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Abstract

We present ab initio calculations of the exchange coupling for Fe/lr system using a self-consistent full-potential linearized
augmented plane-wave (FLAPW) method. The local spin density approximation (LSDA) as well as the generalized gradient
approximation (GGA) are used to treat the exchange correlation potential. In this work, supercells consisting of two layers
of Fe separated by Ir layers ranging from 1 to 7 are constructed. For each spacer layer thickness, two calculations were
performed, one for ferro- and another for anti-ferromagnetic ordering of Fe atoms. We obtained an oscillatory behavior for
the interlayer exchange coupling with a period of 7.83 A for both LSDA aswell as GGA.
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1. Introduction

All through the last two decades, the influence of
interlayer exchange coupling (IEC) between magnetic
layers separated by a non-magnetic spacer has involved
substantial efforts. Ever since, it was firstly studied by
Grinberg [1] for Fe/Cr superlattices in 1986, and
following the discovery of Parkin [2] on coupling
oscillates between the FM and the AF configurations as a
function of spacer layer thickness, and the inertest is on the
rise. Shortly afterwards, Parkin has shown that oscillatory
exchange coupling occurs with almost all transition and
noble metals as spacer materials [3]. Not until the last
decade when the reward of this detection is trandated to a
definite application. The giant magneto-resistance became
a renowned industrial application for the coupling. The
giant magneto-resistances are utilized as responsive
detectors for magnetic field in magnetic data storage; it is
now commonly used in magnetic read head of al magnetic
recording devices. It isall due to the remarkable properties
of these materials, exhibited in the great change of their
resistance once placed in a small field, large enough to
reverse their magnetic alignments. This discovery gave an
important momentum for intensive investigations in this
area of research [4-11].
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An assortment of methodologies covering a wide
spectrum of theoretical approaches has been explored to
clarify this inspiring phenomenon, approaches like the first
principles or tight-binding total energy calculations [12-
15], the Ruderman-Kittel- Kasuya-Y osida (RKKY) theory
[16-19], afree-electron model [20-22] and the Anderson s-
d Mixing models [23, 24]. Recently, a new disclosure
stating that every one of the above models can be
integrated into a more broad approach. Seeing the
interlayer

-exchange coupling as an interpretation of quantum
size effect and described in terms of

(spin-dependent) reflection coefficients of electrons at
the interfaces between the nonmagnetic spacer and the
ferromagnetic layers[25-27].

In this work, we study the interlayer exchange coupling
in Fe/lr(001) superlattices using a self-consistent full-
potential linearized augmented plane-wave (FLAPW)
method. Although, this system is expected to be a good
candidate for interlayer exchange coupling, yet the
theoretical studies to investigate its behavior are scarce.
Previous experimental studies have obtained high quality
of Fe/lr(001) superlattice with flat interfaces and absence
of interdiffusion [28-30], the fact that makes them
promising structures for GMR devices.

The rest of the paper is arranged as follows: In section,
I we present the computational details of calculations; in
section I11, we put forward the results and discussion; and
finally, in section IV we provide recommendations and
conclusions.
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2. Computational Details

All calculations are performed using the self-consistent
full-potential linearized augmented plane-wave (FLAPW)
method within the density functional theory [31]. The
calculations are carried out using the LSDA [32] aswell as
GGA [33] approximations. The cutoff energy of the plane
waves in the interstitial region between the muffin tins is
taken as 16 Ry for the wavefunction and 169 Ry for the
potential. The k-point sampling is performed using
Monkhorst—Pack grid in the irreducible part of the
Brillouin zone. The wavefunction expansion inside the
muffin tins are taken up to Imax = 10 and the potential
expansion up to Imax = 4. These parameters were chosen
to set the self-consistent calculations where the
convergence is taken with respect to the total charge of the
system with a tolerance of 0.0001 electron charges. The
muffin-tin radii are taken to be 1.12 A and 1.24 A for Fe
and Ir, respectively. The calculations are performed using
Fermi-level smearing of 0.005 Rydberg.

The calculated lattice constant of bulk ground states of
bce Fe and fec Ir are found to be 2.84 A and 3.87 A. We
used the supercell technique to build Felrn (n=1-7)
superlattices, Fig.1 presents one of these supercells,
namely Felr4 superlattice. To optimize the structures, the
lattice constants for each cell were relaxed in three steps.
We start with a cubic supercell and varying the volume of
the supercell keeping the c/a ratio constant. The energy
dependence on the volume is tested and the equilibrium
volume is obtained using the Murnaghan's equation of
state fit [34]. Then varying the c/aratio at the equilibrium
volume obtained from the first step. The energy
dependence on the c/a ratio is tested to obtain the
equilibrium value. Finally, the volume of the supercell re-
varied again at the equilibrium c/a ratio obtained from the
second step. The new equilibrium volume is found by the
Murnaghan's equation of state fit [34].

The lattice constants for each superlattice structure are
given in Table 1. It is to be noted here that the lattice
parameters are compared with those obtained by Vegard's
law [35], where the lattice constants are calculated using
the following equations:
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here the\/_ 2 factor is used to convert from fcc-
structure to bet-structure, while the (N+1)/2 factor
represents the number of unit cells formed. A close look at
Table 1 revedls that the lattice constants of the supercells
obtained by the optimization technique are close to those
of Vegard'slaw.

The tota energy is caculated for ferro- and
antiferromagnetic configurations of Fe for each Felr,
superlattice. The same structure has been used for both
configurations for the sake of consistency to obtain reliable
energy differences, i.e. the unit cell is doubled even in the
ferromagnetic configuration for comparison purposes. The
exchange coupling, j, is calculated using the equation:

@

j(d)=EL(d)-EL (d) @3

where dis the thlckn%s of the spacer layer and
2(d) and E‘ot (d)are the total energies of the
system in AF and FM arrangements. The exchange

Fe Fe s FE

Fig.1: The schematic diagram for Felr, supercell.

coupling convergence with respect to the number of k-
points in the irreducible Brillouin zone (IBZ) has been
checked for each Felr,, structure. The convergence test of
j asafunction of the number of k pointsis shown in Fig. 2
for both the LSDA and GGA exchange potentials. It is
found that j converges faster than the total energy as a
function of the number of k-points.
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3. Results and Discussion

3.1. Exchange Coupling

The study of the interlayer exchange coupling requires
the calculation of the total energy of Ferro- and
antiferromagnetic ordering of Fe designed for each Ir
spacer layer thickness. The IEC is caculated for both
LSDA and GGA exchange correlation potentials as shown

in Fig. 3. Asthe Ir spacer thicknessisincreased, the IEC
Tablel:The lattice constants for the relaxed seven superlattices.

Superlattice Lattice Constanis by Lattice Constanis by
Optimization Technigie Vegard's Law

a(d) () ald) ()
Felr 267 364 279 394
Feli 21N 5.60 271 5.83
Fel3 271 1.62 276 7.81
Felny 272 9.56 2.76 975
Felis 273 1145 275 1168
Felis 273 1342 275 13.62
Feliy 273 1540 273 15.55

correlation potential, with the same period of oscillation
for both approximations.

3.2. Magnetic structure

Magnetic moments (in Bohr magnetons, ug) for the
case of FM ordering, using the GGA and LSDA
calculations for different layers, are presented in Table 2
and Table 3, respectively. As expected, the Fe layer
carries the overwhelming part of the total magnetic
moment. The table also points out the following: (i) the

Intertayer Exchange Coupling (meV)

Ir Spacer Layer Thickness (A}

@

a0 E =-
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£ 2 =
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e Fig. 3: Interlayer exchange coupling, (meV) for Felr, multilayers
% 30 asafunction of Ir spacer layer thickness (A) for (a) LSDA and (b)
T -40 GGA potentids.
E
= e Table 2: Magnetic moments (in Bohr magnetons) for each layer in
the Fe/lr unit cell using the GGA approximation. Results are
@ shown for one Fe layer ontop of upto 7 Ir layers.
23
Ir layer number
il Fe 1 2 3 4 5 6 7
H

kpointsin IBZ

(&
Fig. 2 : Interlayer exchange coupling, j(meV) for Felr,
multilayers as a function of the number of k- pointsin the IBZ for
different number of Ir layersfor (a) LSDA and (b) GGA.

oscillate between FM and AF by a period of oscillation
about 7.83 A for both the LSDA and GGA potentials,
which is comparable with that obtained by Stoeffler [36].
It is to be noted here that only one period of oscillation
could be obtained in our caculations since we are
restricted with small Ir thickness up to 14 A.

From Fig.3, it can be noticed that the LSDA
calculations give higher values of the interlayer exchange
coupling than those obtained using the GGA exchange-

2.14536 0.03033

2.52453 -0.07337-0.07338

2.68122 0.08753 -0.10992 0.08690

2.69386 0.09129 -0.04400-0.04406 0.09129

2.68806 0.04772 -0.06590 0.00860 -0.06586 0.04770

2.70738 0.05870 -0.07538 0.00964 0.00966 -0.07516 0.05875

2.72556 0.07470 -0.05586 0.00494 0.02015 0.00497 -0.05588 0.07471

first Ir substrate layer continuously ferromagnetically
coupled to the Fe layer. (ii) The second Ir layer continually
antiferromagnetically coupled to the Fe layer.

In Fig. 4, the induced magnetic moments per atom on
the Ir spacer layers are plotted, using both the GGA as well



63 © 2009 Jordan Journal of Earth and Environmental Sciences . All rights reserved - Volume 2, (Special Publication, Number 1)(1SSN 1995-6681)

as the LSDA potentials, for the Felr; multilayers system.
The induced magnetic moments of Ir atoms are oscillating;
however, the magnetic moments in the central layers are
weaker than those at the interface. The induced magnetic
moment at the interface is 0.075 pg whilst 0.020 pg at the
central layer for the GGA calculations. The induced
magnetic moments are reduced in the LSDA calculations.
The induced magnetic moment at the interface is 0.056 g
whilst 0.017 pg at the middie layer.

Table 3: Magnetic moments (in Bohr magnetons) for each layer in
the Fe/lr unit cell using the LSDA approximation. Results are
shown for one Fe layer on top of upto 7 Ir layers.

It layer number

Fe 1 2 3 4 5 6 7

1.93343 0.02476

2.32311 -0.06518-0.06518

2.51308 0.07706 -0.09588 0.07706

2.51253 0.06905 -0.03793-0.03794 0.06906

2.51602 0.03807 -0.05674 0.00828 -0.05674 0.03807

2.54075 0.04495 -0.06511 0.01152 0.01152 -0.06511 0.04495

2.55823 0.05584 -0.05095 0.00593 0.01701 0.00593 -0.05104 0.05584
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Fig. 4: Induced magnetic moments on Ir apacer layer in
ferromagnetic Felr; multilayer using (8) LSDA and (b) GGA
calculations. The Fe atoms are placed in positions 0 and 8.
The oscillatory behavior also appears for the magnetic
moments on Ir atoms, with zero magnetic moment at the
central Ir atom, Fig.5.

Mumber of Ir Spacer Layers

()

Number of Ir $pacer Layers

(&)
Fig. 5: Induced magnetic moments on Ir apacer layer in anti-
ferromagnetic Felr; multilayer using (a) LSDA and (b) GGA
calculations. The Fe atoms are placed in positions 0 and 8.

4, Conclusion

The IEC for Fe/lr is calculated by using the self-
consistent FLAPW method with the LSDA and GGA
exchange correlation potentials. We can summarize the
main points of this study as follows:

1. ThelEC hasan oscillatory behavior asafunction of Ir
spacer layer thickness with a period of 7.83 A for both
the LSDA aswell asthe GGA potentials. The period of
oscillation is found to be the same for both the LSDA
aswell as GGA potentials.

2. Theinduced magnetic moments on Ir atoms show an
oscillatory behavior. The first Ir substrate layer is
always ferromagnetically coupled to the magnetic
layer, whereas, the interior Ir layers are coupled
antiferromagnetically.

3. The GGA gives higher magnetic momentsfor Feand Ir
as compared to the LSDA.
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