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Recent experimental studies, using a photoemission electron microscope on a Ni/Fe/Co/Cu�100� system,
found that the Fe layers at both the Fe/Co and Fe/Ni interfaces are ferromagnetically ordered, and that there
is an oscillatory intercoupling between the Co and Ni layers across the Fe spacer. In the present paper we
performed self-consistent ab initio calculations to determine the magnetic profile and the interlayer exchange
coupling �IEC� in fcc Ni/Fen /Co�100� superlattices, for different thicknesses of the Fe spacer �n=1–7�. The
compositional ordering at the Fe/Co and Fe/Ni interfaces leads to a completely different IEC behavior. Strong
Fe-Ni�Co� ferromagnetic coupling with enhanced Fe magnetic moment are always obtained in the intermixed
layers.
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I. INTRODUCTION

Magnetic multilayers are of increasing interest for their
new and exciting coupling phenomena and related effects
such as oscillatory exchange coupling, giant magnetoresis-
tance �GMR� and tunneling magnetoresistance �TMR�. This
has opened a very large application field in the scope of the
magnetic recording such as sensitive read heads. Besides, a
new class of materials of metastable structures with novel
and unusual magnetic properties which can be stabilized by
epitaxial growth, have furthermore augmented the interest in
investigating the magnetic multilayers. In this context the
Fe/Ni �Refs. 1–6� and Fe/Co �Refs. 7 and 8� multilayers of
face centered cubic �fcc� stacking show interesting structural
and magnetic properties even at room temperature. In the
present case the Fe spacer is very different from its usual bcc
ferromagnetic �FM� ground state. It presents mainly a non-
ferromagnetic behavior with sizable magnetic moments,
higher not only than those of Ni but also than those of Co
atoms.

Recently there have been much concern about the descrip-
tion of the magnetism of the fcc iron. Fcc-Fe is a high tem-
perature phase and does not present usually a long range
magnetic order like the ferromagnetic ordering in bcc-Fe.
However a small modification of its lattice parameter can
induce an onset of various kind of long range magnetism
order whose determination is still a matter of debate.9–11

Moreover, this nonferromagnetic bulk fcc-Fe is like most of
the 3-d transition metal elements very suitable to support
ferromagnetism when it is in contact with a strong ferromag-
net like Ni or Co.

By using x-ray magnetic circular dicroism �XMCD�, Dall-
meyer et al.8 have shown that the fcc-Fe films mediate an
oscillatory indirect coupling in Co/Fe/Co�100� structures
that alternates in correspondence with the changes of the Fe
magnetization. Escorcia-Aparitio et al.7 explored the
Co/Fe/Co/Cu�100� system with a magneto-optic Kerr effect
�MOKE� technique. Their results show an antiferromagnetic

�AF� interlayer coupling between Co layers around 7 and 18
Fe monolayers �ML’s� thicknesses. Recently, Kenta et al.12

investigated Fe/Ni/Cu�100� films by a depth-resolved
XMCD technique and found an oscillatory behavior in the Fe
magnetization as a function of Fe thickness.

All experiments show that Fe films should undergo some
magnetic interactions with Ni �Co� substrates, but the situa-
tion was not enough explored when Fe is inserted between
Ni�100� and Co�100� slabs. In this context a few group of
experimentalists have recently devoted their work to the de-
termination of the magnetic polarization and interlayer ex-
change coupling �IEC� of Ni/Fe/Co superlattices.13–16 Gen-
erally they first grow Co on a Cu seed layer and so, Fe and
Ni films are then grown into crossed wedges to vary their
thickness independently. The use of Ni instead of Co as the
top magnetic layer has the advantage that the magnetic signal
of each layer can be determined separately, allowing the
layer resolved characterization of the entire system.13 Vari-
ous experimental techniques have been used �XMCD, pho-
toemission electron microscope �PEEM�,…� and a consistent
model has been deduced from those experiments:

�i� Fe presents a long range polarization which is essen-
tially of the nonferromagnetic type contrary to bcc-Fe which
is ferromagnetic;

�ii� at the interface with Co�Ni� the magnetism of Fe is
typically parallel to that of Co�Ni�;

�iii� an interlayer exchange coupling between Co and Ni
through the fcc-Fe spacer is present, but its period is not well
defined.

From the theoretical point of view several investigations
on the magnetism of the interface layers were performed.
More precisely, band structure calculations suggest that in
fcc Fe system there exist a variety of magnetic phases with
the spacer thickness. However, density functional calcula-
tions concerning the electronic and magnetic structures of
Ni/Fe/Co superlattices have not appeared yet. We can how-
ever notice the works on Fe thin films on Co substrate by
Mokrani et al.17 and by Spisák and Hafner.18 Mokrani et al.
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have determined the magnetic map of 1–4 Fe ML’s on Co
using the tight-binding linear muffin tin orbital �TB-LMTO�
method within the local density approximation �LDA�. They
have found that the interfacial Fe/Co coupling is always of
ferromagnetic-type, and that the ferromagnetic solution is the
ground state only up to three Fe ML’s. However it is well
known that LDA leads to a wrong ground state of Fe as
discussed by Wang et al.19 Therefore, as pointed out by
Spisák and Hafner, the generalized gradient approximation
�GGA� should be used. Those authors have investigated the
�-Fe ultrathin films on fcc Co�100� substrates with ab initio
local spin density method including GGA, for different Fe
thicknesses and for relaxed and unrelaxed interlayer dis-
tances. They found that the interfacial Fe/Co and
Fe�surface� /Fe�subsurface� coupling is always ferromag-
netic. They found also that the intermixing at the Fe/Co
interface stabilizes the three Fe ML’s with FM configuration
and that for 4 Fe ML’s the FM phase is also preferred. In-
deed, the magnetic properties of the multilayers depend
strongly on their microstructure and the quality of the
interfaces.20–22 Later on, Hadj-larbi et al.23 have considered
the system Ni/Fe/Ni�100� by considering both abrupt Fe/Ni
interfaces and some ordered alloys at the interface following
the approach proposed by Freyss et al.24 for Fe/Cr superlat-
tices. Because Fe-Ni alloys exist in nature, experimentalists
cannot avoid some kind of interdiffusion in the preparation
of the superlattices. Consequently, for Ni/Fe/Ni�100�
superlattices,23 mixed interfaces have lower energy as com-
pared to abrupt interfaces. Moreover, the description of the
magnetism of Fe in contact with Ni appears to be a timely
subject. For example, Mavropoulos et al.25 have derived
within the Korringa, Kohn, and Rostoker �KKR� calculation
the spin moments of Fe clusters, with different sizes, on
Ni�001� surfaces. They found that the average spin moments
of Fe decreases with the cluster size.

In this work we present an ab initio study of the magnetic
properties of the Ni5 /Fen /Co5 superlattices for n=1–7. The
interesting point of these systems is the competition between
the Fe-Ni and Fe-Co ferromagnetic couplings at the interface
and the antiferromagnetic order that could occur in the iron
spacer. We have used the TB-LMTO method in the atomic
sphere approximation �ASA�, in order to discuss the mag-
netic polarization of the Fe spacer in Ni/Fe/Co superlattices
and the resulting IEC for both abrupt and mixed interfaces.
In Sec. II we are reminded briefly of the model used for the
calculations. Section III is devoted to the determination of
the magnetic map of Ni5 /Fen /Co5 superlattices �n
=1, . . . ,7�. By considering the difference between the total
energies with Ni and Co blocks aligned, ferromagnetically
and antiferromagnetically, we deduce the IEC. In Sec. IV we
perform similar calculations with ordered alloys at the Fe/Co
and Fe/Ni interfaces. This induces great modifications of the
IEC. Section V is devoted to the conclusion.

II. CALCULATION MODEL

As mentioned in the Introduction, the calculations are per-
formed using scalar-relativistic version of the k-space TB-
LMTO method26,27 with the atomic sphere approximation.

This method consists of resolving self-consistently the Kohn-
Sham equations in a minimum basis approach. The choice of
the GGA for exchange and correlation functional was dis-
cussed in detail in a previous work.23 This choice was dic-
tated mainly by the fact that GGA due to Langreth-Mehl-Hu
functional yields accurate bulk properties for both fcc Ni and
Fe elements. With this functional the lattice parameter aCo
=6.63 a.u. of bulk fcc-Co was obtained by the minimization
of the total energy. This value leads to bulk magnetic mo-
ment of 1.62 �B. Hadj-Larbi et al.23 obtained for bulk fcc-Ni
a lattice parameter of 6.63 a.u. with a magnetic moment of
0.63 �B, whereas the ground state of bulk fcc-Fe was ob-
tained for aFe=6.56 a.u. with a magnetic moment of 1.0 �B.
However, for aFe=6.63 a.u. �parameter of Co�, the Fe mo-
ment is equal to 1.2 �B.

To simulate Ni/Fe/Co multilayers we have used the well
known supercell technique consisting of a periodical repeti-
tion of a thin symmetry preserving films. We have fixed the
thickness of both Ni and Co slabs to 5 ML’s and varied the
number of Fe ML’s from 1 to 7, in order to study the depen-
dence of the IEC on the �-Fe thickness. It is well known that
the calculation of the equilibrium Ni-Fe and Co-Fe distances
by means of the ASA is somewhat incorrect essentially be-
cause of the anisotropic deformation in the energy changes28

during the relaxation. For all superlattices studied in the
present paper we have considered epitaxial growth with the
same lattice parameter �aCo�. We have doubled the unit cell
in the �100� plane in order to simulate a some kind of inter-
mixing at the interface and also to search for a possible in-
plane AF arrangement in the Fe spacer layers. The interdif-
fusion at the Fe/Ni and Fe/Co interfaces were modeled via
monolayers containing both Fe and Ni �at the Ni interface�
and Fe and Co �at the Co interface� in a Fe0.5Ni0.5
�Fe0.5Co0.5� ordered way by considering the superlattices
Ni4 /Fe0.5Ni0.5 /Fen−1 /Fe0.5Co0.5/Co4 �n=1–7�. As usual we
have determined the IEC by calculating the difference EFM
−EAF between the total energies obtained for the two oppo-
site interlayer magnetic arrangements FM and AF. The
FM�AF� arrangement corresponds to parallel �antiparallel�
magnetizations of two successive Co and Ni slabs. In the two
cases �abrupt and mixed interfaces�, the calculations are per-
formed using an increasing number of k-points in the irre-
ducible Brillouin zone until convergence which is achieved
for 144 k-points.

III. MAGNETIC MAP AND IEC OF Ni5Fen /Co5 „n=1, . . . ,7…

In this part, we focus our attention on the determination of
both IEC and the magnetic moments distribution as a func-
tion of the Fe spacer thickness �n=1–7� for FM and AF
arrangements between Co and Ni slabs in Ni5 /Fen /Co5 �001�
superlattices with abrupt interfaces. Input parameters are
those usually obtained in the bulk cases whereas the calcu-
lations are started from all possible initial spin configurations
in the Fe spacer. We obtained many different converged so-
lutions as already discussed by Asada and Blügel29 in the
case of fcc-Fe on Cu�100�. However, by considering two
inequivalent magnetic atoms per layer we went beyond the
layered antiferromagnetic configurations described by Asada
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and Blügel. In a few cases, an in-plane antiferromagnetic
configuration was obtained in one Fe-monolayer located near
the middle of the Fe-spacer. In the present paper we are not
really interested in repeating the pioneering calculations of
Asada and Blügel but to determine the magnetic ground
states and the corresponding IEC in the Ni/Fe/Co superlat-
tices, so that only the most stable magnetic configurations
�Fig. 1� are given here. Nevertheless, for completeness, we
report in Table I all the self-consistent solutions with their
relative energies obtained in the case of 4 Fe ML’s. In that
case, we obtained four converged solutions for AF-IEC and
three for FM-IEC arrangements between Co and Ni slabs.

Coming back to Fig. 1 which gives the magnetic moments
distribution for the most stable configurations of the super-
lattices under consideration, one can deduce the following
main points:

�i� A ferromagnetic coupling between Fe and Co and be-
tween Fe and Ni is generally obtained at the interfaces. We
notice that when we start the calculations with an antiparallel
alignment of magnetic moments at the Fe/Ni or Fe/Co in-
terfaces, we observe a spin flip of both Ni and Co interface
atoms in order to reach a ferromagnetic coupling with Fe. It
is only for n=1, and for an antiferromagnetic coupling be-
tween the Co and Ni slabs, that the Fe layer presents an
in-plane antiferromagnetic configuration.

�ii� An increase of the Fe magnetic moments, as com-
pared to bulk fcc value, is in general observed. This increase
is more pronounced at the interfaces with Co and Ni. Fur-
thermore the Fe magnetic moment at the Fe/Ni interface is
always greater than that one at the Fe/Co interface and the
difference is sometimes large �0.39 �B for n=3�. This behav-
ior is somewhat strange because the Co moments being
larger than those of Ni, so one could expect the opposite. In
fact, it is directly linked to a more stronger Fe-Co hybridiza-
tion because the Fe-Co bands centers are energetically more
closer than for Fe-Ni bands. More details will be given in
Sec. IV.

�iii� A small decrease of the Co moments at the interfaces
with Fe is observed.

�iv� Ferromagnetic arrangements in the Fe spacer are
only obtained for n=1 and 2 and for the FM coupling be-
tween Ni and Co slabs. However only the ferromagnetic con-
figuration for n=1 is stable.

�v� The c�2�2� or in-plane antiferromagnetic configura-
tion for Fe appears only in one single Fe layer. For an odd
value of n it is always located at the center of the Fe slab. It
is the ground state for n=5 and 7 where the most stable
solutions are AF arrangement between Ni and Co slabs. Fur-
thermore, in the case of n=5 it appears in both FM and AF
configurations. For an even value of n, the c�2�2� arrange-
ment appears only for n=6 and only for the most stable FM

FIG. 1. Magnetic profiles �in
�B� of Ni5 /Fen /Co5 �n=1, . . . ,7�
superlattices for AF and FM align-
ment between Co and Ni slabs
�left and right panels, respec-
tively�. Dark, gray, and open bars
represent the values of the mag-
netic moments of Fe, Co, and Ni
atoms, respectively. The most
stable configuration is indicated
by ���. Two magnetically in-
equivalent atoms per plane have
been considered.

TABLE I. Self-consistent solutions obtained in the case of
Ni5 /Fe4 /Co5�001� superlattices for AF and FM arrangements be-
tween Ni and Co slabs with their relative energies. ↑�↓� stands for
“spin-up” and “spin-down” of iron atoms whereas ⇑�⇓� denotes the
spin orientation of Ni and Co slabs at the left and right of the Fe
spacer, respectively. Two magnetically inequivalent atoms per plane
have been considered.

Magnetic configurations Relative energies �eV�

AF-IEC ⇑↑↑↑↑↑↑↓↓⇓ 0.82

⇑↑↑↓↓↓↓↓↓⇓ 0.59

⇑↑↑↑↑↓↓↓↓⇓ 0.26

⇑↑↑↓↓↑↑↓↓⇓ 0.0

FM-IEC ⇑↑↑↓↓↓↓↑↑⇑ 0.16

⇑↑↑↓↓↑↑↑↑⇑ 0.30

⇑↑↑↑↑↓↓↑↑⇑ 0.47
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solution. It is located in the Fe layer at the third nearest
neighboring to the Co interface.

�vi� We observe an antiferromagnetically layered con-
figuration inside the Fe films for n=4,6 ,7. It is stable only
for n=4.

In Fig. 2�a� we have reported the corresponding IEC be-
tween Ni and Co slabs in terms of their energy difference
EFM−EAF for Ni5 /Fen /Co5�100� superlattices. The behavior
is very similar to that obtained in the case of
Ni5 /Fen /Ni5�100� superlattices.23 The fcc Fe film mediates a
periodic decreasing oscillatory IEC up to n=4 where the
coupling is of AF-type. From n=5, where the coupling be-
tween Co and Ni slabs is also of AF type, the IEC takes
again a periodic oscillatory feature.

We have also reported �Fig. 2�b�� the mean magnetic mo-
ment per Fe atom �Meff� in terms of the number of Fe layers
in the spacer for the most stable configurations. A clear ten-
dency towards antiferromagnetism is observed.

IV. MIXED INTERFACES

The Fe/Co and Fe/Ni interfaces are undoubtedly not
atomically sharp, and both Co and Ni show a large mutual
solubility with Fe,30 so that some intermixing at the inter-
faces is unavoidable. It was previously shown23 that some
kind of interdiffusion in Ni/Fe/Ni�100� superlattices stabi-
lizes the system. In order to prospect in this direction, we
have considered the effect of one layer thick ordered alloy, at
both Fe/Co and Fe/Ni interfaces. We have considered the
following superlattices Ni4 /Fe0.5Ni0.5 /Fen−1 /Fe0.5Co0.5/Co4
for n=1–7. These lattices being chemically equivalent to
Ni5 /Fen /Co5 but with different structural arrangement, allow
a direct comparison between their respective total energies.

We remind that different local atomic arrangements exist de-
pending on the number n of Fe layers �even or odd� �Fig. 5
of Ref. 23�. If the number n is even �odd number of pure iron
layers�, two different cases of covering interface planes are
distinguished: symmetric and asymmetric arrangements. The
symmetric arrangement where Ni�Co� and Fe atoms are or-
dered in identical sublattices of c�2�2� type at both inter-
faces, it is energetically favored only by 5 mRy than the
asymmetric arrangement. In this last one the sublattices at
the two interfaces are occupied by opposite types of atoms
�Ni�Co� or Fe�. In the case where n is odd �even number of
pure Fe layers� there is no distinction with respect to an
occupation of different sublattices with different types of at-
oms.

Our calculations show that the system with mixed inter-
faces is not always the most energetically preferred contrary
to the symmetric Ni5 /Fen /Ni5 system.23 Nevertheless, only
one ordered Fe0.5Ni0.5�Co0.5� one layer thick was considered
because of the great number of inequivalent atoms. It is ob-
vious that we cannot consider all the possible compositional
orderings at the Ni�Co�-Fe interfaces essentially because of
the great number of stoichiometric Ni�Co�-Fe composition
that could form at the interfaces. Molecular dynamic simu-
lations and possible relaxation effects, which could clarify
the atomic microstructure of the interface, is out of the scope
of the TB-LMTO-ASA method. Here also we restrict our
discussion only to the most stable magnetic configurations
for AF as for FM coupling between Ni and Co slabs. The
magnetic map, obtained in this case and reported in Fig. 3
shows the following:

�i� The Fe polarization in the Fe0.5Ni0.5�Co0.5� ordered
monolayer is always ferromagnetically aligned with Ni�Co�.
Moreover, for all configurations considered here �stable or
metastable�, and for both FM and AF Co-Ni coupling, we
have found a strong ferromagnetic Fe-Ni coupling between
Fe0.5Ni0.5 ordered layer and the first pure Fe monolayer at the
nearest neighboring position, whereas for Fe-Co this is not
truly satisfied for n=2 and 3. Indeed, for n=2, where the
antiferromagnetic IEC is the ground state the strong Fe-Ni
interaction align the moment of the single pure Fe layer par-
allel to the Ni moments. More precisely, for n=2, there is an
antiferromagnetic coupling between the Fe moment in the
Fe0.5Co0.5 monolayer and the Fe moment in the Fe layer in
the middle of the spacer. Furthermore, in the case of n=3 and
with a FM-IEC configuration �metastable�, the AF layered
ordering in the pure Fe film is correlated with the strong
Fe-Ni FM coupling to align antiparallelly the moments of the
Fe-Co interface and its adjacent Fe pure monolayer.

�ii� As for the perfect interfaces, an increase of the mag-
netic moment at the Fe sites inside the Fe pure spacer is
observed, the bigger increase being near the interface with Ni
and Co. This increase is even more pronounced at the Fe-Ni
interfaces. This result which appears somewhat surprising
since Co atoms bear larger magnetic moments, agree well
with Wu et al.14 experimental results who observed that the
Fe magnetic moment follows always that of Ni, either in
ferromagnetic coupling or in the antiferromagnetic coupling
between Ni and Co slabs. At the alloyed layers, the Fe mag-
netic moment is considerably augmented, the greatest values
being always found at Fe0.5Ni0.5 layers �Table II�. For Ni

FIG. 2. The energy difference EFM−EAF versus the number n of
Fe layers for Ni5 /Fen /Co5�100� superlattice. EFM and EAF are, re-
spectively, the energy of a FM and AF interlayer exchange coupling
between Co and Ni through the Fe spacer �a�. Mean magnetic mo-
ment �Meff� of the Fe film as a function of the number n for the
most stable configuration �b�.
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atoms in the Fe0.5Ni0.5 layer, the magnetic moment decreases
marginally from its bulk value ��6% �. On the contrary, the
Co atoms in the Fe0.5Co0.5 layer undergo a sizable decrease
in their magnetic moments. The decrease is more pro-
nounced on the Co atoms having Fe atoms at the first neigh-
bor sites with antiparallel spin. It is the case for n=2 with AF
alignment and for n=3 with FM coupling between Ni and Co
slabs, where such Co atoms bear the lowest magnetic mo-
ments, 1.05 and 0.98 �B, respectively �Fig. 3�. The increase
of the interfacial Fe moments which is more important at the
Ni neighbors can be understood through the local density of
states �LDOS� of corresponding atoms. Indeed, this is the
result of the more or less strong hybridization between the Fe
and Ni�Co� atoms, in the ordered Fe0.5Ni0.5�Co0.5� layers. To
be more precise we have plotted, in Fig. 4, the LDOS of the
interfacial Fe atoms with Co �Fig. 4�a�� and Ni �Fig. 4�b��,
for n=3 with FM-IEC coupling �Fig. 3�, and compared it
with the LDOS of fcc-Fe in the bulk phase �Fig. 4�c��. The
spin-up LDOS on the Fe atoms is strongly modified: the
Fe-peak above the Fermi level, present in the bulk case, is
mainly suppressed when Fe is in contact with Ni. This arises

because the centers of the Ni and Fe d-bands are more sepa-
rated than in the Fe-Co case, so that the width of the Fe band
is smaller. It is also more peaky because most of Fe neigh-

FIG. 3. Magnetic profiles �in
�B� of Ni4 /Fe0.5Ni0.5/Fen−1

/Fe0.5Co0.5/Co4 �n=1, . . . ,7� su-
perlattices for AF and FM align-
ment between Co and Ni slabs
�left and right panels, respec-
tively�. Dark, gray and open bars
represent the values of the mag-
netic moments of the Fe, Co, and
Ni atoms, respectively. The most
stable configuration is indicated
by ���; for n=6, the two magnetic
configurations have the same en-
ergy. Two magnetically inequiva-
lent atoms per plane have been
considered.

TABLE II. The Fe, Ni, and Co magnetic moments �in �B� at the
ordered alloyed layers for the ground states configurations: �a� at
Fe0.5Ni0.5 layer, �b� at Fe0.5Co0.5 layer. The bulk values are 1.0,
0.63, and 1.63 �B for fcc Fe, Ni, and Co, respectively.

n 1 2 3 4 5 6 7

�a� Ni 0.63 0.57 0.59 0.57 0.59 0.60 0.60

Fe 2.67 2.63 2.62 2.50 2.62 2.63 2.63

�b� Fe 2.48 2.26 2.42 2.38 2.37 2.43 2.37

Co 1.50 1.05 1.45 1.45 1.46 1.50 1.46

FIG. 4. Local density of states �LDOS� of the interfacial Fe
atom in the intermixed layer Fe0.5Co0.5 �a� and Fe0.5Ni0.5 �b� in
Ni4 /Fe0.5Ni0.5/Fe2 /Fe0.5Co0.5/Co4 superlattice with FM coupling
between Ni and Co slabs, compared to the DOS of fcc bulk Fe �c�.
The vertical dotted line is the Fermi energy.
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bors are Ni atoms whose d-band centers are more distant in
energy than those of Co atoms. Normally a d-band which is
more than half-filled increases its number of electrons when
the d-d overlap shrinks. This explains why the number of
d-electrons increases when Fe goes from Co to Ni neighbor-
hood. Similar reasoning holds for the spin-down band but
now the d-bands are less than half-filled. Therefore the num-
ber of d-electrons are decreasing when the Fe atom goes
from Co to Ni neighborhood. To sum up, it is clear that the
magnetic moment on Fe atoms are higher at the Ni side.

�iii� A c�2�2� configuration for Fe, one layer thick, is
present for n�3. This configuration appears in the central
layer for n=4,6 �corresponding to an odd number of pure Fe
layers� and for n=7 �even number of pure Fe layers� it ap-
pears in one of the two central Fe layers: for the most stable
solution, it is located in the third neighboring layer of the
Fe-Ni interface, and for the metastable configuration it is
shifted one layer towards the Co side. Contrary to the case of
abrupt interfaces where the antiferromagnetic layered cou-
pling inside the Fe spacer seems to be preferred, this type of
configuration is destroyed by the presence of the c�2�2�
configuration.

�iv� Ferromagnetic configuration for Fe films and for the
whole superlattice is only present up to n=2. Moreover only
the configuration for n=1 is stable.

�v� Ferromagnetic coupling between the two central Fe
monolayers inside Fe film and far from interfaces, already
found in the Ni/Fe4 /Co system �Fig. 1� as a stable solution,
is also present for n=5 �corresponding to 4 pure Fe layers�
but this magnetic configuration is unstable.

In Fig. 5�a�, we report the IEC for the
Ni4 /Fe0.5Ni0.5 /Fen−1 /Fe0.5Co0.5/Co4 superlattices. From this
figure we can notice a drastic effect resulting from the inter-
diffusion. Indeed, except for n=1 and 2, it is clear from Figs.
2�a� and 5�a� that all configurations with FM coupling in the
abrupt case, become AF coupled in the case of intermixing
interfaces. We notice however an almost degenerated solu-
tion for n=6. The mean magnetic moment per Fe atom �Fig.
5�b�� shows a steep decrease from 2.5 �B for n=1, to zero
for n=3 and then tends to stabilize around 0.55 �B for
greater thickness. The strong sensitivity of IEC to the quality
of interfaces is by no means a special property of Ni/Fe/Co
system and has been already reported by a number of au-
thors. We can cite the works of Freyss et al.,24 Turek et al.31

on the Fe/Cr�001� system which is the most frequently stud-
ied in this context. Also Uzdin and Demangeat32 have shown
that this short-wavelengh IEC in Fe/Cr multilayers can be
manipulated via interface alloying.

V. CONCLUSION

We have discussed the magnetic map and the interlayer
exchange coupling between Co and Ni through the Fe spacer
in Ni/Fe/Co�100� superlattices. These calculations were per-
formed in order to shed some light on recent PEEM and
XMCD experiments displaying a complex magnetic behav-
ior of the Fe spacer. This work is also a part of a more

general study of low dimensional superlattices based on Fe.33

Our results show that the Fe magnetic moments are en-
hanced at the interfaces, the greatest increase being always
near the Ni atoms in agreement with Wu et al.14 experiments.
Furthermore, we found that, in both perfect and mixed inter-
faces, the Fe-Ni�Co� coupling is always �except for n=1�
ferromagnetic whereas inside the Fe spacer we observe
mainly an antiferromagnetic arrangement. These antiferro-
magnetic arrangements can be either layered antiferromag-
netic between the Fe planes or in-plane c�2�2� one mono-
layer thick. The IEC behavior depends on the types of
interfaces considered: abrupt or alloyed. It is also very dif-
ferent from that obtained in the symmetric Ni5 /Fen /Ni5 sys-
tem. It is clear that the alloying at the interface has a dra-
matic effect not only on the IEC but also on the average
magnetic moment �per Fe atom�. Furthermore, the intermix-
ing at Fe/Ni�Co� interfaces strongly modifies the IEC behav-
ior. Indeed, for the abrupt interfaces, ferromagnetic coupling
between Ni and Co is obtained for n=1,3 ,6 and antiferro-
magnetic coupling elsewhere whereas for the alloyed inter-
faces the ground state configurations were found ferromag-
netically coupled for n=4,5 ,7. Additional structural studies
with molecular dynamic simulations are needed to verify the
growth modes and clarify the complexity of the coupling
behavior between Ni and Co films across fcc Fe spacer.
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FIG. 5. The energy differences EFM−EAF versus the number n
of Fe layers for Ni4 /Fe0.5Ni0.5/Fen−1 /Fe0.5Co0.5/Co4�100� superlat-
tices. EFM and EAF are, respectively, the energy of a FM and AF
interlayer exchange coupling between Co and Ni through the Fe
spacer �a�. Mean magnetic moment �Meff� of the Fe film as a func-
tion of the number n for the most stable configuration �b�.
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