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Quantum Confinement and Surface Effects on the
Itinerant Ferromagnetism in Ni and Ni–Fe Nanowire
Arrays: An Ab Initio Study
Ikram Ziti, Mohammed R�eda Britel, Adel Bouajaj, and Chumin Wang*
Coordination number reduction of surface atoms and spatial confinement of
itinerant electrons are decisive factors in the nano-ferromagnetism. Impacts
of these factors on the ferromagnetic moments of Ni and Ni–Fe nanowire
(NW) arrays are quantified by means of the density functional theory through
both atomic-orbital and plane-wave approaches. A systematic study of the
wire diameter, interwire distance and chemical composition on the magnetic
properties were carried out in eight thin nanowires to investigate the limiting
cases of confinement and surface effects. The results reveal a growth of the
magnetic moment when the wire diameter diminishes, due to the decrease
of average coordination number which reduces the 3d electronic band width
and then a larger spin population contrast. This fact is consistent with
experimental data obtained from Ni nanoparticles and NWs. Moreover, we
found a critical interwire distance, which is the minimum separation that
maintains the individual NW magnetic moment. Finally, both local and global
magnetic moments of Ni–Fe NWs obtained from the ab initio calculations
are compared with experimental ones and a good consistency is observed.
1. Introduction
Magnetic nanowire arrays have received considerable interest
due to their applications in ultra-high density magnetic storage
media, nanosensors and microwave devices.[1–4] The physical
properties of these arrays significantly differ from their
corresponding bulk systems, as occurred in giant magnetic
resistance[5] and photonic band gap.[6] In particular, nickel
nanowires (Ni NWs) have become increasingly mandatory for
specific applications such as sensors,[7] solar cells,[8] biotechnol-
ogy,[9] and microelectronics.[10] Furthermore, Ni NWs offer the
possibility to improve the magnetic recording density up to 2Tb/
in2,[11] where each nanowire records one bit of information.
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Consequently, there is an increasing re-
search interest, through both theoretical
and experimental investigations, to over-
come this limit by reducing the wire
diameter and interwire distance.[12–16]

On the experimental side, among meth-
ods for preparing Ni NWs like nano-
lithography,[17] self-assembly,[18] sol–
gel,[19] atomic layer,[20] and electro deposi-
tion[21] techniques, the template-assisted
method offers a highly efficient and low-
cost fabrication procedure for the growth of
NW arrays with high degree of NW spatial
ordering.[22] In particular, nanoporous
alumina templates combined with the
electrodeposition technique provide a
small Ni NWs diameter reaching to
5 nm[23] or as small as 4 nm by using
carbon nanotube cavities.[24] These nano-
scale materials possess an electronic be-
havior qualitatively different from their
bulk one, mainly due to the quantum
confinement. For example, such confine-
ment has deep effects on the itinerant ferromagnetism, in
contrast to the localized ferromagnetism occurred in rare earth
metals, since the confinement of itinerant electrons in some
directions could grow the band separations moving electrons
from 3d to 4s band and leading to a larger magnetic moment of
the nanostructure. Another related feature of nanomaterials is
the very high ratio between the surface atom number and the
bulk one, which could further enhance the itinerant ferromag-
netism because a reduced average coordination number
diminishes the 4s-band width, increases its occupation through
a higher density of states, and consequently decreases the
occupation of 3d bands in transition metals like Fe, Co, and
Ni.[25] Hence, the quantum confinement combined with high
surface–volume atomic ratio enhance the unbalance between the
spin-up and spin-down populations, which leads to an
improvement of itinerant ferromagnetic moments.

From the theoretical viewpoint, there are essentially two ways
formodeling the ferromagnetic properties of solids. The first one
is the semi-empirical approach, which has the advantage of
being simple and capable to study complex structures.[26]

However, this approach involves parameters whose variation
in nanostructures is difficult to predict. In this work, we choose
the second one by means of ab initio calculations, which are
especially appropriate for the analysis of surface, structural order
and shape effects on the NW properties. Nevertheless, this kind
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Table 1. Summary of the parameters used in DFT calculations.

DMol3 CASTEP

Total energy convergence tolerance 1� 10�7Ha/atom 5� 10�6 eV atom�1

Maximum force convergence tolerance 3� 10�4Ha Å�1 0.01 eV Å�1

Maximum stress convergence tolerance 0.02 GPa

Maximum displacement convergence

tolerance

5� 10�4 Å 5� 10�4 Å

Self-consistent field tolerance 10�6 (Density) 5� 10�7 eV atom�1

k-point sample spacing (Δk) 0.04 Å�1 0.04 Å�1

Cutoff energy 1000 eV

Smearing energy 10�4Ha
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of studies is very time consuming, since many electron effects
are included. Particularly, the density functional theory (DFT)
provides an efficient alternative to carried out ab initio studies of
electronic behavior in nanostructures.[27]

Few theoretical studies have been carried out to address the
magnetic properties of NWs as a function of its interwire
distance. For instance, Robles et al. studied the local magnetic
moment distribution of monoatomic Co wires supported on Pd
substrate for different interwire distances by means of self-
consistent spd-tight-bindingmodel,[28] while the enhancement of
Co NW coercivity with interwire distance for parallel applied
magnetic field was analyzed by employing the Monte Carlo
method.[29] On the other hand, Kang et al. found, using DFT
calculations, an optimum interwire distance which depends on
the composition of Mo6S9�xIx NWs.[30] Hence, a systematic
investigation on the magnetic property variation of Ni NWs with
wire diameter and interwire distance is very desirable.

On the other hand, nickel combined with iron exhibits a very
high permeability and a diminishing coercive field,[31] in
comparison with traditional high-frequency ferrites. This com-
pound has been mostly used in hard disk drive heads and high
frequency magnetic devices.[32] In particular, the invar alloy
Ni0.35Fe0.65 has a low thermal expansion coefficient and is useful
for precision instruments.[31] In general, NixFe1�xnanowires have
a higher saturation magnetization than the corresponding bulk
one,whosemagnitudehasadecrease trendwith theadditionofNi,
as observed in theSlater-Pauling curve.[33] In this study,we analyze
the local and global magnetic moments of NixFe1�x nanowires
starting froma face-centered-cubic (FCC)Ni structure. Avariety of
experimental studies on NixFe1�x NWs have been per-
formed,[31,34,35] while on the theoretical side there are very few
ab initio studies addressing NixFe1�x NWs. Recently, magnetic
properties of NixFe1�x NWs have been studied using the DFT
applied to body-centered-cubic (BCC) (110)-oriented NWs.[36]

In this article, we investigate the permanentmagneticmoment
of Ni and Ni–Fe NWarrays, as well as its dependence on the NW
shape, diameter, interwire distance, and chemical composition, in
order to analyze the confinement and surface effects on the
itinerantmagnetic properties. Nowadays, theDFTcalculations are
mainly based on plane-wave or atomic-orbital basis, and we first
perform a comparative study of both approaches to address the
magnetization ofNiNWsusing eight differentNWgeometries. In
the second part, we analyze the quantum confinement effects on
the permanent magnetic moments (μ) obtained from the
difference between integrated spin-up and spin-down densities
of states, for different NWdiameters, interwire distances, andNi–
Fe alloys. In fact, up to our knowledge,we are reporting for thefirst
time an ab initio analysis of interwire distance effects on the
ferromagnetic properties of Ni NW arrays. Finally, the ab initio
results are compared with experimental ones and a good
concordance is observed.
Figure 1. Average magnetic moments per atom as functions of (a) the
thermal smearing energy and (b) the cutoff energy, respectively obtained
from DMol3 (open symbols) and CASTEP (solid symbols) calculations for
eight analyzed wires.
2. Computational Method

For ab initio calculations, the electronic wave function can be
expressed as a linear combination of atomic orbitals or plane
waves, where the former stresses the local environment while the
latter emphasizes its delocalization nature. In fact, the electrons in
Phys. Status Solidi B 2018, 255, 1700618 1700618 (
solids behave neither strongly bounded around ions nor as a fully
free particle. In this work, theDFTcalculationswere carried out by
using DMol3[37] and CASTEP[38] codes respectively based on
atomic orbitals andplanewaves. Our calculationswere performed
atzero temperature in theDFTframework,whichhasbeenapplied
to themagnetic properties of clusters andNWs.[39] In addition, we
use the generalized gradient approximation (GGA) for the
exchange-correlation energy calculation developed by Perdew
and Wang in 1991[40] for both atomic-orbital and plane-wave
approaches, aswell as anunrestricted spinpolarization to quantify
the magnetic moments.

For DMol3 calculations, all-electron double numerical plus
polarization basis set (DNP) is selected. Such full electron
calculations provide a better prediction of the total energy and
magnetic moments, as well as eliminate the influence of
pseudopotentials on the results. On the CASTEP side, we
include an on-site electron-electron interactionU to improve the
accuracy of DFT functional for the ground state of correlated
electronic systems.[41] The selected value of Hubbard U was
© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim2 of 8)
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Table 2. Nomenclature of analyzed nanowires and some properties.

Geometry

Name Linear Zigzag Ladder Triangle Square Tetrahedral Octahedral FCC

N 1 2 2 3 4 4 5 9

hZi 2 2 3 3.5 4 5 4.8 7.1

c (Å) 2.211 3.014 2.244 2.854 2.320 3.245 2.692 2.953
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2.5 eV, since it leads to the correct magnetic moments of both Ni
and Fe bulk systems. The interactions between core and valence
electrons were described through norm conserving pseudopo-
tentials. In Table 1, we summarize the main parameter values
used in both DMol3 and CASTEP calculations, whose first six
ones were taken to be equal or more stringent than the best-
quality default values of each software package while the last two
have been chosen after a detailed analysis of their effects on the
magnetic moments.

To obtain accurate magnetic moments (μ) using minimal
computing effort, we started with a detailed analysis of the DFT
calculation parameters. Our calculations reveal that the most
sensitive parameters of DMol3 and CASTEP are respectively the
thermal smearing energy (η) and cutoff energy (Ecut), as shown
in Figure 1(a) and (b) for eight types of NWs, given that the values
of η and Ecut establish the calculation computing time and the
resulting μ.

The supercell technique is used for periodic NW arrays with
different atomic arrangements based on the FCCNi structure. For
this parameter analysis, we use tetragonal supercells with
a ¼ b ¼ 10:572 Å in the XY plane and c depending on each
analyzedNWalong thez-direction, as illustrated inTable2.During
Figure 2. a) Calculated average magnetic moments as a function of the
NW diameter (D) in comparison with b) experimental data of Ni
clusters[43,44] and Ni NWs.[45] The insert of (a) presents a sketch of the
cylinder model, in which the diameter D, unit cell length c and Ni ionic
radii (green globes) are indicated, while (b0) shows theoretical magnetic
moments of Ni clusters obtained from Gaussian[46] and VASP.[47]

Phys. Status Solidi B 2018, 255, 1700618 1700618 (
the geometry optimization procedure, the supercells modify their
size maintaining the right angles. It would be worth mentioning
that the typical computation time of CASTEP geometry
optimization with a cutoff energy of 1000 eV is about 90000
seconds,while usingDMol3 this computing time reduces to about
hundreds of seconds. Observe also that for both approaches the μ
converges to its limiting values. For example, the μ of linear wires
varies from 0.0 to 1.2 μB/atom when η! 0 and from 2.0 to 1.2 μB/
atomwhenEcut!1. In general, η establishes the full width at half
maximum (FWHM) which affects the accuracy and computing
time consuming of almost all spectra integrals, while Ecut
determines the extension of wave function basis and then the
size of mean-field Hamiltonian to be diagonalized in each step of
the self-consistent field calculation. In addition, the results of
Figure 1 seem to show some general correlations between
resulting magnetic moments and wire diameter by quantum
confinement effects; such correlation will be analyzed in detail in
Figure 3. a) Average magnetic moment hμi and b) binding energy, both
per atom, as functions of the interwire distance (dint), as illustrated in the
inset of (b), for linear (red circles), triangular (green triangles), and
tetrahedral (blue rhombuses) NWs.

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim3 of 8)
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Figure 4. Electronic density of states of (a,a0) linear, (b,b0) triangular, and (c,c0) tetrahedral nanowires with interwire distances of (a–c) 4 Å and (a0–c0)
10 Å for spin-up (red curves) and spin-down (blue circles) electrons. The inserts show the partial densities of states (PDOS) for the 3d and 4s electronic
bands. The dashed lines indicate the Fermi energy level.
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the next section. Moreover, given that both DMol3 and CASTEP
calculations provide qualitatively same results, in contrast of their
dramatically different computing efforts, the rest of this study will
be carried out within the DMol3 framework.
3. Results

In order to study the relationship between the NW morphology
and its magnetic properties, we start from the simplest linear
wire with a single atom per unit cell up to the called FCC wires
containing nine atoms in each unit cell. Table 2 shows the
nomenclature, number of atoms in the unit cell (N), averaged
coordination number hZi, and the unit-cell z-direction length c
for all studied NWs, when the interwire distance is 10 Å. It is
worth mentioning that after the geometry optimization we
observe a general structural contraction along the wire axes (z-
direction) for all analyzed NWs, when the interwire distance is
larger than 10 Å. At the same time, expansions of first-neighbor
bond lengths lying on the XYplane are found for the two thickest
analyzed NWs (octahedral and FCC wires), that is, from 2.492 to
2.672 Å, which joins with the structural contraction in
Phys. Status Solidi B 2018, 255, 1700618 1700618 (
z-direction leading to an almost constant unit cell volume. A
similar behavior of NW structural modifications during the DFT
geometry optimization has been reported for Fe in Ref. [42].

To estimate the NWdiameter, we started from the Ni metallic
(covalent) radii of r ¼ 1:246 Å and a volume of 8.103 Å3 for each
Ni atom. Thus, the Ni NW diameters (D) were determined by
using an infinite cylinder model, whose volume per unit cell
length c is equal to the total volume of N atoms in the unit cell,
that is, πD2c=4 ¼ N4πr3=3. A schematic representation of this
cylinder model is shown in the inset of Figure 2(a). The used
values of N and c for each analyzed NW are given in Table 2.
Figure 2(a) shows the obtained average magnetic moment (hμi)
as function of NWdiameter (D) after the geometry optimization.
This hμi is calculated by averaging the permanent magnetic
moment of each atom in the NW, since in general the μ of
surface atoms is larger than that of interior ones.

Notice a general decrease tendency of hμi with the growth of
NWdiameter in Figure 2(a), whose values are found between the
Ni atomic magnetic moment of 2 μB/atom and its bulk value of
0.6μB/atom. This tendency is consistent with the permanent
magnetic moments measured in Ni nanoclusters[43,44] and
nanowires[45] shown in Figure 2(b). In particular, the magnetic
© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim4 of 8)
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Figure 5. Electron density isosurfaces of (a,a0) linear, (b,b0) triangular, and
(c,c0) tetrahedral nanowires, respectively, for normalized total electron
densities of 0.07, 0.35, and 0.3, when the interwire distance is (a–c) 4 Å
and (a0–c0) 10 Å.
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moments of Ni nanoclusters ascend to 1.8 μB/atom, which is
significantly larger than our nanowire results and could be a
consequence of the three-dimensional quantum confinement in
such nanoclusters. In fact, the results of Figure 2(a) obtained
from NWs of infinite length establish a lower bound for the
ferromagnetic moment per atom of NWs with arbitrary length,
because such magnetic moment is generally enhanced by both
the quantum confinement and the surface/volume ratio, or
equivalently decreased with the average coordination number.
The non-monotonic decrease of hμi in Figure 2(a) could be
related to the morphological variation between analyzed NWs.

The diminution of magnetic moment with diameter
observed in Figure 2 can be understood as a consequence
of the quantum confinement on itinerant electrons, that is,
the electronic band of 3d orbital goes to separate from that of
4s when the NW diameter reduces, which leads to a higher
occupation of this 4s band and accordingly a larger magnetic
moment originated from a bigger contrast between the
populations of spin up and spin down 3d bands. On the other
hand, the band width grows with hZi and it leads to a larger
overlap between the spin-up and spin-down sub-bands,
which diminishes the sub-band occupation contrast and
then a reduced magnetic moment, because the shift of one
respect to the other sub-band is mainly determined by the
on-site Coulombic repulsion interaction independent on hZi.
Hence, for the case of NWs, the combined effect of the
confinement in XY plane and surface reduction of hZi
produces a clear growth of the permanent magnetic
Phys. Status Solidi B 2018, 255, 1700618 © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1700618 (5 of 8)
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Table 4. Local and global magnetic moments of NixFe1�x tetrahedral wires.

Fe Ni25Fe75 Ni50Fe50 Ni75Fe25 Ni

Fe1 2.936 3.140 3.243 3.115

Fe2 2.936 3.070 3.115 3.349

hmFei 2.936 3.116 3.158 3.349

Ni1 0.742 0.774 0.929

Ni2 0.740 0.899 0.742 0.796 0.929

hmNii 0.740 0.794 0.781 0.929

hmNi-Fei 2.936 2.522 1.976 1.423 0.929
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moments compared with its bulk value, as revealed by ab
initio and experimental results.

Another crucial parameter for magnetic properties of NW
arrays is the interwire distance ðdintÞ: In Figure 3, we present the
variation of (a) average magnetic moment hμi and (b) binding
energy (Eb), both per atom, with dint for linear (red circles),
triangular (green triangles) and tetrahedral (blue rhombuses)
NWs. This Eb is defined as Eb ¼ Eatom � Etotal=N, where Eatom is
the energy of an independent atom and Etotal is the total energy of
a wire with N atoms.

Observe in Figure 3(a) the existence of a critical interwire
distance, which separates a monotonic growth of hμi for small
dint and a constant hμi when dint � D. This critical interwire
distance is about three times the nanowire diameter (D), as seen
in Figure 2(a). In other words, the NWs behaves as independent
ones when dint is larger than three times D. These NWs start to
feel the neighboring ones when they approach to each other, as
confirmed by the binding energy of Figure 3(b), whose value
grows with the average coordination number (hZi). At the other
limit, when the NWs are close enough, their hμi lead to its bulk
value of 0.6μB/atom.

In Figure 4, spin-up (red lines) and spin-down (blue circles)
densities of states (DOS) are shown for (a,a0) linear, (b,b0)
triangular and (c,c0) tetrahedral wires, when the interwire
distance dint is (a–c) 4 Å and (a0–c0) 10 Å. The partial DOS for
3d and 4s electronic bands are illustrated in the insets of
Figure 4. The Fermi energy (EF) is indicated by dashed lines.
Notice the sharp peaks in DOS for dint ¼ 1nm, due to their
lower hZi than those of dint ¼ 0:4nm. Also, the high-density
bands, located just below EF, correspond to 3d ones and their
widths grow when dint diminishes, as shown in the insets of
Figure 4. This 3d-band width growth produces a magnetic
moment drop.

Likewise, we illustrate in Figure 5 the normalized total
electron density isosurfaces at 0.07, 0.35 and 0.3 respectively for
(a,a0) linear, (b,b0) triangular and (c,c0) tetrahedral wires with the
interwire distance (dint) of (a–c) 4 Å and (a0–c0) 10 Å. Observe the
electron density overlaps, appeared as holes on the isosurfaces,
between atoms of neighbor wires when dint ¼ 4 Å, which
confirms the increase of coordination number when the NWs
approach. Moreover, note the disconnection of internal
Phys. Status Solidi B 2018, 255, 1700618 1700618 (
electronic isosurfaces in Figure 5(c) compared with Figure 5
(c0), when its surface atoms are bound to those of neighbor NWs.

We further study the local and global magnetic moments (μ)
of NixFe1�x with 0 � x � 1 for octahedral and tetrahedral NWs
obtained by DMol3 calculations, as respectively shown in
Tables 3 and 4. There are several non-equivalent structural
configurations for each compound and the global hμNi-Fei ¼
xhμNii þ ð1� xÞhμFei is calculated over all the possible
configurations with the same probability. For example, the unit
cell of Ni20Fe80 octahedral NW has five configurations and only
two of them are non-equivalents. Note the dependence of local μ
on its environment surrounding by Fe (purple large spheres) or
Ni (blue small spheres) atoms. For instance, in Table 3 the
magnetic moment of atom 1 is smaller than that of the same
atom at other positions, due to its higher coordination number.
In Table 4, observe the structural contraction along the NW axes
with the growth of Fe atom content. Specifically, the horizontal
and diagonal interatomic distances are 2.675 and 2.383 Å in pure
Fe tetrahedral wires, in comparison with 2.447 and 2.372 Å for
the pure Ni case, both obtained from the DMol3 geometrical
optimization process with a uniform initial Ni-bulk interatomic
distance of 2.492 Å.

The average local and global magnetic moments of Tables 3
and 4 are plotted in Figure 6 for (a) Fe and (b) Ni atoms, as well as
(c) Ni–Fe compounds versus Ni concentration x in octahedral
(red solid triangles) and tetrahedral (blue solid rhombuses)
NixFe1�x NWs, in comparison with the bulk and NW
experimental data.[31,35,48,49] The theoretical error bars in Figure 6
(a,b) indicate the fluctuation of local μ, while the experimental
ones were obtained from the corresponding references. Notice
the increase of hμFei with x in Figure 6(a), which can be
understood by considering the relative isolation of Fe atom by Ni
ones. This feature is consistent with both bulk and NW
experimental results. In contrast, we observe in Figure 6(b) an
oscillating behavior of hμNii and a higher value around 0.93 μB
per atom for both pure Ni octahedral and tetrahedral NWs. These
facts are compared with experimental data, which show a
decrease tendency with x in accordance with the explained
isolating model.

In Figure 6(c), note the diminution of average global magnetic
moments (hμNi-Fei) with Ni concentration for both octahedral
© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim6 of 8)
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Figure 6. Local and global average magnetic moments of (a) Fe atom, (b)
Ni atom and (c) Ni–Fe compound as functions of nickel concentration (x)
in NixFe1�x nanowires, for octahedral (red solid triangles) and tetrahedral
(blue solid rhombuses) wires, in comparison with bulk (magenta open
squares and green open up-triangles) and NW (cyan open circles and
orange open down-triangles) experimental data.

www.advancedsciencenews.com www.pss-b.com
and tetrahedral NWs, which is in good agreement with bulk and
NW experimental data. Moreover, there is an excellent
coincidence between the theory and experiment for hμNi-Fei of
pure Ni NWs with x ¼ 1, whose value is larger than the
measured bulk one. This coincidence could be related to the fact
that these two analyzed octahedral and tetrahedral NWs are
directly derived from the Ni bulk FCC structure, which may not
be a proper starting point for other NixFe1�x NWs with x 6¼ 1,
since the BCC derived NWs should be more appropriate for
x � 0, as done in Ref. [36] whose results are slightly smaller than
those of Figure 6(c) since their NW diameter is larger than ours.
4. Conclusions

In this work we have performed a detailed ab initio study of the
quantum confinement and surface effects on the itinerant
ferromagnetic properties of Ni and Ni–Fe nanowires (NW). We
started from an analysis of possible approaches within the DFT
formalism and we chose two of them that use the plane-wave and
atomic-orbital basis, respectively through CASTEP and DMol3

codes. Inside these two codes we found two sensitive
parameters, the cutoff energy in CASTEP and the smearing
energy in DMol3, that significantly affect both computing cost
and magnetization results. Moreover, we found a critical value
Phys. Status Solidi B 2018, 255, 1700618 1700618 (
for each of these two parameters and beyond these critical values
both approaches predict almost the same permanent magnetic
moments of eight analyzed Ni nanowires, except that the
computing time of DMol3 code is considerably lower than that of
CASTEP.

We further study the effects of wire diameter (D) on the
magnetic moment (μ), finding a clear decay of μ with D, in
accordance with experimental data of both nanoparticles and
nanowires. This decay can be explained by the quantum
confinement scene, in which the 3d electronic band separates
from 4s one making a higher occupation in the latter and then a
larger μ originated from a bigger contrast between the spin-up
and spin-down 3d band populations. In the absence of such
confinement we recuperate its limiting bulk value of 0.6 μB/
atom

Regarding to the importance of interwire distance (dint) on the
μ of NW arrays, we found a critical dint for each of the three
analyzed NWs, which separates a constant behavior of μ from an
almost linear decreasing one. This phenomenon can be
understood from the growth of average coordination number
(hZi) when dint diminishes, which leads to a larger width of
electronic bands and then a larger overlap between the spin-up
and spin-down sub-bands producing a smaller μ, since the shift
of these two sub-bands is mainly determined by the on-site
Coulombic repulsion interaction independent on hZi. This
explanation scheme was confirmed by the results of spin-up and
spin-down density of states shown in Figure 4, as well as
electronic density isosurfaces illustrated in Figure 5.

For NixFe1�x alloys, we have investigated the local μ of Fe and
Ni atoms as well as the global one in Ni–Fe NWs. The results
show a remarkably higher local μ of Fe than that of Ni atom,
remaining both almost constant values regardless the Ni
concentration x, as well as a notable variation of this local μ
at structurally non-equivalent sites. In consequence, the global μ
obtained from the average over all possible configurations
presents a monotonic decay with x confirming the experimental
behaviors obtained from bulk and NWmeasurements. Also, we
found an additional structural contraction along the NW axis,
beside that occurred in pure Ni NWs, when Ni atoms are
gradually substituted by Fe ones.

In summary, this article attempts to contribute a deeper
understanding of the itinerant ferromagnetism at nanoscale.
Our ab initio results reveal that the increase of μ due to the
reduction of D and/or enlargement of dint are consequences of
the quantum confinement and reduced coordination number at
surface. Moreover, this ab initio study confirms the suitability of
DFTatomic-orbital approach for the investigation of itinerant 3d
ferromagnetic properties, predicting their general features and
behaviors. To accurately reproduce the experimental data, a DFT
with adjustable-parameter hybrid functionals would be required.
On the other hand, the critical dint found in this article
establishes a theoretical limit for the design of magnetic
recording devices with extreme high density. Such critical dint
can be achieved by adding surfactant agents to avoid the
agglomeration of NWs.[50] This work can be extended to analyze
other itinerant magnetic NWs with largerD at finite temperature
by integrating spin-up and spin-down DOS (see Figure 4)
weighted by the Fermi-Dirac distribution function. The study of
NixFe1�x NWs can be also carried out starting from a BCC
© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim7 of 8)
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structured NW, as used in Ref. [36]. These extensions are
currently in progress.
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