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Abstract

®

CrossMark

In this study, we present results of a comprehensive computational and experimental study of
CoFeVAl and CoFeV( sMng sAl Heusler alloys. It is shown that while CoFe VALl exhibits a fairly
large degree of spin polarization, this material is not half-metallic due to the presence of the
vanadium spin-down states at the Fermi level. However, replacing 50% of vanadium with
manganese results in a nearly half-metallic transition, largely due to the shift of the Fermi level
towards occupied states. Moreover, the half-metallicity of CoFeV,sMngsAl is rather robust in a
wide range of considered mechanical strain and under experimentally observed B2-type atomic
disorder, thus making this alloy potentially suitable for practical spintronic applications. Both
considered alloys exhibit ferromagnetic alignment at larger lattice constants, aside from a
relatively small magnetic moment of vanadium which is anti-aligned with the magnetic
moments of Co, Fe and Mn. We have synthesized both CoFeVAIl and CoFeV( sMng sAl alloys in
cubic structure with some structural disorder using arc melting and annealing. The structural
and magnetic properties of the synthesized CoFeVsMng sAl alloy are in good agreement with
the theoretical calculations but vary slightly from the parent compound.

Keywords: half metals, Heusler alloys, spintronics

1. Introduction

Among various materials studied for applications in spin-
based electronics (spintronics), Heusler alloys attracted par-
ticular attention, in part due to their relative ease of fabrica-
tion, simple crystal structure, high tunability and high Curie
temperature [1-5]. More specifically, Heusler alloys have
been studied for decades as potential half-metallic and, more
recently, spin-gapless semiconducting systems. Half-metals
are materials that are electric conductors for one of the electron
spins and insulators for the opposite spin making them 100%
spin-polarized. The degree of spin polarization (P) is defined

* Author to whom any correspondence should be addressed.

Na(E)—N, (E . .
as P= %, where Ny (Ef) is the spin-dependent

density of states at the Fermi level, Er [6]. Similarly, spin-
gapless semiconductors (SGSs) are materials that are insulat-
ing for one spin and gapless semiconductors for the opposite
spin. Half-metallic materials were predicted by de Groot et al
[7]. This seminal work resulted in intense studies of various
potentially half-metallic systems. Many of these systems have
been investigated theoretically, while some have been experi-
mentally synthesized and characterized [8—11]. The investiga-
tion of half-metallic Heusler alloys has reached a considerable
level of maturity, which is obvious from the number of peer-
reviewed articles in circulation [12—-14]. SGSs have been the-
oretically predicted by Wang in 2008 [15]. However, this field
of research is advancing very slowly mainly because of diffi-
culty in synthesizing Heusler alloys exhibiting SGS properties.

© 2024 0P Publishing Ltd
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The electronic structure of potential SGS materials is very
sensitive to various external influences, such as mechanical
pressure and different forms of defects and impurities [16—18].

The electronic band properties of Heusler alloys can be
modified by external factors, such as mechanical strain and
atomic substitution/doping [19-26]. In thin film structures,
interface engineering has also been used to tune and restore
half-metallic properties [27-30]. In this paper, we consider
the effect of both mechanical strain and atomic substitution
on structural, electronic and magnetic properties of the qua-
ternary Heusler compound CoFeVAL. In particular, our results
indicate that while CoFeVAl exhibits a large degree of spin
polarization, the alloy is not half-metallic, due to the presence
of vanadium spin-down states at the Fermi level. However,
replacing 50% of vanadium with manganese results in a half-
metallic transition, largely due to the shift of the Fermi level
towards occupied states. Further, the CoFeV(sMngsAl alloy
retains its half-metallic properties over a relatively large range
of considered mechanical strain and also under B2-type atomic
disorder, making this alloy potentially attractive for spintronic
device applications.

The rest of the paper is organized as follows. In section 2,
we outline the computational and experimental methods.
The main results, both computational and experimental, are
presented in section 3. The computational sub-section consists
of three parts, namely, ground state properties, effect of mech-
anical strain and effect of atomic disorder. Section 4 contains
concluding remarks, followed by acknowledgments to funding
sources and computational facilities.

2. Methods

2.1 Computational methods

The computational results reported in this article are obtained
using the Vienna ab initio simulation package [31]. All
calculations are performed using the projector augmented-
wave method [32] and generalized-gradient approximation
[33]. The integration method by Methfessel and Paxton
[34] is employed, with a cut-off energy of 500 eV. We
used the k-point mesh of 12 x 12 x 12 for the Brillouin-
zone integration. The energy convergence criterion is set
to 10~>meV. The biaxial strain is imposed by fixing the
in-plane and relaxing the out-of-plane lattice parameters,
i.e. by allowing the system to exhibit tetragonal symmetry.
Some of the input files are set up with the MedeA® soft-
ware environment [35]. All calculations are performed using
the Advanced Cyberinfrastructure Coordination Ecosystem:
Services & Support (formerly known as Extreme Science and
Engineering Discovery Environment) resources located at the
Pittsburgh Supercomputing Center [36] and with the resources
of the Center for Functional Nanomaterials at Brookhaven
National Laboratory.

2.2. Experimental methods

The bulk ingots of both CoFeVAI and CoFeV sMny sAl alloys
were prepared using arc melting and annealing. The CoFeVAl

ingot was synthesized by melting together small pieces of
Co, Fe, V and Al cut from commercially available metal pel-
lets matching the expected stoichiometry. These metal pel-
lets were at least 99.95% pure. The melting process was car-
ried out on a water-cooled copper crucible of an arc fur-
nace in a continuous flow of argon gas. The same proced-
ure was used while preparing CoFeV(sMngsAl. The arc-
melted ingots were sealed in quartz tubes under partial argon
pressure and annealed at 850 °C for 72 h. The elemental
compositions of the annealed samples were determined using
energy-dispersive x-ray spectroscopy. The average elemental
compositions of these samples are CoggoFe99V1 Al 11 and
Co]‘03Fe0,93V0,53Mn0_46A11_00, which are close to the nominal
compositions CoFeVAl and CoFeV(sMngsAl, respectively.
The crystal structures of the alloys were investigated by ana-
lyzing the x-ray diffraction (XRD) patterns recorded from
powder samples made of the annealed ingots. The fine powder
samples were prepared by crushing the annealed ingots using
mortar and pestle. The x-ray patterns were recorded at room
temperature using a Rigaku Miniflex600 diffractometer. The
Rietveld refinement of the powder XRD data was carried out
using the FullProf suite [37]. The magnetic measurements
were performed using magnetometers on the Quantum Design
VersaLab and Dynacool PPMS platforms.

3. Results and discussion

3.1. Computational results

3.1.1 Ground state properties.  Our calculations indicate
that the lowest energy structure for CoFeVAl is the cubic
Y structure (space group F-43m) with Co, Fe, V and
Al occupying (1/4,1/4,1/4), (3/4,3/4,3/4), (1/2,1/2,1/2) and
(0,0,0) Wyckoff atomic positions. We also examined altern-
ative configurations of Co, Fe and V within the cubic Y struc-
ture; however, these arrangements resulted in higher equilib-
rium energies and are not discussed further in this paper.

Figure 1(a) shows calculated energy (black line and
squares) and magnetization (blue line and circles) of CoFeVAI
under uniform pressure, as a function of lattice constant. The
calculated ground state lattice parameter is a = 5.718A, with
the corresponding magnetization value of m = 0.955 ug /f.u.
Figure 1(b) shows the calculated element-resolved density of
states of CoFeVAl at the optimal lattice constant. The mag-
netization of CoFeVALl is sensitive to the lattice parameter. As
shown in figure 1(a), the magnetization expressed in units of
ug/f.u decreases with a decrease in lattice parameter below
its equilibrium value; while the magnetization remains almost
constant around 0.95-0.96 g /f.u. despite the increase in the
lattice parameter above its equilibrium value. This issue will
be further discussed below.

The calculated spin polarization of CoFeVAL at the optimal
lattice constant is 87%. A close inspection of figure 1(b)
shows that this value could be significantly higher (essentially
resulting in half-metallic electronic structure) if a relatively
small number of spin-down vanadium states (green line) were
absent around the Fermi level. Thus, there is a possibility that
reducing the vanadium content by replacing it with another
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Figure 1. (a) Calculated energy (black line and squares) and magnetization (blue line and circles) of CoFeVAI under uniform pressure, as a
function of lattice constant. (b) Calculated density of states of CoFeVAl at the optimal lattice parameter. Elemental contributions are colored
as indicated in the figure. The vertical line corresponds to the Fermi level. Positive/negative DOS represents spin-up/spin-down states,

correspondingly.
_1 16.4_ T T T T T ] 15 T T T T I_
COFeVo.sMno_sAI o 2.03 COFeVO_sMn0_5AI \(;0 :Ie
-116.71 - energyt_ y / §10— Mn 1
—e — magnetization = SP=99.0%
A17.0f a=5.701 A * 2.02 2 2 °
— -~ [%2]
> < L
() =
=-117.3¢ = £ o
<) 12.01 8 PN AN Al
(0] ©
2 1176} g o}
L s o -5-
c
-117.9F ) =
oo 200 2 10 a=5.701 A 1
-118.2} , , , , $a) 5k m=2.00|3 g / f.UI. I (b) i
5.5 5.6 5.7 5.8 5.9 -3 -2 -1 0 1 2

Lattice constant (A)

E-E,. (eV)

Figure 2. (a) Calculated energy (black line and squares) and magnetization (blue line and circles) of CoFeV(sMng 5Al under uniform
pressure, as a function of lattice constant. (b) Calculated density of states of CoFeV(sMng5Al at the optimal lattice parameter. Elemental
contributions are colored as indicated in the figure. The vertical line corresponds to the Fermi level. Positive/negative DOS represents

spin-up/spin-down states, correspondingly.

element could induce half-metallicity. With this in mind, we
analyzed the electronic structure of CoFeV(sMngsAl as dis-
cussed below.

Figure 2(a) shows the calculated energy (black line
and squares) and magnetization (blue line and circles) of
CoFeV(sMngsAl under uniform pressure, as a function of
lattice constant. The calculated ground state lattice para-
meter is a = 5.701A, with the corresponding magnetization
value of m =2.003up/f.u. This magnetization is slightly
more than double the value calculated for the parent alloy.
Figure 2(b) shows calculated element-resolved density of
states of CoFeV(sMng sAl at the optimal lattice constant. The
calculated value of spin polarization is 99%, meaning this
alloy is essentially half-metallic in the ground state. The mag-
netization of CoFeV(sMngsAl is relatively constant under
the compression of the cell, while for the expansion of the
cell it exhibits a slight increase from around 2.00ug /f.u. to
2.03up /f.u., figure 2(a). We will discuss the behavior of mag-
netization of both CoFeVAIl and CoFeV(sMngsAl in more
detail below.

To get further insight into the nature of half-metallic trans-
ition upon substitution of 50% of V with Mn, we plot the
zoomed version of DOS plots for spin-down states of CoFeVAI
and CoFeV(sMngsAl, see figure 3. As seen in this figure,
replacement of 50% of V with Mn results in a signific-
ant shift (~0.3 eV) of the Fermi level towards the occu-
pied states. In addition, the number of spin-down V states
around Fermi level reduces with 50% V replacement, which
is probably a trivial result (50% less vanadium, hence less
V states). Overall, it appears that the half-metallic transition
in CoFeVysMngsAl is largely due to the shift of the Fermi
level towards occupied states as compared with the parent
compound.

3.1.2. Effect of mechanical strain.  Figures 4(A) and (B)
respectively show the calculated total density of states of
CoFeVALl and CoFeV(sMngsAl under uniform pressure, for
different values of lattice parameters as indicated in the figure.
The calculated spin polarization values for each of the lat-
tice constants are also shown. As is apparent from the figure,
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the spin polarization values of CoFeVsMngsAl are not very
sensitive to variation of the lattice parameter, whereas those
of CoFeVALl are somewhat sensitive. In particular, the increase
of the unit cell volume results in an increase of the spin polar-
ization of CoFeVAl from around 80% to around 90% (from
the smallest to the largest considered lattice constant), while
the spin polarization of CoFeV(sMngsAl is relatively con-
stant (remains above 96%) in the entire range of the considered
lattice parameters. The small decrease in spin polarization of
CoFeV(sMngsAl as the lattice parameter increases is caused
by the shift of the spin-down valence band maximum towards
the Fermi level.

Figures 5(a) and (b) respectively show the calculated
element-resolved magnetic moments of CoFeVAl and
CoFeV(sMngsAl under uniform pressure, as a function of

lattice constant. The magnetic moments per atom for different
elements are represented by different colors. As is clear from
the figure, both CoFeVAl and CoFeV(sMnysAl are ferro-
magnetic, aside from a relatively small magnetic moment of
vanadium which is anti-aligned with the magnetic moments
of Co, Fe and Mn. For CoFeVAl, the magnetic moments of
both Co and Fe increase with the increase of the lattice para-
meter, while the magnetic moment of V decreases. Overall,
this results in an initial increase and subsequent saturation
of the magnetization with the lattice constant, as shown in
figure 1(a). As for CoFeVysMngsAl, the dominant feature
shown in figure 5(b) is the increase of the magnetic moment
of Mn with the increase of the lattice constant; the magnetic
moments of other elements are less sensitive to the change
of the unit cell volume. This results in an overall increase of
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the magnetization of CoFeV( sMng s Al as the unit cell volume
is increased, as shown in figure 2(a). However, as shown in
figures 1(a) and 2(a), the effect of uniform pressure on the
magnetization of both CoFeVAIl and CoFeV(sMngsAl is rel-
atively moderate (less than 0.1up/f.u. change) in the entire
range of the considered strain.

In addition to uniform pressure, we also analyzed the beha-
vior of CoFeVAI and CoFeV(sMng Al under biaxial strain,
which is a more realistic scenario in practical implementations,
e.g. in thin-film applications. Figure 6 shows calculated out-of-
plane lattice constant (c-lattice) as a function of in-plane lattice
constant (a-lattice) for CoFeVAI (a) and CoFeV(sMng5Al (b).
The c-over-a plots for both alloys are nearly linear, except for
the two smallest in-plane lattice constants of CoFeVAl. This
deviation from non-linearity is likely non-physical, as elabor-
ated in the next two paragraphs.

Figures 7(A) and (B) respectively show the calculated total
density of states of CoFeVAl and CoFeVysMngsAl under
biaxial strain, for different values of in-plane lattice paramet-
ers as indicated in the figure. The calculated spin polarization
values for each of the lattice constants are also shown. Similar
to the case of uniform pressure, the spin polarization values
of CoFeV(sMngsAl are not very sensitive to variation of the

lattice parameter, i.e. the tetragonal distortion does not result
in decrease of the spin polarization. At the same time, the spin
polarization of CoFeVAl is also more or less constant over
the entire range of the considered biaxial strain, except for the
smallest in-plane lattice constant, at which the system becomes
non-spin-polarized. This result is probably non-physical, since
under such a strong distortion of the unit cell volume the sys-
tem is unlikely to be realized experimentally.

Figures 8(a) and (b) respectively show the calculated
element-resolved magnetic moments of CoFeVAl and
CoFeV,sMngsAl under biaxial strain, as a function of in-
plane lattice constant. The magnetic moments per atom
for different elements are represented by different colors.
Consistent with the results presented above, both CoFeVAl
and CoFeV(sMngsAl are ferromagnetic, aside from a rel-
atively small magnetic moment of vanadium which is anti-
aligned with the magnetic moments of Co, Fe and Mn. As
seen in figure 8(a), at the smallest considered in-plane lattice
parameters, the magnetic moments of Co and Fe essentially
vanish. This agrees with the non-spin-polarized nature of this
alloy at the smaller considered lattice constant (figure 7(A-a)
and likely represents a non-physical behavior, as discussed
above.
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3.1.3. Effect of atomic disorder.  The results presented above
correspond to the ideal cubic Y-type crystal structure, which
can rarely be realized in practice. Therefore, we also ana-
lyzed the effect of two types of atomic disorder that are
commonly reported in Heusler compounds. In particular, as
explained in the experimental section below, our CoFeVAl
and CoFeV( sMng s Al samples respectively exhibit A2 and B2
types of atomic disorder. The former corresponds to a random
mixing of atoms in the cell, while the latter corresponds to the
exchange of Y and Z atoms in XX’YZ quaternary systems.
Thus, to simulate B2 disorder, we interchanged the positions
of one of the V and Al atoms in the CoFeV,sMngsAl unit
cell. Simulating A2-type disorder is significantly more diffi-
cult. However, to get a rough idea of the effect of this disorder
on the properties of CoFeVAl, we considered two possible

configurations. First, we replaced the position of one atom of
Co with V and one atom of Fe with Al. Second, we replaced
the position of one atom of Fe with V and one atom of Co with
Al The second configuration has slightly lower energy, so we
used it for calculating the electronic and magnetic properties
of the A2-disordered cell. The results of these calculations are
shown in figure 9.

As is apparent from figure 9, while the A2-type dis-
order has a detrimental effect on the spin polarization of
CoFeVAl, the electronic structure of CoFeVysMngsAl is
almost insensitive to the B2-type disorder. In particular, B2-
disordered CoFeVs5Mny sAl retains its half-metallic proper-
ties and integer magnetization of 2.00ug /f.u. While the mag-
netization of A2-type disordered CoFeVAl increases to around
2.41ug /f.u., the spin polarization is reduced to around 29%.
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Figure 10. The room temperature powder x-ray diffraction patterns and corresponding Rietveld refined patterns of CoFeVAl and

CoFeV(sMngsAl are shown in figures (a) and (b), respectively.

We emphasize here, however, that the presented results for A2-
disordered cell may be sensitive to a particular atomic arrange-
ment, of which only two representative cases are considered
in this work, as explained above. A more detailed study of
all possible disorder configurations goes beyond the scope of
this work, but the presented results of reduced spin polariza-
tions may serve as another indication that CoFeV(sMng sAl
is a more appealing compound for practical applications than
CoFeVAL

3.2. Experimental results

The room temperature powder XRD patterns of CoFeVAl
and CoFeV(s5MngsAl are shown in figure 10. Both the pat-
terns are indexed with a single-phase cubic structure with
some disorder. The lack of both (111) and (200) peaks
indicate that CoFeVAl contains A2 type disorder, whereas
the pattern of CoFeV(sMngsAl lacks only the (111) peak
expected for a completely ordered phase, indicating that it
contains B2 type disorder. The lattice parameters obtained
from the Rietveld refinement of XRD patterns of CoFeVAl
and CoFeV(sMngsAl are respectively 5.7767(20) A and
5.7709(8) A which agree well with the ground state lattice

parameters estimated from our first principles calculations as
mentioned in section 3.1 above. The small decrease in the lat-
tice parameter due to Mn doping is observed both in calcula-
tion and experiment. The refinement was carried out using the
space group F-43m. The atomic positions were the same as
mentioned in section 3.1. However, the site occupancies were
varied to get better fit with the experimental data. Both the
original and the Rietveld refined XRD patterns are shown in
figure 10. The degree of B2 ordering expressed in terms of the
ordering parameter Sg; in CoFeV(sMngsAl has been calcu-
lated using the intensities of (200) and (220) peaks, which is
about 0.92, i.e. 92% ordering [38].

Figure 11(a) shows the temperature dependence of mag-
netization M(T) of CoFeVsMngsAl measured between 5 K
and 600 K and its inset shows the corresponding curve of
CoFeVAl measured between 5 K and 350 K. Both the alloys
show a gradual change in magnetization indicating a trans-
ition from the ferromagnetic to paramagnetic phase as they
approach their respective Curie temperatures. The Curie tem-
peratures determined from the dM/dT versus T plots are 30 K
and 454 K for CoFeVAI and CoFeV 5Mng 5Al, respectively.

In order to understand the nature of magnetic ordering
in these materials, we have plotted inverse susceptibility as
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Figure 11. (a) The thermomagnetic curve M(T) and (b) temperature dependence of inverse susceptibility (x —lys. T) curve of
CoFeV( sMng Al alloy. The inset of figure (a) shows both M(T) and dM/dT versus T and the inset of figure (b) shows (x —lys. T) of

CoFeVAL

a function of temperature (X_l vs.T), which is shown in
figure 11(b) and its inset. The linear portions of the curves
nicely follow the Curie—Weiss law X_l =I_ OC—CW, where C
(emu K mol~") and fcw (K) are the Curie constant and Curie—
Weiss temperature. The numerical values of the slopes and
intercepts of the curves obtained from the curves are 1.07 and
—32.6 1.6, and 0.31 and —147.2 +2.2 for CoFeVAI and
CoFeV(5MnysAl, respectively. The values of fcw estimated
from the intercept of the plots are 35 +2K and 472 +7K for
CoFeVAl and CoFeV(sMngsAl, respectively. These values
agree well with the Curie temperatures estimated from the cor-
responding dM/dT versus T curves. We used these fitting para-
meters to determine the effective magnetic moment per for-
mula unit using fefr = \/@ug [39]. The p. values estimated
from the Curie constants for CoFeVAIl and CoFeVsMngsAl
are respectively 2.73 and 5.1 ug /f.u.

The isothermal magnetizations M(H) of both the CoFeVAl
and CoFeVsMngsAl alloys measured at 2 K are shown in
figure 12. Both the alloys show a soft magnetic behavior with
coercivities of less than 30 Oe. The saturation magnetization
(Ms) of the parent alloy is 12 emu g~! (p; = 0.40 up /f.u.) and
that of the Mn doped alloy is 59 emu g~! (p; = 1.95 ug /f.u).
The experimental value of Mg of the Mn doped alloy is very
close to the theoretical value (2.003up /f.u), whereas that of
the parent alloy is much smaller than the theoretical value
(0.95up /f.u). From the results given above, the correspond-

ing effective spin moments (given by p, = 1/ 1 + ugff — 1) are
pe = 1.91 ug /f.u. for the parent alloy and p. = 4.2 ug /f.u. for
the Mn doped alloy.

The Rhodes—Wohlfarth ratio (RWR) p./p; is unity for fer-
romagnets with ideal localized moments and greater than 1
for itinerant-moment ferromagnets [40]. For weak itinerant
ferromagnets, e.g. ZrZn,, p./ps > 1. The RWR for CoFeVA1
is 4.8 and for CoFeV(sMngsAl the RWR = 2.15. Thus, the
Mn doping significantly decreases the RWR and increases the
Curie temperature, leading to a strong ferromagnet with more
highly localized moments. Interestingly, RWR values < 1
have been found in many half-metallic ferromagnets [41]. This
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Figure 12. The isothermal magnetization curves of CoFeVAI (blue
line) and CoFeV( sMngsAl (red line) alloys.

is inconsistent with the RWR value of 2.15 we have found
for CoFeV( sMng sAl, which our calculations indicate is half-
metallic. We note that the effective spin moment values (p.) for
both materials are greater than the corresponding calculated
moments and the experimental values of saturation moment
(ps)- While there is some structural disorder (B2-type) in the
Mn doped alloy, it had minimal impact on the saturation mag-
netization, which is consistent with the computational results
presented above. We conjecture that the enhanced effective
moment in the paramagnetic regime of CoFeVysMngsAl is
due to ferromagnetic short-range order triggered by the atomic
disorder. On the other hand, the parent alloy, crystallizing
with A2-type disorder, experiences a significant loss in sat-
uration magnetization according to our measurements. This is
not consistent with our computational results, which may be
due to overlooking certain arrangements of atoms in our sim-
ulations of the A2-type disordered cell. Further studies on this



J. Phys. D: Appl. Phys. 57 (2024) 375001

P Kharel et al

issue could shed more light on this discrepancy, but are not
pursued in this work, in part because of the smaller practical
appeal of CoFeVAIl when compared with CoFeVsMng sAl, as
explained in the text above.

4. Conclusions

In this work, we presented results of a computational
and experimental study of CoFeVAl and CoFeVysMngsAl
Heusler alloys. We demonstrated that while CoFeVAL is not
half-metallic due to the presence of a small number of vana-
dium spin-down states around the Fermi level, it still exhibits a
fairly large value of spin polarization (87%) at the equilibrium
lattice constant. However, replacing 50% of vanadium with
manganese results in an essentially half-metallic transition,
largely due to the shift of the Fermi level towards occupied
states. In addition, the half-metallicity of CoFeVysMngsAl
is rather robust in a wide range of considered mechanical
strain and B2-type atomic disorder, thus making this alloy
potentially suitable for device applications in spin-based elec-
tronics. Both considered alloys exhibit ferromagnetic align-
ment, aside from a small magnetic moment of vanadium which
is anti-aligned with the moments of Co and Fe (and Mn in
CoFeV(sMngsAl). Both the alloys synthesized in the bulk
form using arc-melting and annealing crystallized in a partially
disordered cubic structure. The magnetic properties of the Mn-
doped sample are in excellent agreement with the theoretical
prediction, while the measured and calculated magnetization
values of the parent alloy do not agree with each other; further
studies may be needed to explain this discrepancy. We hope
that the results presented here may be of interest for research-
ers working on practical applications in spin-based electronics.
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