with the increase ofR2. For any value ofR2, the
critical temperature of the superlattice is always smaller t
the bulk critical temperatureTc

A/Jaa and Tc /Jaa increases
with the increase ofL to reach an asymptotic value. In th
case there is no interface magnetism.

IV. CONCLUSION

In conclusion, we have studied the phase transitions
diluted spin-12 Ising model of magnetic superlattice using t
r

.

e

r

i-

n

n

a

effective-field theory with a probability distribution tech
nique that accounts for the self-spin-correlation function. F
the pure case, a critical valueR2

c of the reduced interlaye
exchange interactionR2 has been found such that forR2

.R2
c (R2,R2

c) the interlayer ~intralayer! ordering domi-
nates. For (R2,R2

c) we found that the critical temperature o
the superlatticeTc /Jaa is always less than the bulk critica
temperatureTc

A/Jaa and reaches the last one when the thic
nessL becomes large, but for (R2.R2

c), Tc /Jaa is always
greater thanTc

A/Jaa .
The study of the effect of the dilution of magnetic atom

on the critical temperatures of the system is very signific
as it has been seen in these two investigated casesc50.7 and
c50.35. Forc50.7 the behavior of the system is differe
from the pure case. In particular, two critical values of t
reduced exchange coupling have been found and the in
face magnetism does not dominate even if the interface
change interactionR2 is strong enough. Forc50.35 the in-
terface magnetism is absent even if the critical concentra
c of magnetic atoms is larger than the bulk critical conce
tration cB50.2928.

As discussed in Sec. III, a number of interesting pheno
ena such that the reentrant phenomena have been foun
the critical temperature curves that are due to the competi
between the exchange couplings and the dilution. We h
that the results obtained in this work may be helpful fro
both a theoretical and experimental aspect.

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. Hence, some or all of theJ’s can be negative. A
simple observation can be made: If the exchange interact
between the successive layers are antiferromagnetic@i.e., we
have to replaceJab by 2Jab (R2 by 2R2) in the equations#,
the values of the critical temperature are not changed, wh
is consistent with the discussion of Tilley.10
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