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Using a finite-cluster approximation, the magnetic properties of a multilayer spin- —superlattice with

antiferromagnetic exchange coupling between amorphous magnetic layers across a nonmagnetic spacer
are investigated. For reasonable values of the parameters of the proposed model, the magnetic proper-
ties of such a system are in agreement with the results observed experimentally on (Fe-Si)/Pd multilay-
ered films. The magnetization exhibits three different kinds of behavior as a function of the amorphiza-
tion.

I. INTRODUCTION

In recent years the study of multilayer structures has
been of increasing interest for experiments and theoreti-
cal works. This gives the potential for many technologi-
cal advances in the synthesis of new magnets for a variety
of applications. ' Much attention has been paid to the
properties of layered structures consisting of alternating
magnetic and nonmagnetic materials. The most com-
monly studied magnetic multilayers are those of a fer-
romagnetic transition metal such as iron, cobalt, or nick-
el and a nonmagnetic transition or noble metal. Many
experiments have shown that magnetization enhance-
ment exists in multilayered films consisting of magnetic
layers and Pd-metal layers. ' ' This enhancement is in-
duced by the polarization effect of Pd atoms. A free Pd
atom is nonmagnetic. When the nonmagnetic layers in
multilayered films are sufficiently thin, magnetic coupling
between magnetic layers begins to occur. It was found
that ferromagnetic or antiferromagnetic coupling can ex-
ist between magnetic layers separated by Cu, Cr, Pd, or
Ru layers, and an oscillatory interlayer coupling was
found with a variation i.n the thickness of nonmagnetic
layers. ' ' When the interlayer coupling changes, the
magnetization orientation in adjacent magnetic layers
will change from parallel to antiparallel, or reverse.
From the theoretical point of view, great interest has
been paid to spin-wave excitations as well as critical phe-
nomena in two-component layered magnetic superlat-
tices. These researches are usua11y on Heisenberg or Is-
ing multilayered systems consisting of only spin- —, ions
with coupling exchange constants of different magnitudes
within each layer. ' Many experiments show that the
interface region between the two-component layered su-
perlattices looks amorphous. ' The existence of amor-
phous interfaces plays an important role for. the magnetic
properties of multilayered thin films. The influences of
disordered interfaces on the phase diagram in a bilayer
system consisting of two spin- —, Ising ferromagnetic lay-
ers with different bulk properties have been investigat-
ed. The exchange coupling in magnetic multilayers be-
tween magnetic layers across a nonmagnetic spacer is

calculated. ' The magnetic properties of a three-layer sys-
tem consisting of two spin- —, Ising ferromagnetic layers
with different bulk properties and amorphous interfaces
are investigated within an effective-field theory. Our
work is motivated partly by the experiment done by Liu,
Ma, and Mei on (Fe-Si)/Pd multilayered films and by
study of the magnetic properties of a multilayer spin- —,

'

superlattice system with different amorphous thickness
layers, within a finite-cluster approximation.

II. MODEL AND METHOD

A. Model

We consider a three-dimensional spin- —, Ising superlat-
tice consisting of n layers of type A and m layers of type
8 (see Fig. 1). In this model we assume that the layers of
type A have magnetic amorphous structure, while type S
are nonmagnetic and have crystalline structure. If we
consider only nearest-neighbor interactions, the Hamil-
tonian of the system is given by

H= —g J,,o;o., —h go, ,
(ij ) i

where cr,. is the spin variable which takes two values +1
and the summation runs over all pairs of nearest neigh-
bors. J," is the exchange interaction, taking the value J,
if both spins are in A, J& if both spins are in 8, and J,b if
one spin is in A and its nearest neighbor is in B. h is the
external magnetic field applied on each site i of the sys-
tem. In this model J,b is negative and J, is assumed to be
randomly distributed according to the probability distri-
bution law

P(J; ) =—,'[5(Ji —J,—b J, )+5(J; —J, +hJ, )] . (2)

The parameter 5=bJ, /J, is a measure of the fiuctuation
in the exchange interactions and is called the amorphiza-
tion.

Distribution (2) has been extensively used by experi-
mentalists to fit their data. Especially for Fe-based amor-
phous alloys, values of 5 as high as 0.5 have been used to
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selected spin labeled 0 and the neighboring spins with
which it directly interacts, we get the Hamiltonian con-
taining 0, namely,

HQ=( A —h )crQ,

where

N
A= —Q JQcr

j=l

with Jo. the exchange couplings between spins at site 0
and the nearest-neighbor spins o. and X is the coordina-
tion number.

The starting point for the single-site cluster approxi-
mation is a set of formal identities of the type

trooroexp( —
PEfo )

)&~QC =
trQexp( I3H Q

)— (4)

FIG. 1. Cross section of the superlattice used ( A, amorphous
structures; B, crystalline structures). Cyclic boundary condi-
tions are used in the perpendicular direction (the last layer of B
is connected with the first one of A) in order to have an infinite
system.

give a qualitative agreement between experiments and the
Handrich formula. Other results were obtained by
Prasad, Bhtnager, and Jagannathan, which indicate
that the agreement with the experimental result is im-
proved even in the Handrich formula, when 5 is made
temperature dependent in such a way that it decreases
with temperature. In particular, for a better choice af
this dependence 5(T)=5(0)[(1—(T/T, ) j, it gives a
good fit to the experimental points for a-Fe74Co, o8,6, a-
Fe8oB2o, a-Fe4oNi2oB2o and a-Fe78Bl3Si9.

For disordered models the mean-field approximation
which neglects all spin correlations is not satisfactory.
But to compute the average over all spin configurations
« cr; »D, where & & indicates the thermal average and

&D means the random configurational average, we
will use the finite-cluster approximation ' within an ex-
pansion technique for spin- —,

' cluster identities, which
still neglects correlations between different spins, but
takes into account relations such as & (o; ) &

= 1 exactly.

B. Method

Using a single-site cluster approximation ' in which
attention is focused on a cluster comprising just a single

where & cr Q & c denotes the mean value of the spin 0 of the
z layer for a given configuration c of all other spins, i.e.,
when all other spins cr (j%0) have fixed values.
denotes the average over all spin configurations. tro
means the trace performed over o Q only. p= I /ICs T, T is
the absolute temperature, and Kz is the Boltzmann con-
stant.

To calculate & crQ&c, one has to effect the inner traces
in Eq. (4) over the states of spin 0. In this way it follows
that

N —2

&oQ&c tanh ' g JQJcTj+JQ~ f(TQK~T

+Jo +loo +h

where Jo, l and Jo, +l are, respectively, the exchange
couplings between spins in site 0 of the z layer, spins in
site 0 of the z —1 layer and spins in site 0 of the z layer,
spins in site 0 of the z + 1 layer, while Jo is the exchange
coupling between spin 0 of the z layer and spins in site j
of the z layer.

The magnetization m, of the z layer is given by

rr, = « &oQ&c &D &, (6)

where &
. .

& denotes the average over all configurations
of the other spins cr (j%0) and &

.
&D denotes the

average over all configurations of the disorder of the ex-
change interactions Jo.. Using the distribution of Jo.
mentioned above, the average over the disorder of JQ (for
the amorphous layers) of & crQ &, is given by

N —2= J & '& / &(J J)&(J, , )P(J, , )dJ JdJ, ,dJ

Then, for zH A(z =2, . . . , n —1),
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1 1 N —2 J
((cro)c)D= g g g Ck~ ztanh

k& =0 k2=0k3=0 B

k) k2 k3

(1—5) k, g oj I+kz go~+I+(1 —5k Q) g oj
j=1 j=l j=1

1 —k
1

1 —k 2

+(1+5) (1—k, ) g o','+(1—k~) g cr'-+,'

N —2 —k 3

+(1 5k, ,x —z) X crj+k,
j=1

1 k3

((cro)c)D= &, g g Ck tanh (1—5) k, g oj &+(1—5k, ,o) Xoj~

1 —k
1

N —2 —k 3 J.b+(1+5) (1—k, ) g cr",'+(1—5k ~ ~) g cr~+k + (oo+')+
j=1 j=1 0 0

where

h+ J.

1 for i =j5.
0 for i',

and 5=b.J, /J, is the amorphization.
Since only the layers of type A have an amorphous structure, for each layer z EB(z =n +1, . . . , n +m) we have

& (o'0&c &D
= (oo)c' then,

J J 'N —Z

(lo)
B a i=1 a

J J„N—Z

&oo&c=tanh . oo '+ g cr;'+era+' + (11)

To calculate (((cro) c)D ) we have used the expansion technique for cluster identities of spin- —,
' Ising systems as fol-

lows.
Suppose one considers the general product

N 1

rr r(
k=0

which contains 2 terms. From these terms one may collect together all those terms containing p, factors of o.', pz fac-
tors of o'. +', and p3 factors of o'. . Such a group is denoted by I o IP

Our aim is to expand the function ( (o 0)c )D of Eqs. (8)—(11) in terms of these I o IP P P . Thus, one can write, for

z&A(z=2, . . . , n —1),
1 1 N 2 1 1 N 2

« oQ & c, &D ~ g X X Ck3 X X X ~P&,P&,P3, k&, k&, k3 I o IP&,P&,P3
k =Ok =Ok =0 p =Op =Op =0] 2 3 1 2 3

1 N —2 1 1 N —2

« oo&c&D z & X X Ck3 X X X Up&, p&,p3, k&, k3Io)„,„,p,
k =Ok =0 p =Op =Op =0

1 3 1 2 3

« o(~)&c &D= & &oo&c &D,

and, for z E-8 (z = n +2, . . . , n +m —1),

(12)

1 1 N —2

&c &D X X X +P,P,P IolP, P,P
p =Op =Op =0

1 2 3

1 1 N —2

« oo &c &D X X X VP, P,P IojP,P P ~

p& =0 p2 =0p3 =0

(14)

(15)

To calculate the coe%cients 2 k k k U k k Bp p p, and Vp p p, we use the expansion technique for
P1'P2'P3' 1' 2' 3 P1'P2'P3' 1' 3 P 1 'P2'P3 P) P2 P3'

the cluster identifies of the spin- —,
' Ising systems, namely,
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with

1
k k k

1 2 3 k 1 21—k 1 —k N —2 —k
N —2 —k3

p3 i &=0 i2=0 i30J/0J20J30 P) =0 P2=0 P3=0

j) J2 J3

v =Ov =Ov =0
1 2 3

l =l1+l2+l3 & J =J1+J2+J3, k =k1+k2+k3

P =P1+P2+P3 ~ V —V1+V2+ V3

fzk(5)=tanh PJ, (1—5)(k —2i)+(1+5)(N —k —2j)+ h

a

k) k3

U
p&,p2, p3, k&, k3 2NCN 2 ~ ~ r3

p i =Oi =0
3 1 3

1 k~ N 1 k3 i& i3 j& j3 l

l=O j =0 j =0
1 3 P] 0 JM3 0 v} 0 v3 0 + 0

where

g; k&(5)=tanh PJ, (1—5)(k —2i)+(1+5)(N —1 —k —2j)+(1 21)r&+-h

a

with

l l 1 +l3 J J1 +J3 P P1+P3 V V1+V3 k k] +k3
J,bT1-

a

N —1 1 i j
P P P N N —2 + + ' J ~ ~ P ~ P P "f'J

Cp i =0 j=0 @=0v=0
3

where

(20)

fJ=tanh PJ, r&(1 2j )+r2(l 2—i)+-h
a

(21)

Jb
r =

2
a

8P1'P2'P3 2NC N —2
P3

with

1 1 N —2 1 2 3

i =0& =Oi =0 p =Op =Op =0
1 2 3 I 2 3

(22)

f; =tanh PJ, r2(N —2i)+
a

l —l1+l2+l3 (23)

and C„=m!I[n!(m n)!] are th—e binomial coefficients.
Using the simplest approximation of the Zernike decoupling of the type

&o', 'cr',' ' . o,'o,''. of+' . . )=(o', ')&o',' '& . &cr,'&&o,''& . . &cr',„+').. . for iXi',jWj', . . . ,

and seeing that the number of elements of the group Io IP P P is equal to C, then the averaged magnetizationsP) P2 P3 P3

m, = ( ( ( era) c )D ) of the layer z are given by the following: for z H A (z =2, . . . , n —1),
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1 1

m, =
2 kl —Ok~=0

N —2 1 1 N —2

Aq ~ ~ k k~ k3(m, , ) '(m, ) '(m, +, ) 'C~~
k =0 p =Op =Op =0

3 1 2 3

(24)

1 N —1 1 1 N —2

(25)

mi =m„,
and, for z & B(z = n +2, . . . , n +m —1),

1 1 N —2

m„+i= g g Q V ~ (m„) '(m„+i) '(m„+p)C~
p& =Op&=Op3=0

1 1 N —2

p& =OS» =0p3 =o

n+m n+1

(26)

(27)

(28)

(29)

Then the total magnetization of the model (1) is given by

M= 1

tl +Pl m, (30)

III. RESULTS AND DISCUSSION

Equations (24) —(29) are solved by iteration. For 5 &5i
and for a fixed value of the magnetic field h, different ini-
tial guesses can lead to two solutions, namely, (m, )0 for
z EB; m, (0 for z E A) or (m, )0 for z EB; m, &0 for
z E A), for h )0, and (m, (0 for z HB; m, &0 for z H A)
or (m, & 0 for z EB; m, & 0 for z E A ), for h & 0.

But from a ground-state study ( T =0 and 5=0) of the
model (1), it is easy to show the existence of a critical
value (h, =3~J,b ~

/2n ) of the magnetic field h, such that,
for ~h~ &h„ the solution (m, &0 for z&B; m, (0 for
z E A ) for h )0 [(m, & 0 for z EB; m, & 0 for z E A ) for
h &0] is selected as a stable 'configuration, while, for
~h~ & h„ the solution (m, &0 for z EB; m, & 0 for z E A)
for h )0 [(m, &0 for z HB; m, &0 for z E A) for h (0] is
the stable configuration.

For 5) 5i, only one solution persists (m, &0 for zCB;
m, &0 for z E A) for h )0 [(m, &0 for z&B; m, (0 for
zH A) for h &0]. From the above it is clear that, for
~h~ &h„5, is the transition point between the
configuration with m, & 0 and the configuration with
m, &0, for z E A. The dependence of the total magneti-
zation ~M~ of the model (1) on the amorphization 5 [Fig.
2(a)] shows that the magnetization undergoes a finite gap
at a critical value 51=0.33, which is due to the transition
of the magnetization of the amorphous film from a posi-
tive value to a negative one. This transition is due to the
competition between the magnetic field h, the antiferro-
magnetic coupling interaction J,b, and the amorphization
5. Indeed, for a sufficiently weak amorphization (5 & 5, ),
the effect of the perpendicular antiferro magnetic ex-
change J,b is more important that the effect of the mag-
netic field; then, the states where the magnetizations of

layers of type 3 and the magnetizations of layers of type
8 are of opposite sign are considered. While for
sufficiently large values of the amorphization 5)5, the
effect of the antiferromagnetic exchange becomes negligi-
ble in front of the external magnetic field h, the
configuration where the magnetizations of layers of type
A and layers of type 8 are of the same sign is the dom-
inant state. We remark that the value of 51 depends on
the value of the external magnetic field and is indepen-
dent on the thickness d„of films of type A (amorphous
film), because only the two adjacent layers (one of type A
and one of type B) are coupled antiferromagnetically.
But the strength of the gap at 5=6, decreases when in-
creasing d„. For 5&5, the absolute value of the total
magnetization decreases when increasing 5, while for
5, &6&52 the magnetization increases with 6, passes
through a maximum at 6=52, and then decreases when
increasing the amorphization 5. We note that for ~h

~
& h,

the gap disappears, because the sign of the magnetization
of type A does not change when 5 increases [Fig. 2(b)].
Figure 2 shows another critical value 5I =2.30 (called in-
version amorphization) below which ~M~ increases when
increasing the thickness d~ of the amorphous layers for a
fixed value of the temperature, because for 6&5I the
amorphous film is still ordered and it is clear that the to-
tal magnetization increases when increasing the number
of layers in such a film, while for 6&51 and for a
sufficiently low temperature (T & TI ) the disorder due to
the amorphization becomes more important than the or-
der induced by the external magnetic field. Hence the
average magnetization of the amorphous film is weak in
front of the magnetization of layers 8 and then the aver-
age magnetization ( ~M~ ) of the system is approximately
reduced to ~M~~/(n +m) (with ~M~~ =g, ~~m, ). Then
the total magnetization decreases when increasing the
thickness (d„=n) of the amorphous layers (Fig. 3) for
T & TI, while for T & TI such situation is reversed (i.e.,
~M~ increases when increasing d~, since this region cor-
responds to a paramagnet in a magnetic field) in agree-
ment with experiments on (Fe-Si)/Pd (Fig. 2 of Ref. 23).
At 6=5I, the effect of the external magnetic field on the



ABDELILAH BENYOUSSEF AND HAMID EZ-ZAHRAOUY

0.9
100

0.8

21

0. 6

0.4 —
6

0.3

0.1

0. 9

0. 8

0

IO

9
8

3
amorphization

FIQ 2 Dependence of the absolute value of
the total magnetization on the amorphization
at T/J, =1, J,b/J, = —1, J$ =0, and in (a)
h/J, =0.1, (b) h/J, =0.5. The number ac-
companying each curve denotes the value d&
of the thickness of the amorphous layers.

0.7

0.6

0.5

0

0. 3

0.2
3

Amorphization

0.35

0.3

0.25

0. 2

FIG. 3. Dependence of the absolute value of
the total magnetization on the temperature at

The number accompanying each curve denotes
the value d & of the thickness of the amorphous
layers.

0.15

0 ..1
0 4 5 6

temperature T



MAGNETIC PROPERTIES OF A SUPERLATTICE OF. . . 4251

0.45

0. 4

0. 35

0.3

0.25
2. I

3.1

0 . 2
0 10 20 30 4 0 5 0 6 0 7 0

thi cknes s of the l ayers A
80 90 100

0.9
i

0. 8

0.7

0. 6

0.5

0.4

0.3

0.2

FIG. 4. Dependence of the absolute value of
the total magnetization on the thickness d& of
the amorphous layers at a fixed value of
h/J, =Q. 1, J,b/J, = —1, and Jb=o. (a) 5=3,
d~ =47 (b) dg 15' 5 Oo ly (c) dg 5y T/Jg 1.
The number accompanying each curve in (a)
and (b} denotes the value of the temperature
T/J„while in (c) this number denotes the
value of the amorphization 5.

0.1

0 20 40 60 80 100 120 140
thickness of the layer A

160 180 200

0.9

0.8

0.6

0. 5

/0.4
I

I

l
10. 3

I

0.2

0.1
20 60

I I I

80 100 120 140
thickness of the layer A

160 180 200



4252 ABDELILAH BENYOUSSEF AND HAMID EZ-ZAHRAOUY

amorphous layers and the effect of the amorphization are
compensated. In view of the above results, it should be of
a great interest to represent the absolute value of the total

~ o e amorphousmagnetization with the thickness d f th
ayers. For the region in which the amor h t' 5 ™Ie amorp ization ")™I

and T & TI, the total magnetization decreases when in-
creasing the thickness of the amorphous layers A, and for
each fixed value of the thickness d th e magnetization
decreases with the temperature [Fig. 4(a)]. Such a situa-
tion is experimentally observed in (Fe-Si)/Pd multilay-
ered films (Fig. 4 of Ref. 23). Fo 5(5 h dor & I t e dependence
of the magnetization is represented in Fi . 4(b) in

o a magnetization increases when increasin the
thickness d . Thee dependence of the magnetization !M!

asing e

as a function of thethe thickness dz for several values of the
amorphization is represented in Fig. 4(c) in which

ren in s of behavior of the magnetization are ob-
c inw ic two

tained (in agreement with Fig. 2) in which the magnetiza-
tion increases with d for 5&5 and d hI an ecreases when in-
creasing d~ for 5)5I.

The dependence of the total magnetization !M! of the
model (l) on the thickness dz of layers of type B for
several values of the temperature T/J and
values of the ma ns o e magnetic field h, the amorphization 5 and
the thickness ds dz of layers of type A is presented in Fig. 5
for J~ =0 (if we assume that layers of type B are nonmag-
netic . A compensation thickness dzc appears only

'
thc yin e

are of the o osipposite sign. This is due to the effect of the
antiferromagnetic coupling. Th then e compensation
thickness is due to the competiti b t h'on e ween t e magneti-
zations m and mzEA ,~~. Indeed, for a fixed thickness of
the amorphous film and for a su%ciently small th' k
of the no nmagnetic layers, the total magnetization
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is dominated by A. But when increasing the thickness db
of the B 1e B layers (i.e., adding magnetizations with opposite
sign to the magnetizations m, ~„), the total magnetiza-
tions decreases, passes through a minimum at d =dBC~
and then increases rapidly when d & d~&, and for
sufficiently large values of the thickness of the nonmag-
netic layers, the total magnetizations is dominated b B.e y
Such behavior is experimentally observed in (Fe-Si)/Pd
multilayered films (Fig. 6 of Ref. 23). It is seen from Fig.
5(a) that the critical thickness diic depends strongly on
the value of the temperature at sufficiently high tempera-
tures, while this dependence is not considerable at
sufficiently low temperatures [Fig. 5(b)]. Indeed, d~c in-
creases when increasing the temperature. At very lar e
v 1va ues of the thickness dz of layers of type B, the satura-
tion value of the total magnetization decreases when in-
creasing the temperature. Since the behavior of the total
magnetization ~M~ depends on the values of the tempera-
ture, it should be of great interest to represent the depen-
dence of the total magnetization on the temperature
T/J, (Fig. 6) for several values of the thickness d of la-~ o ay-
ers of type B Form F.ig. 6(a), it is clear that the magneti-
zation decreases when increasing the temperature and ex-

ibits a jump at a critical temperature (where the spon-
taneous magnetization vanishes), and then undergoes a
saturation value when the temperature becomes very
large. The jump is due to the presence of the magnetic
field. In fact, this jump disappears at a sufficiently low
magnetic filed [Fig. 6(b)], in agreement with experiments
on (Fe-Si)/Pd multilayered films (Fig. 5 of Ref. 23). In
Fig. 6(c) the magnetization decreases with the thickness

d& of layers of type B, passes through a minimum, and
then increases with dz, in agreement with experiments on
(Fe-Si)/Pd multilayered films (Fig. 3 of Ref. 23).

Another important feature is obtained in the depen-
dence of the total magnetization as a function of the
thickness of type B (Fig. 7) for several values of the
amorphization 5. Figure 7 shows that the compensation
thickness decreases when increasing the amorphization 6,
and for a sufficiently large value of 5 the compensation
thi &ickness disappears and the total magnetization in-
creases with the thickness of layers of type B. This result

f
means that the order in amorphous layers of type
avors the appearance of the compensation thickness d~~.

IV. CONCLUSION

In this paper we have studied theoretically the magnet-
ic properties of a superlattice with amorphous mulitlay-
ered films. For reasonable values of the parameters of
such system, our theoretical results are in agreement with
an experiment on (Fe-Si)/Pd multilayered films. New
theoretical results are also obtained in further regions of
the space parameters, which can be an area for future ex-
perimental work.
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