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Abstract. We investigate the stability of various ordered FeNi alloys at the interfaces of Fe/Ni superlattices
by using ab initio density functional calculation. We consider an Fep 5Nig.5 ordered alloy of one or two
monolayers thick at different positions beyond the interface and the possibility of an interdiffusion of a
complete monolayer of Ni(Fe) in Fe(Ni) slab. An interfacial atomic layer of Feg 5Nig.5 exchanged with its
adjacent Ni monolayers, leading to a buffer zone of NisFe composition is found to be the most stable
structural configuration. For this atomic arrangement we investigate the magnetic profile and the resulting
interlayer exchange coupling between the Ni slabs for Fe spacer thickness of 0 to 4 monolayers.

PACS. 75.70.Cn Magnetic properties of interfaces (multilayers, superlattices, heterostructures) — 73.21.Ac

Multilayers — 75.50.Bb Fe and its alloys

1 Introduction

The Fe-Ni alloys can exist, in all compositions, in a chem-
ically disordered form like a solid solution where the iron
and nickel atoms occupy the crystal lattice sites randomly.
The ordered phases are restricted to FeNi (tetrataenite)
and FeNis compositions and due to their low ordering
temperatures they can be only synthesized by irradia-
tion of disordered FeNi alloy with electron [1] or neu-
tron [2] which accelerates diffusion. The ordered FeNi
phase has also been found in meteorite specimens [1,3].
The diffusion in this condition is inaccessible in labora-
tory. From the magnetic point of view the Ni-Fe alloys are
widely studied [4-7] because they present many anoma-
lies with the composition. For example in the Invar alloy
phase [7] containing 36% of Ni atoms, the Ni-Fe alloy ex-
hibits extremely small thermal expansion coefficient, max-
imum lattice constant, and maximum magnetic moment.
The deposition of Fe layers on the Ni substrate induces
some ordered Ni-Fe alloying at the interfaces. Few pa-
pers about the types of Ni-Fe alloy that could form at
the Ni-Fe interfaces in the Fe/Ni superlattices have ap-
peared up to now in the literature [8-16]. Information
about chemical and structural disorder at the Fe/Ni in-
terfaces is lacking since low energy electron diffraction
(LEED) measurements are not sensitive to the interface.
However, many authors have detected interdiffusion be-
tween Ni and Fe at the interfaces. Ramchal et al. [§]
have studied the spiral-like continuous spin-reorientation
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transition (SRT) of Fe/Ni bilayers on Cu(001). They ex-
plained the SRT which occurs around 2.5 Fe monolayers
(MLs) by the existence of an intermixed interface consist-
ing of an 50:50 FeNi alloy over 2 MLs. Fratucello et al. [9]
have attributed the hyperfine field of about 28T at the
Fe/Ni interface in the Ni/Fe/Ni(111) trilayer to the ex-
istence of an Fe-Ni fcc phase. Luches et al. [10] have
found an intermixing depth of about 2.9 MLs for an epi-
taxial growth of ultrathin Fe films on Ni(001). Freeland
et al. [11] investigated the fcc Nij_,Fe, thin films us-
ing a combination of Mossbauer spectroscopy and super-
conducting quantum interference device (SQUID) mag-
netometry. They obtained a continuous increase of the
saturation magnetic moment (per atom) below z < 0.65
and a precipitous drop in moment at about =z = 0.65.
Lima et al. [4] have calculated the magnetic curve of
Ni;_.Fe, alloy by assuming a binomial distribution. The
higher moment per atom was obtained in the fcc phase
at = 0.5. Hunter et al. [12] have used element-specific
hysteresis measurements, based on X-ray magnetic circu-
lar dichroism (XMCD) technique and first principle cal-
culations based on the non-collinear linear muffin-tin or-
bital method (LMTO) and plane wave pseudopotential,
to investigate the magnetic NigFesNig/Cu(001) trilayer.
They obtained a small magnetic exchange interaction be-
tween the Fe and Ni layers which are directly in contact
at the Fe/Ni interfaces, for lattice parameters close to
2.50 A. The magnetic interaction at the interface is of
antiferromagnetic and non-collinear type. They also ob-
tain a decrease of the magnetic energy per atom for mixed
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Fe/Ni interfaces. Mavropoulos et al. [13] have studied with
the Korringa, Kohn and Rostoker (KKR) Green-function
method, the electronic structure of small Fe clusters hav-
ing 1 to 9 atoms on Ni(001), Ni(111), Cu(001) and Cu(111)
surfaces. They obtained a linear decrease of the Fe mag-
netic moment versus the number of Fe nearest neighbors.
Martinez et al. [14] have studied the magnetism of Feg
nanocluster on Ni(001). The Ni-Fe interaction is ferro-
magnetic with a magnetic moment of 2.72—2.91 up for the
Fe atoms and 0.41—0.62 up for the Ni atoms located at the
surface and subsurface. Lounis et al. [15] have used the full
potential KKR Green-function method to study Fe clus-
ters (singles and dimers) on Ni(001) surface (adatoms) and
embedded in Ni(001) (inatoms). They obtained a collinear
FM coupling between Ni and Fe atoms. The magnetic mo-
ments of the Fe single adatoms and inatoms are 3.24 up,
whereas for dimer adatoms and inatoms the moments are
3.10 and 2.88 up respectively.

In a previous calculation [16] we had determined the
magnetic profile and the interlayer exchange coupling
(IEC) of Fe,/Ni5(001) superlattices (n = 1-5) with
abrupt and mixed interfaces made of a Feg 5Nig 5 ordered
alloy of one ML thick. The main results obtained were:
The magnetic coupling at the Fe-Ni interfaces is always
of ferromagnetic (FM) type for both abrupt and alloyed
interfaces. The Fe atoms in the Feg 5Nig s ML bear a rel-
atively high magnetic moment (~2.6 pp) as compared to
the bulk (fec) calculated value (1.0 pp [16]). Alloying at
the Ni/Fe interface leads always to lower energy and the
IEC between Ni slabs through the Fe spacer in superlat-
tices with mixed interfaces was found to be very differ-
ent to that with perfect interfaces. We remind that TEC
is defined as the total energy difference between the most
stable magnetic arrangement of the Fe atoms for any inter-
facial atomic structure when two successive Ni slabs have
their moments coupled parallel (P) and antiparallel (AP).

In the present paper we extend the investigation to
some other ordered alloys that could form at the Ni/Fe
interfaces. We first consider an Feg 5Nig 5 ordered alloy,
one monolayer thick, at each Fe/Ni interface (Fig. 1b).
Then we exchange this Feg 5Nig 5 layer at each interface
with its adjacent Ni (Fig. 1c) or Fe layer (Fig. 1d). Sec-
ondly we exchange one Fe monolayer with one Ni mono-
layer at each Ni/Fe abrupt interface of the superlattice
(Fig. 1le). Finally we consider an Feq 5Nig 5 ordered alloy,
two monolayers thick, at each interface (Fig. 1f).

Let us remind that the atomic microstructure at the
Ni-Fe interface is not experimentally well defined. Molecu-
lar dynamics simulations and possible relaxation effects at
the interface is out of the scope of the method used in the
present work. Nevertheless, the possible Ni-Fe composi-
tional ordering considered here and their relative stability
could give some insight on the interfacial interdiffusion.

The manuscript is organized as follows: in Section 2, we
present the first principle method used in the calculation
of the atomic magnetic moments, the total energy and the
IEC. Section 3 is devoted to the results of the magnetic
profiles and total energies of the different superlattices.
A comparison of these energies leads to the ground state.
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Fig. 1. The different ordered alloys considered at the Fe-Ni
interfaces: (a) perfect interface; (b) Feg.5Nig.5 ML at interfaces;
(¢) Feo.5Nip.s ML buried in the Ni layer; (d) Fe.5Nig.s ML
buried in the Fe layer; (e) two Feg.5Nig.5 MLs at Fe-Ni interface
and one Fe ML interchanged with a Ni monolayer at each Ni/Fe
interface (f). The unit cells considered in the calculations are
delimited by dashed lines. For each superlattice only the most
stable magnetic configuration is displayed.

We also discuss, in Section 3 the magnetic map of the
ground state when the Fe spacer thickness is varied from
0 to 4 MLs. We conclude in Section 4 by the main points
obtained in this work.

2 Theoretical model

Electronic structure calculations were performed using a
scalar-relativistic version of the k-space tight-binding lin-
ear muffin-tin orbital (TB-LMTO) [17,18] in the atomic-
sphere approximation (ASA). To fix the interatomic dis-
tances in the superlattices, the lattice parameters of the
Ni and Fe fcc bulk were calculated through the mini-
mization of the total energy [16]. Both Langreth-Mehl-
Hu and Perdew-wang GGA functionals had been tested
and finally the Langreth-Mehl-Hu functional was retained
because it gives the best agreement for Fe with other cal-
culations [19-26]. The ground state of bulk fcc Fe is an-
tiferromagnetic (AF) with a lattice parameter of 6.56 au
and a magnetic moment of 1.0 up. The ground state of
bulk fcc Ni is ferromagnetic with a lattice parameter of
6.61 au and a magnetic moment of 0.63 pp.

Figure 1 gives the six ordered alloys beyond the Fe/Ni
interface considered in the present work. In order to de-
termine the magnetic profile and the total energies of
the Fe/Ni(001) superlattices with these various atomic ar-
rangements at the interfaces we have used different super-
cells, (as delimited in Fig. 1) having the same number of
atoms, (20 and 16 for Ni and Fe respectively), and two
inequivalent atoms per plane.

To understand how these supercells are constructed
one can simply start with a supercell composed of 4 Fe
planes on 5 Ni planes (Fey/Ni5), with 2 inequivalent
atoms per plane. We double this supercell in order to
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consider both parallel and antiparallel spin orientation of
two successive Ni slabs [16]. This supercell corresponds
to the superlattice with abrupt interfaces and is noted
(Feq/Nis)a. A schematic view of the abrupt Fe/Ni inter-
face is displayed in Figure la. If an ordered Feg 5Nig 5 alloy,
one ML thick is located at each Fe/Ni interface (Fig. 1b),
the unit supercell is (Nio,5Fe0_5/Fe3/Ni0_5Fe0_5/Ni4)2. If
the ordered Feps5Nig5 one ML thick is now exchanged
with its adjacent Ni monolayer (Fig. 1c), the unit su-
percell is (Nio.5Feo_5/Ni/F€3/Ni/Ni0_5F€0.5/Nig)2 and if
it is exchanged with its adjacent Fe ML (Fig. 1d), the
unit supercell is (Fe/NiO,5FeO_5/Fe/NiO,5FeO_5/Fe/Ni4)2.
The unit cell of chemical composition (NigsFeq5)2/
Fes /(Nig.5Feq 5)2/Nis)a corresponds to a superlattice with
Nig 5Feq 5 ordered alloy, two MLs thick at each interface
(Fig. le). If we exchange the Fe ML with its adjacent
Ni ML at each Fe/Ni interface in the superlattice (Fig. 1f)
with abrupt interfaces we obtain a unit supercell of compo-
sition (Fe/Ni/Fey/Ni/Fe/Nis)e. The calculations are per-
formed by using 72 irreducible k-points in the Brillouin
zone.

3 Magnetic map and total energy
of the different structural arrangements
at the Fe/Ni interfaces

The first part is devoted to the determination of the
most stable magnetic arrangement of the Fe/Ni superlat-
tices between the different chemical ordering at the in-
terfaces displayed in Figure 1. Then we compare their
total energies in order to deduce the FeNi ordered al-
loy which stabilizes the Fe/Ni superlattice. In the third
part we focus on the magnetic profile and the corre-
sponding IEC of this most stable atomic arrangement
(Nig.5Feg.5/Ni/Fe,, /Ni/Nig 5Feg 5/Niz)s for an Fe spacer
thickness varying from 0 to 4 MLs. For both IEC (P and
AP), the electronic structure calculations are started from
all possible spin configurations of the Fe atoms. We display
in Figure 1 the different atomic arrangements considered
at the interfaces together with the spin polarization on
each atom. For each atomic arrangement we report only
the most stable magnetic configuration. As we can see,
the spin polarization in the Ni slab is of ferromagnetic
type whereas it is of antiferromagnetic in the Fe spacer.
Moreover in all cases considered, the coupling at the in-
terfaces between the Fe and Ni layers as well as between
Fegp.5Nig.5 and Ni or Fe layers is always of ferromagnetic
type (Fig. 1). The Fe-Ni ferromagnetic interaction at each
interface enhances the magnetic moments of the Fe atoms
as compared to bulk fcc state. These Fe moments increase
with the number of Ni atoms in its first neighboring shell
as displayed in Figure 2; this increase is almost linear with
the number of its Ni nearest neighbors. On the other hand
the presence of Ni atoms on the first coordination shell
of Fe atoms screen the Fe-Fe antiferromagnetic coupling.
We remind that the ground state of bulk fcc Fe is an-
tiferromagnetic with a magnetic moment of 1.00 up per
atom [16]. The Fe atoms without any Ni nearest neigh-
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Fig. 2. The mean Fe magnetic moment as a function of the
number of its Ni nearest neighbors. Each Fe atom with a given
number of Ni neighbors can be present in several superlattices
of Figure 1. The letters between brackets on the ordinate axis
correspond to the superlattices displayed in Figure 1.

bor (Figs. la—1c) has a mean value of 1.02 pp, close to
the bulk value. Besides, the Ni magnetic moments do not
undergo significant variations as compared to the bulk Ni
value (0.63 pp [16]). The values of the Ni moments vary
between 0.59 and 0.67 yp.

The interlayer exchange coupling type, parallel or an-
tiparallel, between successive Ni slabs shown in Figure 1
is linked to a competition between the ferromagnetic Ni-
Fe interaction at the interfaces and the antiferromagnetic
behavior of the Fe spacer. Thus the number of successive
Fe MLs in the spacer affects strongly the IEC. For an odd
number of Fe MLs, a parallel IEC (Figs. 1b—1d) is found
to be the ground state. Otherwise the ground state corre-
sponds to an antiparallel IEC.

The structural stability is determined by a comparison
between the total energies per unit supercell of the su-
perlattices reported in Figure 1. Each supercell unit has
the same number of Ni atoms and the same number of
Fe atoms. The interfacial atomic arrangement where an
Feg.5Nig 5 ordered alloy of one monolayer thick exchanged
with its adjacent Ni monolayer (Fig. 1c) is found to be the
most stable. We report in Figure 3, the energy differences
AE of the other atomic arrangements (Figs. 1a, 1b, 1d—1f)
with the most stable one (Fig. 1c). From this figure, one
can see that the Fey /Ni5 superlattice with abrupt interface
is the least stable. The formation of Ni-Fe alloy beyond
the interface tends to stabilize the Fe/Ni superlattices in
all cases. Our results can be explained according to the
magnetic and structural properties of ordered NiFe com-
pound [1-3,27-29]. Except for the superlattices of Fig-
ures la and 1b, we can consider the two MLs located be-
tween the Ni slab and the Fe spacer as a buffer. This buffer
zone is a lattice with a FeNig basis in the superlattice of
Figure 1c which is the ground state. We know from litera-
ture that NiFe bulk alloy can exist at this composition. In
Figure 1d the buffer is a lattice with FegNi as basis. It cor-
responds to the least stable state. For Feg 5Nig 5 ordered
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Fig. 3. The energy differences between the various metastable
structural configurations (a, b, d, e, f of Fig. 1) and the ground
state (Fig. 1c).

alloy, two MLs thick at each interface (Fig. le), the buffer
has the same basis, FeNi, as the superlattice with Fe and
Ni MLs interchanged at each abrupt interface (Fig. 1f).
The energies of these two atomic structures are close. As
mentioned in the introduction the ordered FeNi alloys with
this composition can be produced by irradiation of disor-
dered FeNi alloys [1-3].

After having determined the alloying at the Fe/Ni
interfaces and the magnetic configuration which stabi-
lizes the superlattice, (Fig. 1c), we investigate the mag-
netic profile and the resulting IEC of the correspond-
ing superlattice of composition Nig 5Feq 5/Ni/Fe, /Ni/
Nig.5Feg5/Nig)s when the Fe spacer thickness is varied
from n =0 ton =4.

For n = 1 and 3 (odd number of Fe layers) the two
Nig.sFeg.5 planes at both sides of the Fe spacer can be
arranged symmetrically or asymmetrically. For n = 1 we
report in Figure 4 these two types of atomic arrangements.
In the symmetric arrangement (Fig. 4a), the Ni (Fe) atoms
are invariant in a 2a translation in the (001) direction of
the Nigs5Feg. s ML through the Fe spacer, whereas in the
asymmetric arrangement (Fig. 4b) the Ni and Fe atoms
are only exchanged. The symmetric arrangement is ener-
getically favored by 1.2 mRy and 0.25 mRy for n = 1 and
n = 3 respectively. For n = 0, 2 and 4 (odd number of Fe
layers), the two Nig sFeg 5 planes at both sides of the Fe
spacer are always symmetric. Figures 4c and 4d, give the
atomic arrangement in the case of two Fe layers (n = 2).
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Fig. 4. Projection in the (001) direction of the different atomic
arrangements considered beyond the Ni-Fe interface for n =1
and n = 2. For n = 1 (odd number of iron layer), two arrange-
ments are possible, a symmetric (a) and an asymmetric (b).
For n = 2 (even number of Fe layers) the two arrangements (c)
and (d) are symmetric.

The magnetic profile is displayed in Figure 5 for par-
allel and antiparallel alignment of the magnetic moments
between two successive Ni slabs. For each Fe thickness and
for both TEC type (AP or P), only the most stable con-
figuration is reported. The buried Fe atom in the Ni film
is surrounded by Ni atoms only on its first coordination
shell (12 Niatoms). These Ni atoms screen the antifer-
romagnetic interaction between the Fe neighbors so that
the magnetic moment of the buried Fe atom is as high as
2.85 up, independently of the Fe spacer thickness and of
the IEC type. The Fe atoms in the Fe ML adjacent to the
Ni plane have 8 and 4 nearest Ni neighbors for n = 1 and
n > 2 respectively. When the Fe thickness is varied from
n =1 to n = 2 the magnetic moment of these atoms de-
creases from 2.58 to 2.34 up for a parallel IEC and from
2.21 to 2.02 pup for an antiparallel IEC. For n = 3 and 4
these moments are close to 2.00 pup for parallel as well as
for antiparallel IEC.

In the case of an antiparallel IEC, and for n = 1,3, an
in-plane antiferromagnetic configuration is obtained in the
Fe central ML of the spacer. However this configuration
is metastable as compared to the parallel IEC configu-
ration. The layered antiferromagnetic behavior of the Fe
spacer stabilizes the superlattice. We report in Figure 6
the calculated energy difference between the parallel and
antiparallel IEC between two successive Ni slabs as func-
tion of the number (n) of Fe layers. The IEC presents an
oscillatory behavior without a defined period.

The magnetic map and the IEC displayed in Figures 5
and 6 are qualitatively similar to those obtained in su-
perlattice with Feg sNig.5, ordered alloy, one ML thick
at the Fe/Ni interface (see Figs. 6 and 7 of Ref. [16]).
This is not really surprising because both ordered alloyed
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Fig. 6. The energy differences (Ep — Eap) vs. the number of
Fe monolayers (Fe, is the spacer) in the Feg 5Nig.5/Ni/Fe,/
Ni/Feq.5Nio.5 /Niz superlattice (n = 0,1,2,3,4). Ep and Eap
correspond to a P and AP interlayer exchange coupling be-
tween two successive Ni slabs through the Fe spacer.

superlattices present similar chemical composition the
only difference being in the position of the ordered mono-
layer. Thus the magnetic maps of the Fe spacer present
striking similarities. Also the interlayer exchange cou-
plings show a very similar qualitative behaviour in both
cases although the present configuration being stable
(Fig. 5) as compared to the metastable one reported in
reference [16]. However, the IEC obtained with the two
types of mixed interfaces are very different to those of su-
perlattices with abrupt Fe/Ni interface (see Figs. 3 and 4
of Ref. [16]).

As it was stated above, the LMTO-ASA method used
in our calculations does no allow atomic relaxation. How-
ever, to have an idea of the variation of the moments in-
duced by the relaxation, we fixed the Ni-Fe distances to
that of an fcc chemically ordered FeNig which is found to
stabilize the Ni-Fe interface. The moments do not change

significantly (~5%) and the energy differences between the
various atomic configurations considered are quasi similar.

4 Conclusion

Two main points about the Fe/Ni superlattices are re-
ported in this paper:

(i) The structural and the magnetic stability of the Fe/Ni
superlattices with various mixing between iron and
nickel atoms at the interfaces. All the systems consid-
ered present in common an Fe-Ni ferromagnetic cou-
pling at the interfaces. The magnetic moment of the
Fe atom increases quasi-linearly with the number of
Ni atoms in its first coordination shell. The Fe/Ni
superlattice is most stable if a buffer zone of two or-
dered monolayers thick, with FeNis basis, is located
between the Ni slab and the Fe spacer. It corresponds
to the most stable state. However the ground state
is not clearly identified. Some other complex interfa-
cial microstructures not necessarily ordered could ex-
ist with lower energies but with a Fe:Ni composition
close to 1:3.

The magnetic map and the interlayer exchange cou-
pling of the ground state when the Fe spacer thickness
varies between 0 and 4 MLs. The IEC between the Ni
slabs through the Fe spacer oscillates as a function of
the number of Fe MLs in the spacer but without spe-
cific behavior. It results from the Ni-Fe ferromagnetic
coupling at the interfaces and the antiferromagnetic
behavior of the spacer. The Fe atoms buried in the Ni
layer have a magnetic moment of about 2.86 up in-
dependently of the Fe thickness and of the IEC type.
The Fe atoms of the spacer adjacent to the FeNis
buffer have higher magnetic moments as compared
to the bulk value and their values depend on the Fe
thickness for n = 1 and 2 and the IEC type whereas
this dependence disappears for n = 3 and 4. These
results are similar to those obtained previously [16] in
the Fe/Ni superlattice with Feg 5Nig 5 ordered alloy,
one ML thick at each interface and differ drastically
from the results obtained in superlattices with abrupt
Fe/Ni interface.
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