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Abstract. An ab initio study of the magnetic behaviour of strained Fe/Ir(001) superlattices is presented
using the first principle Augmented Spherical Wave method. First, the intralayer magnetic order of the
Fe layers is examined as a function of their tetragonal distortion induced by the superlattice structure. It
is shown that (i) an antiferromagnetic order can not occur, (ii) a ferrimagnetic phase, characterized by
interfacial Fe magnetic moments opposite to the others, is allowed in a large domain of distortions, (iii) first
order transitions toward the ferromagnetic (non magnetic) phase occur when the tetragonal distortion
is (respectively) reduced at constant atomic volume (in plane lattice parameter) and (iv) when the Fe
thickness increases, the ferromagnetic/ferrimagnetic transition is shifted to higher tetragonal distortions.
Second, the interlayer magnetic couplings are determined in Fe5Irn(001) superlattices with the Fe layer in
the relaxed body centered cubic structure with n = 1 to 11 monolayers. It is shown that the coupling energy
decreases surprisingly slowly (like 1/n) with increasing n with a period of approximately 3.2 monolayers,
which corresponds nicely to the period of the Ir induced polarisation. Finally, these results are discussed
in relation with experimental studies.

PACS. 75.30.Et Exchange and superexchange interactions – 75.70.-i Magnetic properties of thin films,
surfaces, and interfaces – 75.70.Cn Magnetic properties of interfaces (multilayers, superlattices,
heterostructures)

1 Introduction

Metallic multilayers have been intensively studied dur-
ing this two last decades and remain up to now for their
promising technological applications and their fundamen-
tal aspects in the physics of reduced dimension systems.
Usually, most of studies are devoted to the interlayer ex-
change couplings, the giant magnetoresistance and, to the
quantum wells properties. However, multilayered systems
can also be used for exploring the magnetic properties of
strained thin films as illustrated by this paper. From a fun-
damental point of view, it is well known that the magnetic
properties of transition metals are highly sensitive to small
structural changes, to the thickness of the magnetic layer
and to the boundary conditions at the interfaces with the
spacer layer. Building multilayers is one of the most pow-
erful tool to explore this sensitivity. Indeed, when an epi-
taxial growth is obtained (usually for small thickness), the
thin films are constrained and adopt an out of equilibrium
structure: by varying the relative thickness of the magnetic
and the non magnetic layer, the stress can be a priori con-
trolled and a wide range of structures can be explored.
Of course, in order to study the relation between distor-
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tion and magnetic properties, an extremely high struc-
tural characterisation is needed which is not always the
case. Fe/Ir (001) superlattices studied extensively by the
University of Nancy solid state group [1–14] is a system
for which both accurate structural and magnetic experi-
mental studies are available and their results offer a good
opportunity to be compared to the simulated properties.
Surprisingly, nearly no electronic structure calculations of
these superlattices have been reported in the literature.

By combining structural and magnetic studies, it has
been shown the important role played by the structure
on the magnetic properties of Fe/Ir(001) multilayers. Let
us summarize the main results concerning the magnetic
behaviour. First, the Fe layer presents a strong tetrago-
nal distortion (c/a = 1.25) for small thickness and relaxes
to the bulk body centred cubic (BCC) structure for large
thickness. The thickness increase induces a transition from
a non-magnetic state toward a poorly magnetized one in
the tetragonal phase and toward a ferromagnetic state
when the BCC phase is recovered [7]. Moreover, in the
tetragonal phase, even if the central Fe atoms carry a
high local magnetic moment, the average magnetisation
in the Fe layer remains small [9] and corresponds to two
magnetically dead Fe atomic layers [8]. Local investiga-
tions with Mössbauer spectroscopy have confirmed that,
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Table 1. Values of the c by a ratio of the body centred tetragonal (BCT) structure obtained for the values of the (001) in plane
lattice constant a and the Wigner-Seitz radius RFe corresponding to the nodes of the (α, ρ) grid used in this work. Note that
the c/a ratio is nearly constant along oblique lines.

α = −1% α = −0.5% α = 0% α = 0.5%
a = 4.9633 a.u. a = 4.9884 a.u. a = 5.0134 a.u. a = 5.0385 a.u.

ρ = 0.5% 1.3258 1.3059 1.2864 1.2673
RFe = 2.6847 a.u.

ρ = 0% 1.3061 1.2865 1.2673 1.2485
RFe = 2.6713 a.u.

ρ = −0.5% 1.2866 1.2673 1.2484 1.2299
RFe = 2.6580 a.u.

ρ = −1% 1.2673 1.2483 1.2297 1.2114
RFe = 2.6446 a.u.

ρ = −1.5% 1.2482 1.2295 1.2112 1.1932
RFe = 2.6313 a.u.

for 4 Fe atomic layers, the two central Fe atomic layers
bear a noticeable magnetic moment and that the two in-
terfacial Fe atomic layers are nearly non-magnetic [12].
This suggests the occurrence of a complex magnetic order
in the Fe layers resulting from the tetragonal distortion
with magnetic moments cancelling each other’s. Finally,
an interlayer magnetic coupling has been obtained in the
BCC phase oscillating as a function of the Ir thickness
with a period of 3.5 Å [5].

In this paper, we present a theoretical study of the
magnetic behaviour of FemIrn(001) superlattices using the
ab initio Augmented Spherical Waves (ASW) method [15].
First, we study the role of the tetragonal distortion by de-
termining the magnetic phase diagram for Fe3Ir5, Fe4Ir4
and Fe5Ir5 superlattices. Second, we determine the in-
terlayer magnetic couplings in Fe5 Irn(001) superlattices
when the Fe layer is relaxed in the BCC structure with
n = 1 to 11 monolayers.

2 Methodology

For determining the magnetic properties of small superlat-
tices, we use the first principle Augmented Spherical Wave
(ASW) method allowing to obtain in a very accurate way
the electronic structure of these metallic systems within
the Local Spin Density Approximation (LSDA) formalism
for treating exchange and correlation of a many electron
system. This method has been used successfully by several
authors for studying the relation between the structure,
the layers thickness, the interfacial mixing and the mag-
netism [16–19]. It represents a good compromise between
computer time and accuracy. The Atomic Sphere Approx-
imation (ASA) is also used and limits the application of
such a method for studying the relaxation in order to de-
termine the structural ground state. However, the method
is efficient for studying the magnetic ground state for a
given structure, which is exactly the case of this work.

The role played by the tetragonal distortion of
the Fe layer is studied by varying the in plane parame-
ter a of the Fe body centred tetragonal (BCT) cell and
the atomic volume radius RFe of the Fe atoms. Because
the ASA is used, the ratio c/a of the perpendicular to

plane parameter c and the in plane parameter a is equal
to (8π/3)(RFe/a)3. Thus the two dimensional magnetic
phase diagram is obtained by determining the most sta-
ble magnetic state for all (a, RFe) values. However, be-
cause the total energy calculation of a given magnetic state
needs a large among of computer time, it is not possible
to vary a and RFe over a to large range of values. This
is why we determine the total energy Etot(MS) of a given
magnetic state MS for a discrete set of (a, RFe) values and
we interpolate the surface Etot(a, RFe; MS) by a third or-
der polynomial function PMS(a, RFe). We have then the
possibility to compare the interpolated total energies for
various MS and to determine accurately the stability do-
main of each MS. Finally, for each calculation, the number
of K points used in the irreducible part of the Brillouin
Zone is increased up to the convergence of the total en-
ergy which is usually the case with approximately 500 K
points.

3 Magnetic phase diagrams in FemIrn
superlattices

In this section, we have to determine the most stable
magnetic state in Fe layers for a given set of crystalline
structures characterized by the pair of (a, RFe) values. It
is more convenient to work with relative values for the
tetragonal distortion than to used directly the in plane
parameter a of the Fe body centred tetragonal (BCT) cell
and the atomic volume radius RFe of the Fe atoms. This
is why we introduce the α and ρ variations of these two
values (a = (1 + α)aref , RFe = (1 + ρ)RFe,ref ) relative to
the reference (aref , RFe,ref ) = (5.01344 a.u., 2.67132 a.u.)
which correspond approximately to the average experi-
mental values. Table 1 gives the values of the sets (α, ρ)
used in this work with the corresponding c/a ratio of the
tetragonal distortion. With this set, the c/a ratio is varied
from 1.19 up to 1.32. Similarly, the atomic volume radius
of the Ir atoms corresponds approximately to the average
experimental values and is chosen equal to 2.8072 a.u.: it
is assumed to not be affected by variations of α and ρ and
to not vary for all calculations. This assumption is made
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Table 2. Values of the magnetic moments MFM and MAFM (in µB) obtained for the bulk BCT structure for all nodes of the (α,
ρ) grid for the ferromagnetic (FM) and the antiferromagnetic (AFM) orders. The second line gives the total energy differences
∆EAFM−FM and ∆ENM−FM (in meV per atom) between the AFM and the FM solutions and between the non magnetic (NM)
and the FM ones.

MFM/MAFM α = −1% α = −0.5% α = 0% α = 0.5%

∆EAFM−FM/∆ENM−FM a = 4.9633 a.u. a = 4.9884 a.u. a = 5.0134 a.u. a = 5.0385 a.u.

ρ = 0.5% 2.49 / 1.57 2.44 / 1.22 2.39 / 0.98 2.34 / 0.76

RFe = 2.6847 a.u. 10.5 / 40.4 9.7 / 27.0 10.4 / 19.1 12.3 / 15.8

ρ = 0% 2.42 / 1.25 2.36 / 0.98 2.32 / 0.76 2.29 / 0.48

RFe = 2.6713 a.u. 9.0 / 25.7 9.8 / 18.2 12.2 / 15.5 14.8 / 15.9

ρ = −0.5% 2.33 / 0.98 2.29 / 0.76 2.26 / 0.49 2.25 / 0.02

RFe = 2.6580 a.u. 8.9 / 17.4 11.7 / 14.5 15.1 / 15.9 18.6 / 18.6

ρ = −1% 2.26 / 0.76 2.24 / 0.49 2.22 / 0.01 2.21 / 0.00

RFe = 2.6446 a.u. 10.5 / 13.7 14.5 / 15.0 18.9 / 18.9 24.5 / 24.5

ρ = −1.5% 2.22 / 0.48 2.20 / 0.05 2.19 / 0.00 2.18 / 0.00

RFe = 2.6313 a.u. 13.4 / 13.9 18.0 / 18.1 24.3 / 24.3 32.5 / 32.5

in order to not vary too much parameters at the same
time (to not have to work in a 3 dimensionnal space (a,
RFe, RIr)) and corresponds to a good approximation of
the experimental behaviour for such small variation of a.
In this work, the aim is to focuss on the competition be-
tween the “intrinsic” magnetic ordering of a BCT Fe thin
layer (which should behave like the bulk BCC Fe one for
large thickness) and the ordering induced at the bound-
aries by the Fe-Ir hybridization. An additional variation
of the Ir atomic volume acts certainly less on this compe-
tition than the distortion of the Fe structure itself and is
considered as being a second order term. Finally, when a
and the atomic volume radius Ri of all atoms are given,
the distance between the ith and the (i + 1)th planes is
obtained from d = (2π/3)(R3

i + R3
i+1)/a2.

3.1 Bulk BCT Fe

Before studying thin Fe layers in Fe/Ir superlattices, it is
interesting to investigate the magnetic behaviour of bulk
BCT Fe for the same set of tetragonal distorted structures.
It is well established that the Fe magnetic order undergoes
a transition from ferromagnetic to antiferromagnetic when
the structure changes from body centred cubic (BCC) to
face centred cubic (FCC). It has also been shown that the
antiferromagnetic order presents a first order transition
from a low towards a high magnetic moment state. It is
essential for the understanding of our results to check if
the range of c/a we are studying induces such behaviour
or not.

Table 2 summarises the results we have obtained con-
sidering the relative stability of ferromagnetic (FM), anti-
ferromagnetic (AFM) and non magnetic (NM) states for
all BCT structures listed in Table 1. For the FM state, our
calculations show that (i) it is the most stable one with
a magnetic moment ranging from 2.18 to 2.49 µB for the
extreme values of c/a, (ii) its magnetic moment is more
sensitive to tetragonal distortions at constant atomic vol-
ume (ρ being constant and α varying) when the atomic
volume is larger. For the AFM state, we found that (i) it

appears with a second order transition from the NM to the
AFM state for c/a values around 1.23 with a rapidly in-
creasing magnetic moment reaching 1.57 µB for the high-
est c/a value, (ii) the energy difference with the FM state
decreases when the tetragonal distortion increases as ex-
pected since the AFM state becomes the most stable one
when the FCC structure (corresponding to c/a =

√
2) is

reached [20]. It is interesting to note that the magnetic
moments and the energy differences change only slightly
along the diagonal of Table 2, which corresponds, nearly
to variations at constant c/a values.

This study shows that the FM state is the bulk BCT
Fe magnetic ground state for all structures considered and
that the essential parameter is the c/a ratio.

3.2 Competing magnetic orders in thin Fe layers

As previously shown, around the bulk BCT structure for
the experimental c/a ratio of 1.25 [7], the AFM solution
coexists with the FM one (even if the second is most sta-
ble) in bulk BCT Fe. Consequently, when we consider thin
Fe layers with increasing thickness, the number of possi-
ble magnetic configurations increases because all relative
magnetic moments ordering can be a priori stabilised in
the calculation even if we restrict our study to one atom in
the in plane cell. For example, if a positive (negative) mag-
netic moment is represented by ↑ (↓), with 3 Fe monolayers
we can have 3 different magnetic configurations ↑↑↑, ↑↑↓ or
↑↓↑, with 4 Fe monolayers we can have ↑↑↑↑, ↑↑↑↓, ↑↑↓↑,
↑↑↓↓, ↑↓↓↑ or ↑↓↑↓, with 5 Fe monolayers we can have
↑↑↑↑↑, ↑↑↑↑↓, ↑↑↑↓↑, ↑↑↓↑↑,↑↑↑↓↓, ↑↑↓↓↑, ↑↑↓↑↓, ↑↓↓↓↑
or ↑↓↑↓↑, ... Of course, we do not pretend to study sys-
tematically all these possible solutions. The aim of this
work is more to exhibit stable non-FM configurations in
order to show that situations with a reduced magnetisa-
tion due to compensating magnetic moments are possible
solutions. This is why we restrict our study to the config-
urations given in Table 3: the ferromagnetic (FM) one for
which all moments are parallel, the ferrimagnetic (FiM)



314 The European Physical Journal B

Table 3. Schematic representation of the magnetic orders con-
sidered in the Fe layers for the FemIrn superlattices considered
in this work. Each arrow corresponds to the magnetic moment
of an atomic plane.

one for which the interfacial magnetic moments are op-
posite to the inner ones and the antiferromagnetic (AFM)
one which corresponds to an antiferromagnetic order from
monolayer to monolayer (for 3 Fe monolayers, the FiM and
AFM cases are the same).

3.3 Electronic structure of FemIrn superlattices
for (α, ρ) = (0, 0)

Because most of the new features come from the inter-
face, it is interesting to discuss the local densities of states
(LDOS) in terms of interfacial Fe-Ir hybridisation. Fig-
ures 1, 2 and 3 show the LDOS for Fe3Ir5 superlattices
with α = 0 and ρ = 0 which are representative of the
LDOS for other Fe or Ir thickness and other values of α
and ρ.

For the NM case (Fig. 1), we see that the LDOS are
very similar for all Fe atoms – on the central (C) atomic
plane or on the interfacial (I) one – and very similar for all
Ir atoms – on the interfacial (I) atomic plane, the next one
(I+1) and the central (C) one. This shows that the Fe-Ir
interfacial hybridisation induces only small modifications
in the electronic structure of thin Fe or Ir layers. The
main feature coming from the Fe-Ir hybridisation is the
small peak in the Fe LDOS around −5.7 eV – surprisingly
more pronounced on the C site than on the I one – which
corresponds to a large peak in the Ir interfacial LDOS.
The other characteristics of the LDOS are very similar to
the bulk BCT one which for the Fe atoms looks more like a
face centred cubic (FCC) LDOS than a body centred cubic
(BCC) one showing than for the values of c/a considered
in this work, the Fe thin layer has an electronic structure
similar to the one of a FCC layer.

For the FM case (Fig. 2), the main features men-
tioned previously for the NM case remain valid. The most
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Fig. 1. Local densities of states for all non-equivalent sites
(C for central, I for interfacial and I+1 for the atomic plane
between C and I in the Ir layer) for Fe3Ir5 superlattices for the
non-magnetic situation.
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between C and I in the Ir layer) for Fe3Ir5 superlattices for
the ferrimagnetic situation. Positive values correspond to the
majority spin states and negative values to the minority spin
states.

significant changes can be seen on the majority spin LDOS
– the minority spin one being very similar to the NM one
– which presents less pronounced peaks as compared to
the minority spin one or the NM LDOS. This is due to
the fact that most of the majority spin states have been
shifted below the Fermi level allowing a higher level of hy-
bridisation because more states are available at this lower
range of energy (between −5 and −2.5 eV) coming from
the Ir layer. This shows that the Fe-Ir hybridisation, even
if its remains small, is more pronounced for the majority
spin states than for the minority ones.

For the FiM case (Fig. 3), we can expect that both ma-
jority and minority spin LDOS be affected because there
are opposite magnetic moments in the Fe layer. This is ef-
fectively what we obtain: the majority spin LDOS on the C
atomic layer and the minority spin LDOS on the I atomic
layer are the most affected because they correspond to the
spin direction aligned with the local magnetic moment and
correspond to the states which are shifted below the Fermi
level in the same way than all majority spin LDOS for the
FM case. Moreover, because the C magnetic moments are

−1

0

1

2

M
ag

ne
tic

 m
om

en
t  

(µ
B
)

a. Fe3Ir5

FM                              

−1

0

1

2

              b. Fe4Ir4

 FiM

−1

0

1

2

               c. Fe5Ir5

AFM

Fig. 4. Magnetic moments profiles for a) Fe3Ir5, b) Fe4Ir4 and
c) Fe5Ir5 superlattices for the ferromagnetic (FM), ferrimag-
netic (FiM) and antiferromagnetic (AFM) configurations of the
Fe layers. The Fe sites carry the large magnetic moments.

opposite to the I ones, there is a much higher mixing be-
tween both spin states explaining why all Fe LDOS have
the top of the d band nearly at the same energy whereas,
for the FM case, the top of the minority spin d band is
more than 2 eV higher than the top of the majority one.
The Ir LDOS show no significant changes when compared
with the NM and the FM ones.

To conclude this section, we have shown that the states
corresponding to the spin direction aligned with the local
magnetic moment are the most affected by the Fe-Ir hy-
bridisation.

3.4 Magnetic moments profiles in FemIrn superlattices
for (α, ρ) = (0, 0)

The magnetic moments profile for the 3 superlattices and
for the different Fe layer magnetic orders we consider are
presented in Figure 4. The magnetic moments carried by
the Ir atoms are found small (less than 0.1 µB) and par-
ticularly small at the interface with the Fe layer as a con-
sequence of the weak Fe-Ir hybridisation discussed pre-
viously. The magnetic moments profiles in the Ir spacer
present rapid oscillations (mainly visible for the 5 mono-
layer thick spacer) with a magnetic moment on the second
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atomic plane (counted from the Fe/Ir interface) always
opposite to the interfacial Fe one. The magnetic moments
on the Fe sites are significantly affected by the various
orders considered but present monotonic behaviour with
increasing Fe layers thickness. For the FM case, the in-
terfacial sites carry a reduced magnetic moment (around
1.9 µB), resulting from Fe-Ir hybridisation which enlarges
the LDOS and weakens the ferromagnetism on the interfa-
cial Fe site, whereas the inner sites carry a nearly bulk-like
value (around 2.4 µB) showing that the interfacial pertur-
bation is really short ranged. For the FiM case, the mag-
nitude of the magnetic moments on the interfacial sites
decreases (from −1.6 to −1.3 µB) whereas the moments
on the inner sites increase (from around 0.6 to around
2 µB) with increasing Fe thickness. This seems to be an
indication of a less tolerated magnetic anti-alignment of
the inner sites as compared to the interfacial ones, the in-
terfacial Fe moments being found larger than the ones for
the corresponding bulk BCT AFM order as shown in Ta-
ble 2. This is also supported by a rapid increase of the
magnetic moment on the inner sites when a ferromag-
netic environment is recovered as shown in Figure 4c. Even
for the AFM case, where no ferromagnetic order between
atomic planes is allowed, the magnetic moments are sur-
prisingly enhanced as compared to the bulk BCT values.
This shows that the interface with Ir favours antiparallel
alignment between Fe magnetic moments.

3.5 Magnetic moments (α, ρ) maps

The comparison between the local magnetic moments on
the non-equivalent Fe sites for the 3 superlattices consid-
ered in this section is displayed in Figures 5, 6 and 7 for
respectively Fe3Ir5, Fe4Ir4 and Fe5Ir5. In Figure 5 is also
reported the bulk BCT magnetic moments for all (α, ρ)
values.

It can be clearly seen in Figure 5 that the magnetic
response of a 3 monolayer thick Fe layer to structural vari-
ations is completely different from the bulk BCT one. Ef-
fectively, for the FM case, whatever the value of ρ is, the
local magnetic moments in the thin layer increase when α
increases contrary to the bulk BCT magnetic moment.
Moreover, the magnetic moments in the thin layer vary
more significantly over the range of α values than in the
bulk BCT; these variations are more pronounced when
ρ is smaller i.e. when the atomic volume is compressed.
When the Fe layer thickness increases (Figs. 6 and 7),
these variations become less pronounced due to a larger
bulk-like contribution. However, even for Fe5Ir5 superlat-
tices (Fig. 7) , the bulk BCT behaviour is not recovered.
This confirms the enhanced sensitivity of the ferromag-
netism in these thin Fe layers.

For the FiM case and for Fe3Ir5 superlattices, the sit-
uation is exactly the opposite to the FM case: the local
magnetic moments vary more slowly when α varies for
the thin Fe layers than for the bulk BCT situation. More
surprising are the nearly constant values of the magnetic
moments in the thin layer for a given ρ (−1.5% to −0.5%)
with increasing α values whereas they vanish in the bulk
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Fig. 5. Magnetic moments values on all non-equivalent Fe sites
in the Fe3Ir5 superlattices for the ferromagnetic (FM) (lower
graphs) and the ferrimagnetic (FiM) (upper graphs) configu-
rations of the Fe layers for all (α, ρ) values of grid displayed in
Table 1. The magnetic moments values are also given for the
FM and the AFM bulk BCT orders (star symbols) for com-
parison with respectively the FM and FiM ones.
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netic (AFM) (upper graphs) configurations of the Fe layers for
all (α, ρ) values of grid displayed in Table 1.

BCT. For example, the interfacial magnetic moment can
reach more than −1.7 µB whereas the corresponding bulk
BCT structure is non magnetic. This confirms the high
level of stability of anti-aligned magnetic orders in these
thin Fe layers in contact with Ir layers. For larger Fe thick-
ness (Figs. 6 and 7), these trends remain valid: the main
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netic (AFM) (upper graphs) configurations of the Fe layers for
all (α, ρ) values of grid displayed in Table 1.

emerging feature is a higher sensitivity of the interfacial
Fe magnetic moment to α variations for small values of ρ.

It is a priori expected that the AFM order should be
hard to stabilise in a large part of the (α, ρ) domain of
variation considered in this section because it is unstable
in the corresponding bulk BCT structure (see Tab. 2 and
Fig. 5). Surprisingly, even if from an energetically point of
view it is always less stable than the FiM order (see next
paragraph), an AFM solution is obtained for all values
of (α, ρ) as it can be seen in Figures 6 and 7. The lo-
cal magnetic moments are always smaller in magnitude to
the ones obtained for the FiM case but behave completely
different than in the bulk BCT case. This is a second con-
firmation of the stabilisation of magnetic anti-alignments
in these thin Fe layers over all their thickness.

We conclude from these data that the thin Fe layers
in the Fe/Ir superlattices exhibit a magnetic behaviour
significantly different from bulk BCT with an emerging
tendency to magnetic anti-alignments.

3.6 Magnetic phase (α, ρ) diagrams

In this paragraph we consider the relative energy stability
of the various magnetic orders considered and discussed
more in details in the previous paragraph. First, we found
that the AFM order is always less stable than the FiM one
and will not be included in our discussion. We have deter-
mined the polynomial functions PMS(α, ρ) interpolating
the calculated total energies values for the FM, FiM and
NM situations and derived the most stable one for all (α,
ρ) values. The resulting phase diagrams obtained for the
3 Fe layers thickness considered in this section are reported
in Figure 8 by plotting the limit of the stability domain
of each situation.
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Fig. 8. Magnetic phases diagram for Fe3Ir5, Fe4Ir4 and Fe5Ir5
superlattices. The lines delimit the domain of stability in the
(α, ρ) two dimensional space of each magnetic configuration.

The 3 diagrams present the same structure: the FM
stability domain dominates the right part, the left part
is split into the NM stability domain at the bottom and
the FiM stability domain at the top. This is completely dif-
ferent from what has been obtained for bulk BCT where
the FM magnetic state dominates the entire phase dia-
gram in the studied range of (α, ρ) values. If we consider
Table 2 and the discussion of paragraph a, we can deduce
the following trends for the bulk BCT Fe: (i) the FM order
is stabilised by increasing α, (ii) the NM-FM difference is
the lowest for ρ = α and more especially for small ρ val-
ues corresponding to a compression of the volume of the
cell which is well known as reducing the strength of the
magnetism, (iii) the AFM order is stabilised by increasing
the tetragonal character of the cell (given by ∆EAFM−FM

for large c/a ratio values). These trends remain valid for
the superlattices, showing that they are dominated by the
bulk BCT Fe behaviour and that the main new feature
revealed by the phases diagrams of the superlattices is
to move the crossing lines between the different orders in
the range of tetragonal distortions – around the experi-
mental structure – we consider here. Moreover, the triple
point is included (or nearly included) in our phase’s dia-
grams. This shows that the relation between magnetism
and structure is richer in Fe thin layers in Fe/Ir superlat-
tices than in bulk BCT.

When the Fe thickness increases (from 3 to 5 monolay-
ers), the FM domain limit is shifted to smaller α values
as expected but, even for Fe5Ir5 superlattices, the bulk
BCT behaviour is far from being recovered. Surprisingly,
the FiM-FM separation line correspond approximately to
a vertical line: this shows that the in plane parameter con-
trols the competition between the FM and the FiM orders
and the atomic volume plays a minor role in the range of
values considered in this work (it controls mostly the sep-
aration line between FiM and NM orders).

The experimental structure for thin Fe layers corre-
sponds nearly to the point α = 0 and ρ = 0 in the dia-
grams. For Fe3Ir5 and Fe4Ir4 superlattices, this point is
close to the FiM-FM separation line whereas it is clearly
located in the FM domain for Fe5Ir5 superlattices. This
result can explain why small magnetisation have been ob-
tained experimentally for thin Fe layers [8] but cannot
explain the conclusion of Mössbauer measurements show-
ing that the interfacial Fe atoms carry nearly no magnetic
moment [12].
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4 Interlayer magnetic couplings
and Ir induced polarisation

Calculating the interlayer magnetic couplings is a priori
more easier than the energies discussed in Section 3. We
have to determine the total energy difference ∆EF−AF

between the ferromagnetic (F) and the antiferromagnetic
(AF) interlayer magnetic arrangements: F corresponds to
aligned magnetisation for successive Fe layers whereas AF
corresponds to anti-aligned ones. However, we have to do
these calculations for FemIrn superlattices with increasing
Ir thickness in the magnetic cell (the AF one) containing
2× (m + n) non equivalent atoms. Moreover, because the
interlayer couplings diminish when n increases, more K-
points are needed to obtain accurate total energies val-
ues. Consequently, for large Ir thickness the computation
time becomes very large and supercomputing facilities are
needed.

In the experiments, the interlayer couplings have been
studied for large Fe thickness where the Fe layer structure
is nearly relaxed. In agreement with experiments [7], we
choose the in plane parameter a = 5.293 u.a. = 2.8 Å
(giving α ≈ 5.6%), the c/a ratio for the Fe layers equal to
1.043 (giving ρ ≈ −1.1%) and the atomic volume radius
for the Ir atoms equal to 2.8742 a.u. The Fe layers are then
nearly in a BCC structure and the Ir layers nearly in a
FCC one. Finally, we choose to study Fe5Irn superlattices
with n = 1 to 11 monolayers for having a significantly
thick Fe layer and a not to large elemental cell.

When calculating directly the magnetic moments pro-
files and the interlayer magnetic couplings using band
structure methods, we have to take into account the dis-
crete character of the spacer [21]. This introduces an alias-
ing effect on the period of the oscillating polarisation and
interlayer coupling. For example, if we assume that the
induced polarisation δµ(z) oscillates with a period of λ,
the effective period λeff is then equal to:

λeff =
1

∣
∣
∣
∣

1
λ
− ν

d

∣
∣
∣
∣

(1)

where ν is a non-negative integer usually equal to one
and d the spacing between monolayers. It is interesting to
remark that λeff becomes larger when λ becomes closer
to d. The effective period is the one deduced from the
calculation.

Figure 9 shows the magnetic moments profiles in the
Ir spacer layer for F and AF orders for all considered Ir
thickness. The Ir spacer is much more polarised for this
structure than for the ones considered in the previous sec-
tion: the interfacial magnetic moment is nearly equal to
0.15 µB whereas previously it was always smaller than
0.05 µB. This is ascribed to a magnetic susceptibility en-
hancement resulting from the increase of the Ir atomic
volume by 7%. The comparison of the profiles obtained
for F and AF situations, shows that they become rapidly
similar at the interface with Fe when n is increased: for
large n values, they differ only on the inner Ir sites re-
lated to the node in the magnetic polarisation required
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Fig. 9. Magnetic moments profiles in the Ir spacer layer for
Fe5Irn superlattices (n = 1 to 11 monolayers) for F and AF
interlayer magnetic arrangements. The dashed lines give the
zero for each profile; the profiles being shifted by 0.15 µB from
one thickness to the other.

by the AF configuration. Indeed, the magnetic symme-
try of the superlattice and the parity of the Ir thickness
induce different constraints on the magnetic moments on
the inner sites: (i) for a F (respectively AF) interlayer ar-
rangement, the two inner magnetic moments have to be
equal (respectively opposite) when n is even and (ii) for
an AF interlayer arrangement, the magnetic moment on
the central site has to be exactly equal to zero when n
is odd. This plays an essential role on the polarisation for
the smallest thickness as can be seen in Figure 9 for n = 1,
2 and 3. The interfacial Ir moment is a priori strongly po-
larised by hybridisation with the Fe layer but large values
are obtained for n = 1 and 3 when the interlayer arrange-
ment is F and for n = 2 when it is AF. This has to be
correlated to the beginning of the oscillation of the polar-
isation that favours a negative magnetic moment on the
second Ir layer. When such a negative magnetic moment
is allowed, the moments are larger. For larger Ir layers,
this interaction between the oscillation and the magnetic
symmetry continues to act only on the inner magnetic mo-
ments. Consequently, the most stable interlayer arrange-
ment, i.e. the interlayer magnetic coupling, should reflect
the compatibility between the oscillating polarisation and
the magnetic symmetry of the magnetic moment profiles
in the spacer. Because we consider only small spacer thick-
ness, it is not possible to obtain very accurately the period
of the oscillation. However, if we use the polarisation ob-
tained for n = 10 and 11, and by fitting with [22]:

M(n) = M0F (n) with F (n) =
cos

(
2π
λeff

nd + ϕ
)

nη
(2)
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Table 4. Fits parameters of the curves displayed in Figure 10
using equation (2).

M0µB) λeff /d(λ/d) ϕ η

n odd −0.472 3.085 (1.480) 0.310 1.462

n even −0.251 3.476 (1.404) −0.635 1.338

we obtain λeff
∼= 3.02d and 2.63d for the F arrange-

ments and λeff
∼= 2.57d and 2.82d for the AF arrange-

ments corresponding respectively to λ ∼= 1.50d, 1.61d,
1.64d and 1.55d.

Figure 10 presents the magnetic moment on the inner
sites as a function of the Ir spacer thickness n for the F
interlayer arrangement. When we analyse the curves sepa-
rately for the two parity of n, they can be easily fitted us-
ing (2) and the parameters of the fits are given in Table 4.

The interlayer coupling given by the total energy dif-
ference ∆EF−AF and displayed in Figure 11 oscillates as
a function of n with a period λeff

∼= 3.2d corresponding to
λ ∼= 1.45d but only a poor fit using an expression similar
to (2) is obtained. This period corresponds approximately
to the ones given in Table 4 and to the ones deduced di-
rectly from the polarisation. Depending on the shape of
the Fermi surface, the induced polarisation and the inter-
layer couplings can result from a superposition of contri-
butions with different periods [21] but the phases and the
strengths of each contribution is different between the po-
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Fig. 11. Interlayer magnetic couplings ∆EF−AF for Fe5Irn su-
perlattices as a function of n. For each value of n, the coupling
obtained with the 2 largest number of K-points used are given.
The curves are only guide for the eyes.

larisation and the couplings. In the present system, where
the Fermi surface of bulk Ir is known as being complex,
this study shows that only one period is required. This
work shows also explicitely the connection between the
period of the induced polarisation and of the interlayer
couplings that can be analysed in terms of the constraint
applied on the magnetic moment profiles by the magnetic
symmetry in the spacer.

5 Conclusion

This work has shown that it is extremely difficult to ob-
tain, by band structure calculations, interfacial Fe atoms
carrying no magnetic moment in Fe/Ir superlattices even
by considering magnetic configurations with anti-aligned
Fe magnetic moments. This result is a priori in contradic-
tion with the one obtained for thin strained BCC [23] or
FCC [24] Fe films on Ir(001) where vanishing interfacial Fe
moments have been obtained. However, it is more the com-
pression of the atomic volume which is at the origin of this
vanishing than the hybridisation with Ir: the 4 Fe atomic
layers from the interface carry small magnetic layers and
only the surface magnetic moment remains magnetically
alive due to the coordination reduction. Consequently, this
calculation cannot also explain the observed behaviour.

To summarize, we have shown that (i) the magnetism
in these thin Fe layers is reinforced as compared to bulk
BCT, (ii) for FM and FiM magnetic configurations of the
Fe layers, the interfacial Fe moment is robust relative to
deformations of the BCT cell, and (iii) a non magnetic so-
lution can be stabilized only for Fe3Ir5 superlattices when
the BCT cell is compressed. These results disagree a priori
with the experimental ones where the interfacial Fe atoms
are found magnetically dead [12]. At this stage of the study
it is not clear if the vanishing of the Fe interfacial moments
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cannot be accounted by electronic structure considerations
or if the interface is more complex than the flat one as-
sumed here. Future work will concentrate on this second
aspect by introducing interfacial alloying.
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15. A.R. Williams, J. Küber, C.D. Gelatt, Jr., Phys. Rev. B

19, 6094 (1979)

16. R. Coehoorn, Phys. Rev. B 44, 9331 (1991)
17. F. Herman, J. Sticht, M. van Schilfgaarde, Mat. Res. Soc.

Symp. Proc. 231, 195 (1992)
18. D. Stoeffler et al., Phys. Rev. B 49, 299 (1994); E.E.

Fullerton et al. Phys. Rev. B 51, 6364 (1995)
19. S. Zoll et al., Europhys. Lett. 39, 323 (1997)
20. V.L. Moruzzi et al., Phys. Rev. B 34, 1784 (1986)
21. P. Bruno, C. Chappert, Phys. Rev. B 46, 261 (1992)
22. Equation (2) is a generalization of standard expressions

used in Friedel-like oscillations, in induced polarization and
interlayer couplings (and even in RKKY models) which
gives the spatial charge variation as a function of the dis-
tance d = n.c/2 to the magnetic perturbation (an impurity
or a layer). The expression used makes no assumption on
the decay (η exponent which is usually equal to 3 for an im-
purity, equal to 2 for a layer and can even be smaller than 2
in case of nested Fermi surface [21]), on the spatial period
λeff (which is related to the inverse of the Fermi vector [21])
and on the phase (ϕ which is related to the perturbating
potential or to the matching of the wave functions at the
Fe/Ir interface [21])

23. K. Louzazna, A. Haroun, Solid State Comm. 112, 649
(1999)

24. K. Louzazna, A. Haroun, Thin Solid Films 374, 114 (2000)


