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Abstract
Magnetostatic dipolar anisotropy energy and the total dipolar anisotropy constant, Ktotal, in periodic
arrays of ferromagnetic nanowires have been calculated as a function of the nanowire radius, the
interwall distance of the nanowires in the arrays and the geometry of the array (square or hexagonal),
by using a realistic atomisticmodel and the Ewaldmethod. The simulated nanowires have a radius size
up to 175Å that corresponds to 31 500 atoms, and the simulated nanowire arrays have interwall
distances between 35 and 3000Å. The dependence of totalmagnetostatic dipolar anisotropy constant
on the nanowire radius, their interwall distance and the type of array symmetry has been analyzed. The
total dipolar anisotropy constant, which is the sumof the intrananowire dipolar anisotropy constant,
Kintra, due to the dipolar interactions inside an isolated nanowire and themain responsible of the
shape anisotropy, and of the internanowire dipolar anisotropy constant, Kinter , due to the
magnetostatic dipolar interactions among nanowires in the array, have been calculated and compared
with themagnetocrystalline anisotropy constant for three nanowire compositions and their crystalline
structures. The simulations of the nanowire arrays with large interwall distances have been used to
calculate the intrananowire anisotropy constant, Kintra, and to analyze the competition between the
intrananowire, internanowire andmagnetocrystalline anisotropies. According to somemagnetic
theories, the ratio ∣ ∣K Kinter intra equals to the areal filling fraction of a nanowire array. Present
calculations indicate that the equation for the arealfilling fractionmatches perfectly for any interwall
distance and radius ofNi andConanowire arrays. Thisfirst equation is used towrite a general
equation that relates the radius and interwall distance of nanowire arrays with the intrananowire,
internanowire andmagnetocrystalline anisotropies. This general equation allows to design the
geometry of nanowire arrays with the desired orientation of the easymagnetization axis.

1. Introduction andmotivation

In the last decadesmany research efforts have been focused on the synthesis and characterization of arrays of
magnetic nanowires, due to the technological applications of thesematerials in diverse areas, such as: high
density data storage [1], biosensors [2, 3],MRAMdevices [4, 5], microwave electronics [6, 7], magnetic field
sensors [8], permanentmagnets [9, 10] and spin-torque nano-oscillators, STNO [11, 12], among others. One of
themost important properties of these nanoscaledmaterials is related to theirmagnetic anisotropy. There are
four basic contributions to themagnetic anisotropy of nanowire arrays: themagnetocrystalline anisotropy, due
to the simultaneous occurrence of the electron relativistic interaction and the spin-polarization, the
intrananowire dipolar anisotropy, due to the dipolar interactions between themagnetic dipolarmoments of the
atoms of an isolated nanowire, themagnetoelastic anisotropy and the internanowire dipolar anisotropy, due to
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the dipolar interactions among the nanowires in the array. The intrananowire dipolar anisotropy is themain
responsible of the shape anisotropy.

Themagnetoelastic anisotropy is due to the coupling between themagnetization of the nanowire and the
stress induced by the template andwill create an easymagnetization axis parallel or perpendicular to the applied
stress direction.Measurements of themagnetic properties of Co nanowire arrays in awide range of
temperatures, between 5 and 300 K, showed that themagnetoelastic anisotropy can be disregarded in these
systems [13].

There is a strong competition between themagnetocrystalline, internanowire and intrananowire
anisotropies in the arrays ofmagnetic nanowires. Thefirst two anisotropies will induce an easymagnetization
axis perpendicular to the nanowire axis, depending on the crystal phase and its growing direction, while the
intrananowire anisotropy origins an easymagnetization axis parallel to the nanowire length. Some of the
potential applications of nanowire arrays require to nullify or control themagnetostatic dipolar interactions on
thesematerials and hence, the competition among the internanowire and the intrananowire anisotropies is an
interesting research topic. The influence of long-rangemagnetostatic dipolar interactions among nanowires, the
internanowire dipolar anisotropy, is one of the key factors in this competition to achieve a complete
understanding of themagnetic behaviour of ferromagnetic nanowire arrays.

Experimental and theoretical facts address the importance of thementioned competition between these
three anisotropies and indicate that the competition is key to understand themagnetic properties developed by
these nanostructuredmaterials and to obtain the desired easymagnetization axis of the nanowires, which
determine theirmagnetization reversal processes.

For instance, in some experiments [13], the analysis of themagnetic properties of Co nanowire arrays lead to
the conclusion that theirmagnetic properties are dominated by the intrananowire anisotropy, due to the dipolar
interactions inside an individual nanowire,more than by themagnetocrystalline anisotropy, themagnetoelastic
anisotropy or the internanowire anisotropy, which is due to the dipolar interactions between nanowires. In
another experiments it has been found that themagnetostatic interactions among nanowiresmodify partially
themagnetic behaviour of thewhole array [14].

The shape anisotropy energy becomes zero for isotropic systems of spherical shape, and negligibly small for
slightly anisotropic systems, such as cobalt. However, the shape anisotropy energy of systemswith a large
anisotropy, such as layeredmaterials and nanowires of ferromagnetic atoms, can not be disregarded because is
comparable with or even larger than themagnetocrystalline anisotropy energy [15–20]. The elongated shape of
nanowires enhances their shape anisotropy energy.

Magneticmodeling is a useful tool to understand the anisotropies competition, and the effects of the
magnetostatic dipolar interactions, so as to learn about how to control the dipolar interactions in the nanowire
arrays, but it is also a complicated task due to the long range character of themagnetostatic dipolar interaction
and their dependence on the details of the nanowire arrays geometry, and therefore, somemodels are based on
simplifications of real samples.Magneticmodels of nanowire arrays falls into twomain groups:micromagnetic
and atomisticmodels [21].Most of themagneticmodeling consists on numericalmicromagnetics [22–28].

The basic idea ofmicromagnetics is that atomicmagneticmoments can be approximated as a continuous
vector field.Micromagnetics is useful to understand a broad range ofmagnetic effects, such as domainwall
displacement andmagnetization reversal in ferromagnetic nanostructures [29–33]. However, the
micromagnetic calculations can not grasp the detailed atomic structure of the external walls of the nanowires,
which is important to understand themagnetic properties of narrownanowires, nanowire arrayswith short
interwall distances andmultisegmented nanowire arrays.Micromagnetic calculations are computationally
expensive and hence, calculations of arrays of nanowires are performed using a fewnanowires. However, dipolar
interactions among nanowires can not be reproduced correctly with a few nanowires.

Atomisticmodels ofmagneticmaterials consider that each atomof thematerial has a localmagnetic dipolar
moment [21, 34]. Somemodels of nanowire arrays [35–37] consider that each nanowire is a chain ofmagnetic
nanoparticles with identical diameter and amagneticmoment parallel to each other and arranged in a square or
hexagonal lattice. Nanowire arrays have been alsomodeled as square or hexagonal arrays ofmagnetic dipoles
(where each individual nanowire can be considered as onemagneticmacrodipole), disregarding the dipoles of
the atoms that compose the nanowire [38–43].

Both, the chain andmacrodipolemodels can be considered to calculate the dipolar interactions among
nanowires if the dipolar approximation is valid, i.e. the distance between nanowires ismuch larger than the
length of the nanowires (or nanoparticles), and the distribution of themagnetic dipoles inside the nanowire (or
the nanoparticle) is uniform.

Instead of the chain andmacrodipolemodels, amore realistic atomisticmodel that considers the local
magnetic dipoles of each atomof the nanowires in the array and periodic cells has been used in the present work
to simulate the collectivemagnetic behaviour of an infinite array of ferromagnetic nanowires. Thismodel has
been applied to study nanowire arrays with any value of radius and interwall, but also to study nanowire arrays
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with large radii and interwall distances, similar to the experimental values, which are relevant to study the
dipolar interactions among nanowires.

Calculations of the total, intrananowire and internanowire anisotropy constants of periodic arrays of fcc-Ni,
fcc-Co and hcp-Co nanowires as a function of the nanowire radius and the interwall distance (defined as the
minimumdistance between thewalls of the nanowires in the periodic array) have been carried out in the present
study by using the Ewaldmethod in its usual form [44–46], to analyze the competition between intrananowire,
internanowire andmagnetocrystalline anisotropy.

Themethodology is explained briefly in section 2, the periodic nanowire arrays are described in section 3 and
the anisotropies are analyzed in section 4. The last section is devoted to explain how the calculations agree very
well with the arealfilling fraction equation [47] and how a general equation that relates the geometry of the
nanowire arrayswith the intrananowire, internanowire andmagnetocrystalline anisotropies can be derived and
used to design the geometry of nanowire arrayswith a predetermined easymagnetization axis.

2.Methodology: calculation of themagnetostatic dipolar energy and the anisotropy
constants

2.1.Magnetostatic dipolar energy of a lattice ofmagneticmoments
Themagnetostatic dipolar energy,MDE, of a lattice ofmagneticmoments is the summation of themagnetic
dipolar interaction energies between the pairs ofmagneticmoments of the lattice. If all themagneticmoments of
the cell are parallel to the directionn , i.e. it is a ferromagnetic system, then themagnetostatic dipolar energy in
atomic Rydberg units is given by:

( ) ( ) ( ) åå=E n
c

m m M n
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. 1d
p q
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where p and q are the labels of the atoms in the cell,

rp is the position of atom p in the cell,


mp is themagnetic

moment of atom p and
  

+ -R r rn p q connects themagneticmoments


mp and


mq, located at
 

+R rn p and

rq,

respectively.

Rn is the position of a lattice site:

   
= + +R n a n b n cn a b c , where the index n stands for n=(na,

nb, nc). The sum runs over all the lattice sites

Rn, except over that for which the denominator in equation (2)

is zero.
TheMadelung constants have been computed bymeans of the traditional Ewald summationmethod

[44–46]. An implementation of the traditional Ewaldmethod that uses the symmetries of the periodicmagnetic
system to reduce substantially the computation time have been used in the present research. Details of this
implementation and its application to any type of lattice, and especially to nanowire arrays, can be found
elsewhere [48].

2.2.Magnetostatic dipolar anisotropy energy and anisotropy constants
The difference between themagnetostatic dipolar energies for two differentmagnetization directions is the
magnetostatic dipolar anisotropy energy,MDAE. In the case ofmagnetizations


M parallel and perpendicular to

themain axis of a nanowire,c , themagnetostatic dipolar anisotropy energy is given by:

( ) ( ) ( ) ( )   ^ = - ^MDAE E n c E n c, , 3d d

where


=n M M is a unit vector along themagnetization,c is a unit vector along themain axis of the nanowire
and themagnetostatic dipolar energies Ed are given by equation (1), using the corresponding unit vectors.

TheMDAEs andMDEs are usually very small energies and therefore, these energies have been computed
with a high precision of 10−6 eV/cell. The convergence of theMDAEs andMDEs as a function of the real and
reciprocal space cutoffs, rc and gc, respectively, was studied on a previous publication. It was found that the
MDAE converges faster than theMDEs and that to obtain thementioned precision of 10−6 eV/cell for nanowire
arrays, rc should be 38a and gc should be at least 9/a radian/Å, where a is the lattice parameter of bulkNi or
Co [48].

The anisotropy constant or density due to all themagnetostatic dipolar interactions in an array of nanowires
is denoted by Ktotal and is defined in this paper as:

( ) ( )= ^K MDAE V, , 4total
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whereV is the volume of the nanowire in the periodic cell, and parallel and perpendicularmeans parallel and
perpendicular directions to themain axis of the nanowire, respectively.

The physicalmeaning of the sign of Ktotal, equation (4), is as follows: a negative value of Ktotal means that the
easymagnetization axis lies along the nanowire axis, while a positive valuemeans that the easymagnetization
axis is in the plane perpendicular to the nanowire axis.

TheMDEs andMDAEs of arrays of nanowires calculated in the present research are the sumof two
contributions: (a)The dipolar interactions inside the nanowire of the unit cell, a single nanowire, i.e. the
intrananowire anisotropy, and (b) the dipolar interactions among themagneticmoments of the nanowire of the
unit cell and themagneticmoments of the image or replicated cells (the lattice sites


Rn in equation (2)), i.e. the

magnetostatic dipolar interactions among nanowires or internanowire dipolar anisotropy. Therefore, the total
dipolar anisotropy constant, Ktotal, is given by the sum:

( )= +K K K , 5total intra inter

where Kintra and Kinter are the intrananowire and the internanowire dipolar anisotropy constants, respectively.
The third and last anisotropy is themagnetocrystalline anisotropy. Themagnetocrystalline anisotropy

constants, Kcr , of fcc-Ni, fcc-Co and hcp-Co are 10
3, 6.3 104 and 5 105 J m−3, respectively. These values have

been taken from references [13, 49–52].
To analyze the competition between themagnetocrystalline, the internanowire and the intrananowire

dipolar anisotropies in arrays ofmagnetic nanowires, the sumof the corresponding three constants is
considered:

( )+ +K K K ; . 6intra inter cr

If + + <K K K 0intra inter cr (or equivalently + <K K 0total cr ), then the easymagnetization axis of these
nanowire arrays is parallel to the nanowire axis. If + + >K K K 0intra inter cr then, the easy axis is perpendicular.

3.Description of theNi andCoperiodic nanowire arrays

The arrays of nanowires have been simulated bymeans of large periodic cells ofmagnetic dipoles. An array of
fcc-Ni, hcp-Co or fcc-Co nanowires consists of a periodic cell that contains one nanowire of radius r, with an
interwall distance i, theminimumdistance between the external walls of the neighbour or replicated nanowires
(See figure 1). A fcc-Ni (fcc-Co, hcp-Co)nanowire is a solid, not empty, cylindrical wire of radius r composed by
Ni (Co) atomswith the structure of bulk fcc-Ni (fcc-Co, hcp-Co), where each atomhas amagneticmoment.

The arrays of nanowires have been simulated using two types of periodic cells: tetragonal (square array of
nanowires) and hexagonal (hexagonal array of nanowires) (See figure 1). According to the experiments, Ni and
Conanowires are usually ordered in arrays with hexagonal symmetry. Some reported simulationswere also
carried outwith square arrays of nanowires, i.e. with tetragonal periodic cells [35, 36, 53]. The tetragonal or
square cell has vectors


a1=


us x and


a2 =


us y and


a3 =


uh z , where s=2r+i, h is the height of the nanowire in

the cell and i is the abovementioned interwall distance. The hexagonal cell has vectors

a1=s


ux and


a2= s cos

π/3

ux + s sinπ/3


uy and


a3 =


uh z .

The height h of the periodic cell for all the arrays of nanowires was kept fixed and equal to h=c, where c is
one of the lattice parameter of the corresponding bulkmaterial. The values of the lattice parameters aused to
create the nanowires are 3.52, 2.51 and 3.54Å for fcc-Ni, hcp-Co and fcc-Co, respectively. The ratio c/a used for
hcp-Co is 1.623 and 1 for the fcc-based nanowires. The values of themagneticmoments ofNi andCo atoms
used in the present work are 0.60 and 1.65μB, respectively.

Figure 1.Top view of square (left) and hexagonal (right) arrays of nanowires. Radius of the nanowire=r, interwall distance=i and
internanowire distance=s; s=2r+i. The nanowires are represented by blue circles.
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The periodic cell (square and hexagonal) and the basis atoms are such that the nanowires are infinite along
themain axis of the nanowire (the z axis, or longitudinal direction) and have finite dimensions in the plane
perpendicular to themain axis (the xy plane): finite radius and interwall distance i. Arrays of nanowires with a
radius between r=3.5 and 175Å andwith interwall distances i between 35 and 3000Åwere studied. The
number of atoms (ormagnetic dipoles) in the periodic cells used in the calculations ranges from10 to 31 500.

The ranges of radius and interwall distances of the simulated nanowire arrays are inside the ranges of the
synthesized nanowire arrays: experimentally synthesized ferromagnetic nanowire arrayswith diameter in the
range 100–2000Å, interwall distance in the range between 300 and 10 000Å, together with onemicrometer long
are typical and suitable for basic science research and technological applications [51, 52, 54–58]. Nanowire
arrayswith narrow internanowire distances are useful formagnetic recordingmedia. The current conventional
magnetic recording technologies can not reach densities beyond 1Tbit in−2 [59, 60]. The internanowire distance
s should be below 250Å to exceed that limit [47]. Throughout this paper the regionwith s below 250Å is called
the atomistic region, and s=250Å is the recording limit.

As regards to experimental data concerning the geometry of the arrays ofNi andCo nanowires, it can be
found that the synthesized arrays of nanowires show awide variety of nanowire diameters and interwall
distances. In table 1 the results of themain reports about synthesized arrays ofNi andConanowires have been
gathered.

The present simulated arrays of fcc-Ni nanowires with a radius of 175Å and an interwall distance of 985Å
can be comparedwith the experimental Ni nanowire arrays obtained byVázquez et al [14] andVivas et al [55]
(See table 1). The simulated fcc-Co and hcp-Co nanowire arrayswith a radius of 75Å and an interwall distance
of 985Å can be comparedwith theConanowire arrays with a diameter of 150Å reported by Li et al [51] (See
table 1).

4.Dependence of the anisotropy constants of arrays of fcc-Ni, fcc-Co andhcp-Co
nanowires on their geometric parameters

Themagnetostatic dipolar energies of arrays of fcc-Ni, fcc-Co and hcp-Co nanowires have been calculated for
different orientations of the atomicmagneticmoments of the nanowires, in order tofind the orientationwith
the lowestMDE. It turns out that the configurationwith themagneticmoments parallel to themain axis of the
nanowires is themost stable. Then, themagnetostatic dipolar anisotropy energy and the corresponding
anisotropy constant were calculated as the difference between theMDEs of the parallel and perpendicular
configuration of the atomicmagneticmoments of the nanowires, i.e. using equations (3) and (4), respectively.
These twomagnetic properties depend on the type of array (square or hexagonal), the nanowire radius and the
interwall distance. In the case of hcp-Co nanowire arrays, these properties also depend on the relative
orientation of the underlying bulk c axis with respect to themain nanowire axis.

4.1.Dependence of the anisotropy constants on the type of nanowires arrangement: square vs hexagonal
arrays
Arrays of Co andNi nanowires usually grow in an hexagonal array of nanowires, but they can also sometimes
grow in a square array. Total dipolar anisotropy constants of arrays ofNi andConanowire as a function of the

Table 1.Experimental values in Å of the diameterD and
internanowire distance s of hexagonal arrays of ferromagnetic
nanowires. The interwall distance i is given by s=D+i (See
figure 1).

Nanowire D s

hcp-Co [41] 2000 4800

hcp-Co [41] 4000 8300

fcc-Co and hcp-Co [51] 150 1000

fcc-Co and hcp-Co [51] 700 1000

fcc-Ni [38] 300 1050

fcc-Ni [14, 58] 180–330 650

fcc-Ni [14, 58] 350–830 1050

fcc-Ni and hcp-Co [52] 350–5000 ?10000

fcc-Ni andCo [56] 500 1000

fcc-Ni [57] 500 1000

fcc-Ni, hcp-Co andNi/Co [54] 450 1050

hcp-Co andCoNi [55] 350 1050
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type of array (square or hexagonal) and the interwall distance are plotted infigures 2 and 3, for a fixed value of the
nanowire radius. Thefixed values of the radiimatch the experimental values of the radii of fcc-Ni, fcc-Co and
hcp-Co nanowires found in the scientific literature: 175Å for fcc-Ni [14, 55] and 75Å for fcc-Co and hcp-
Co [51].

The anisotropy constant of square and hexagonal arrays decreases as the interwall distance increases. At
small interwall distances, the relative difference between the anisotropy constant of square and hexagonal arrays
is about 50%. At large interwall distances, equal or larger than 1000Å, the difference is almost null (See figures 2
and 3). The long range nature of themagnetic dipolar interactions implies that these interactions sensemore the
details of the geometry of the arrays and nanowires at small than at large interwall distances. Hence, the total
dipolar anisotropy constant depends on the type of array at small interwall distances and hardly depends on it at
large interwall distances.

The total dipolar anisotropy constants ofNi andConanowire arrays as a function of the type of array and the
nanowire radius have been plotted infigures 4 and 5, for twofixed values of the interwall distance i: 35
and 985Å.

Outside the atomistic region, at i=985Å, the total dipolar anisotropy constants of square and hexagonal
arrays are practically the same for any value of the nanowire radius, as can be expected (See figures 4 and 5).

The results are different andmore complicated at small interwall distances, i=35Å, inside and outside the
atomistic region: for very narrow nanowires, i.e. with a radius below approximately 20Å and hence, below the
recording limit, the total dipolar anisotropy constants of square and hexagonal arrays are almost the same and
the difference between them increases as the nanowire radius increases.

Figure 2.Total dipolar anisotropy constant, Ktotal , (in J m
−3) of arrays of fcc-Ni nanowires with radius=175 Å (left panel) and fcc-Co

nanowires with radius=75 Å (right panel) as a function of the type of array and the interwall distance.

Figure 3.Total dipolar anisotropy constant, Ktotal , (in J m
−3) of arrays of hcp-Co nanowires with radius=75 Å, with the underlying

bulk c axis parallel (left panel) and perpendicular (right panel) to the nanowire axis, as a function of the type of array and the interwall
distance.
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At i=35Å, the very narrownanowires are so thin that themagnetic dipolar interactions do not sense the
different type of array.Wider nanowires at i=35Å have a larger circumference and external surface and hence,
themagnetic dipolar interactions sensemuchmore the different type of nanowires arrangement.

The anisotropy constants in the atomistic region depend on the radius and the interwall distance. According
to the present comparison, in the atomistic region and for radius larger than 20Å there are some differences
between the constants of the square and hexagonal arrays, while outside that region, the differences are
practically null.

4.2. Anisotropy constants of hcp-Co nanowires arrays as a function of the relative orientation of the
underlying bulk c axis
Experimental results show that Co nanowires can grow or be electrodeposited in the fcc-Co phase, in the hcp-Co
phasewith the underlying bulk c axis preferentially perpendicular to the nanowire axis or even in both phases,
depending on the synthesis conditions [13, 24, 49, 52, 55, 61]. In hcp-Co nanowires with the underlying bulk c
axis perpendicular there is a strong competition betweenmagnetocrystalline anisotropy and intrananowire
(shape) anisotropy. These experimental facts indicate that itmakes sense to study the anisotropy constants of
fcc-Co and hcp-Co nanowire arrays with the underlying bulk c axis parallel and perpendicular.

In the former subsections the hcp-Co nanowires have been built with the underlying bulk c axis parallel to
themain axis of the nanowire. In this subsection the hcp-Co nanowires have been also built with the underlying
bulk c axis perpendicular and both types of arrays of hcp-Co nanowires are compared.

In the nanowires with the underlying bulk c axis perpendicular to themain axis of the nanowire, the basal
planes of the underlying bulk hcp-Co are parallel to themain axis of the nanowire. In both types of arrays of hcp-

Figure 4.Total dipolar anisotropy constant, Ktotal , (in J m
−3) of arrays of fcc-Ni (left panel) and fcc-Co (right panel)nanowires as a

function of the type of array and the nanowire radius, for two interwall distances.

Figure 5.Total dipolar anisotropy constant, Ktotal , (in J m
−3) of arrays of hcp-Co nanowires as a function of the type of array and the

nanowire radius, for two interwall distances. Left panel: underlying bulk c axis parallel to nanowire axis. Right panel: underlying bulk c
axis perpendicular to nanowire axis.
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Conanowires, themost stablemagnetic configuration (themost negativemagnetostatic dipolar energy) is
related to the casewhen all themagneticmoments are aligned parallel to themain axis of the nanowire.

The total dipolar anisotropy constants of hcp-Co nanowire arrayswith the underlying bulk c axis parallel and
perpendicular to the nanowire axis are plotted infigure 6 as a function of the interwall distance i, for afixed
radius of 75Å, equal to the radius of some synthesized nanowires [51]. The difference between the anisotropy
constants is practically null for any value of the interwall distance.

The total dipolar anisotropy constants of hcp-Co nanowire arrayswith the underlying bulk c axis parallel and
perpendicular are plotted and compared infigure 7 as a function of the nanowire radius, for interwall distances
of 35 and 985Å. It can be noticed infigure 7 that inside and outside the atomistic region the anisotropy constants
of the two types of hcp-Co nanowire arrays have practically the same value for any nanowire radius larger than
20Å, while below 20Å, there are some differences between the anisotropy constants. Hence, this result depends
only on the nanowire radius and not on the internanowire distance s.

4.3.Dependence of the anisotropy constants on the interwall distance
The total dipolar anisotropy constant, for afixed value of r, decreases exponentially as the interwall distance i
increases, and then tends to a constant value, as can be seen infigures 2 and 3. The interwall distance i is the
minimumdistance between the nanowirewalls (See figure 1). The rightmost point of upper panel offigure 2

Figure 6.Total dipolar anisotropy constant, Ktotal , (in J m
−3) of square arrays of hcp-Co nanowires with radius=75 Å as a function of

the interwall distance.

Figure 7.Total dipolar anisotropy constant, Ktotal , (in J m
−3) of arrays of hcp-Co nanowires with the underlying bulk c axis parallel

and perpendicular to the nanowire axis, as a function of the nanowire radius, for two interwall distances.
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corresponds to r=175Å and i=3000Å: Those are the values of an experimental fcc-Ni nanowire array, with
an hexagonal arrangement, reported byVázquez et al [55]. The rightmost points of lower panel offigure 2 and of
both panels offigure 3 correspond to the experimental fcc-Co and hcp-Co nanowire arrays, with r=75Å and
i=3000Å, reported by Li et al [51], respectively.

For any interwall distance, the total dipolar anisotropy constants of the fcc-Ni nanowire arrayswith
r=175Å and of fcc-Co nanowire arrays with r=75Å are below -Kcr , as can be noticed infigure 2, for the
magnetocrystalline anisotropy energy. Therefore, + <K K 0total cr and hence, the easymagnetization axis of
these nanowire arrays is parallel to the nanowire axis. According to the results plotted infigure 3 for hcp-Co
nanowire arrayswith a radius of 75Å, < -K Ktotal cr for i>200Å.

Infigures 2 and 3 there are only a few points (the two leftmost points of theCo nanowires) in the atomistic
region. It can be noticed that in that region there are important differences between the anisotropy constants of
square and hexagonal arrays.

4.4.Dependence of the anisotropy constants on the nanowire radius
Figures 8 and 9 contain the plots of the total dipolar anisotropy constant versus the nanowire radius, for several
interwall distances, i. The dependence of Ktotal on the radius of the four types of nanowire arrays ismonotonous
forwide nanowires, with r above≈20Å. For narrownanowires, with a radius below 20Å, the dependence is not
monotonous: There are oscillations of the anisotropy constant as r increases. Above r≈20Å and for small
values of i, Ktotal increases (less negative) as r increases and for large values of i, Ktotal tends to a constant value as r
increases.

Figure 8.Total dipolar anisotropy constant, Ktotal , (in J m
−3) of arrays of fcc-Ni (left panel) and fcc-Co (right panel)nanowires as a

function of the nanowire radius and the interwall distance.

Figure 9.Total dipolar anisotropy constant, Ktotal , (in J m
−3) of hcp-Co nanowires as a function of the nanowire radius and the

interwall distance. Left panel: underlying bulk c axis parallel to nanowire axis. Right panel: underlying bulk c axis perpendicular to
nanowire axis.
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The total dipolar anisotropy constant ofNi and fcc-Co nanowire arrays has an absoluteminimumas a
function of the nanowire radius, for afixed value of i (See figure 8). The location of theminimumdepends
strongly on i. For small values of i, it is located in thementioned region of narrownanowires. As i increases, the
minimum shifts towards higher values of the radius and tends to an infinite value.

The total dipolar anisotropy constant of hcp-Co nanowire arrays as a function of the nanowire radius has a
localminimum, for afixed value of i (See figure 9). For small values of i, it is also located in the region of narrow
nanowires and it also shifts towards higher values as i increases and tends to an infinite value. The absolute
minimumof the total dipolar anisotropy constant of hcp-Co nanowire arrays is located at very narrow
nanowires and tends to a null radius.

An important feature is that the absolute value of Ktotal of fcc-Ni is about 10 times smaller than the absolute
value of Ktotal of fcc-Co and hcp-Co. The fcc-Co and hcp-Co nanowires have values of Ktotal of the same order of
magnitude. Another important feature is that the total dipolar anisotropy constant of the four nanowire arrays is
almost constant for interwall distances very large, i�985Å, and r�20Å.

5. Relative strength of the anisotropy constants

5.1. Total dipolar anisotropy vsmagnetocrystalline anisotropy
The dependence of the anisotropy constants ofNi andConanowire arrays on the interwall distance and
nanowire radius has been analyzed separately so far. An analysis of the anisotropy constants considering both
geometric parameters at the same time, reveals that the total dipolar anisotropy constant of fcc-Ni (Co)
nanowire arrays is one (two) orders ofmagnitude below (more negative) than themagnetocrystalline anisotropy
constant, -Kcr , of fcc-Ni (Co), for any value of r and i (See figure 8). Thismeans that the arrays of fcc-Ni and fcc-
Co have the easymagnetization axis along the nanowire axis for any value of r and i. The value of -Kcr is also
plotted as a black solid line in the figures of the total dipolar anisotropy constant, to guide the eye andmake easier
the comparisons. Themagnetocrystalline anisotropy constants, Kcr , of fcc-Ni, fcc-Co and hcp-Co are 10

3, 6.3
104 and 5 105 J m−3, respectively. These values have been taken from references [13, 49–52].

In the case of hcp-Co nanowire arrays, -Kcr and the total dipolar anisotropy constant, Ktotal, are of the same
order ofmagnitude and there is a strong competition between them. The total dipolar anisotropy constant is
below -Kcr for certain values of r and i (See figure 9). As the interwall distance increases,more values of the
nanowire radius r fall in the region of the easymagnetization axis parallel to the nanowire axis, the region below
the line of -Kcr . For i=985Å, < -K Ktotal cr for any value of r, and therefore, all the arrayswith that interwall
distance, have the easymagnetization axis along the nanowire axis.

To obtain an easymagnetization axis lying perpendicularly to the nanowire axis, the hcp-Co nanowire array
should have values of (r,i) such that > -K Ktotal cr . For instance, according tofigure 9 arrays of hcp-Co
nanowires with i=140Å and r�55Å have their easymagnetization axis perpendicular to the nanowire axis.

5.2. Intrananowire and internanowire dipolar anisotropy constants
Calculations for very large interwall distances (2000 and 3000Å) have been also carried out for both, square and
hexagonal arrays of fcc-Ni and hcp-Co nanowires to obtain and analyze the intrananowire dipolar anisotropy
constant, Kintra, which due to the dipolar interactions inside an isolated nanowire. As can be noticed infigure 8,
the total dipolar anisotropy constant has practically the same value for i=2000 and 3000Å, and for any fixed
value of the radius, i.e. at very large interwall distances, Ktotal depends only on the radius.Hence, for interwall
distances equal or larger than 3000Å themagnetostatic dipolar interaction obtained in the calculations can be
considered to come only from themagnetic dipolar interactions among themagneticmoments of the atoms that
compose a single isolated nanowire. The total dipolar anisotropy constant at those interwall distances is,
therefore, due only to the internal dipolar interactions and practically equal to the intrananowire or shape
anisotropy.

Themagnetostatic dipolar interactions among the nanowires in the array depend on their radius and
interwall distance. The comparison of the anisotropy constant obtained at different values of the interwall
distances infigures 8 and 9, shows that the dipolar interactions among the nanowires of the array contribute with
positive numerical values to Ktotal and that the contribution decreases (is less positive) as the interwall distance
increases. The internanowire dipolar anisotropy constant increases as the radius of the nanowire increases.

The intrananowire anisotropy constant comes fromnon-interacting or isolated nanowires. At i=3000Å
the dipolar interactions between nanowires are practically null as can be seen infigure 8) and hence, it is a
reasonable approximation to consider that the intrananowire anisotropy constant is equal to the total dipolar
anisotropy constant at i=3000Å: ( ) ( Å)»K r K r, 3000intra total . Using this approach and equation (5), the
internanowire dipolar anisotropy constant, due to themagnetostatic dipolar interactions among the nanowires
in the array, can be approximated by:
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( ) ( ) ( Å) ( )= -K r i K r i K r, , , 3000 . 7inter total total

The internanowire dipolar anisotropy constant, equation (7), obtained in the calculations of fcc-Ni
nanowire arrays has been plotted infigure 10. This constant is positive and increases its value as the interwall
distance decreases, as it has been reasoned above. At an interwall distance of 35Å the dipolar interactions among
nanowires are about one half of the dipolar interactions inside a single nanowire. It also increases as the
nanowire radius increases. The positive value of the internanowire dipolar anisotropy constantmeans that the
interaction among nanowires in the arrays favours the development of an easymagnetization axis perpendicular
to the nanowire axis.

5.3. Intrananowire vs internanowire anisotropy constants: ∣ ∣K Kinter intra vs the arealfilling fraction
The ratio of the internanowire and intrananowire anisotropy constants, ∣ ∣K Kinter intra , is ameasure of the relative
strength of these twomagneticmagnitudes. Theoretical simple arguments [47] lead to an approximate
relationship between the ratio of these two anisotropy constants and the areal filling fraction f of arrays of
nanowires.

∣ ∣ ( )» =K K f S S , 8inter intra nanowire array

where Snanowire and Sarray are the transverse section areas of a single nanowire and the array, respectively. The
arealfilling fraction f (r, i) of a square array of nanowires is given by:

( )
( )

( )p p
= = =

+
f r i S S
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and the areal filling fraction of an hexagonal array of nanowires is given by:
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where r is the nanowire radius and s is the internanowire distance, given by s=2r+i, with i being the interwall
distance (See figure 1 for the geometricmeaning of r, i and s). This equation of the areal filling fraction f (r, i) of an
hexagonal array of nanowires is identical to the equation of the porosity P of self-ordered porous aluminawith
an hexagonal structure [62].

The ratio of the anisotropy constants, ∣ ∣K Kinter intra , obtained in the present Ewald calculations, versus the
arealfilling fraction is plotted infigures 11–13 for fcc-Ni and hcp-Co arrays of nanowires, and for square and
hexagonal arrays. The solid black line in these plots is the linear relationship between the ratio of the anisotropy
constants and the areal filling fraction, i.e. the solid black line is equation (8). The ratio of the anisotropy
constants corresponding to nanowires with the underlying bulk c axis perpendicular are shifted 0.1 points
upwards infigure 12, to avoid the overlapwith the c axis parallel ratio. The total dipolar anisotropy constants
Ktotal are obtained from the Ewald calculations of the dipolar interactions in arrays of nanowires. The
intrananowire and internanowire anisotropy constants are obtained from the Ewald calculations of Ktotal and
the equations explained in a former section.

Figure 10. Internanowire dipolar anisotropy constant, Kinter , (in J m
−3) of square arrays of fcc-Ni nanowires as a function of the

nanowire radius and the interwall distance.
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Figure 11.Ratio ∣ ∣K Kinter intra of fcc-Ni (left panel) and fcc-Co (right panel)nanowire square and hexagonal arrays as a function of the
areal filling fraction, for a radius of 175 Å for fcc-Ni and 75 Å for fcc-Co and i between 35 and 3000 Å.

Figure 12.Ratio ∣ ∣K Kinter intra of hcp-Co nanowire square and hexagonal arrays, with underlying bulk c axis parallel andperpendicular
to the nanowire axis, as a function of the areal filling fraction, for a radius of 75 Å and i between 35 and 3000 Å. The ratios
corresponding to the underlying bulk c axis perpendicular are shifted upwards.

Figure 13.Ratio ∣ ∣K Kinter intra of fcc-Ni nanowire square arrays as a function of the arealfilling fraction, for small (left panel) and large
(right panel) interwall distances, and for all the range of nanowire radii studied.
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The dependence of the ratio on the arealfilling fraction has been analyzedfirst, forfixed and large values of
the nanowire radius. It can be noticed infigures 11 and 12 that the results of the calculations agree remarkably
well with equation (8) for all the studied nanowire arrays: fcc-Ni, fcc-Co and hcp-Co (with the c axis parallel and
perpendicular to the nanowire axis)nanowire square and hexagonal arrays.

Second, the dependence of the ratio on the areal filling fraction has been analyzed forfixed values of the
interwall distance i. The ratios obtained in the present Ewald calculations of fcc-Ni square arrays of nanowires
for small and large values of i vs the areal filling fraction are plotted in figure 13. The agreement of the results of
the Ewald calculations with equation (8) is also remarkably for small (relatively small) values of the interwall
distance i. There is some disagreement for large values of the interwall distance (See right panel offigure 13): The
ratio is not equal to the arealfilling fraction, but proportional to it. Nevertheless, this disagreement is between
very small quantities: at those large interwall distances, the ratio and the filling fraction are both very close to
zero, as expected, since the dipolar interactions among nanowires are very small at large interwall distances, and
it is not relevant to know/predict how close to zero they are.

The ratio of the anisotropy constants depends, obviously, on the nanowire radius r and the interwall distance
i. The exact dependence is, according to the present calculations, given by equations (8)–(10). For any value of (r,
i), the ratio is smaller than the unity, whichmeans that ∣ ∣Kinter is smaller than ∣ ∣Kintra for any value of the pair (r, i).
For afixed value of nanowire radius r, ∣ ∣Kintra is constant and, ∣ ∣Kinter and the ratio decrease as the interwall
distance increases. For afixed value of the interwall distance i, the ratio increases as the radius increases, and
therefore, the relative strength of ∣ ∣Kinter , compared to ∣ ∣Kintra , increases with the radius. For large interwall
distances, ∣ ∣Kinter is almost null compared to ∣ ∣Kintra , as it has been explained above. For small interwall distances,
∣ ∣Kinter is smaller than ∣ ∣Kintra and, if r is not too short, they are of the same order ofmagnitude.

According to the present calculations, the linear relationship between the ratio and the filling fraction given
by the equations (8)–(10), is very accurate and hence, it is valid to calculate the values of the radius and interwall
distance necessary to obtain an array of nanowires with the desired direction of the easymagnetization axis.
Those values of (r, i) can be obtained as follows. Kinter and Kintra are positive and negative, respectively. Hence,

∣ ∣ ( )=K K f r i,inter intra and the total dipolar anisotropy constant is given by:

( ) ( ) ( ) ∣ ( )∣( ( ) ) ( )= + = -K r i K r i K r K r f r i, , , 1 , 11total inter intra intra

where the areal filling fraction f (r, i) is given by equations (9) and (10) for square and hexagonal arrays,
respectively. Knowing or estimating the values of ( )K rintra and Kcr , it is possible to estimate the values of (r, i) in
order to get an easymagnetization axis lying parallel or perpendicular to the nanowires axis. If

∣ ( )∣( ( ) )+ = - + <K K K r f r i K, 1 0total cr intra cr then, the easymagnetization axis is parallel to the nanowire
axis, but if that expression is>0 then, the easymagnetization axis is perpendicular to the nanowire axis.

A practical prediction of the geometry (radius and interwall distance i) of a nanowire array with the desired
magnetization axis is discussed below. In the case of hcp-Co nanowire arrays anisotropy constants have the
values: Kcr=5 105 J m−3 and ∣ ( )∣K rintra ≈6 105 J m−3 for r�20Å. If wewant a hcp-Co nanowire array
located in the region of technological interest, the atomistic region, then, s=2r+ i<250Å.With these data,
the general equation, equation (11), indicates that for hexagonal arrays of hcp-Co, it is possible to obtain an easy
magnetization axis parallel to the nanowire axis if r<0.214 s<53.6Å and i�142.8Å.

We have analyzedmore in detail the dependence of the ratio on the arealfilling fraction, especially in the
atomistic region.We have calculated the difference between the ratio of the anisotropy constants and f (r, i) as a
function of the internanowire distance for fcc-Ni, fcc-Co and hcp-Co nanowire arrays (See figures 14–16).

The difference between the ratio and f (r, i)depends on the radius and interwall distance i, and not only on
the internanowire distance s=2r+i. The difference, for afixed radius, tends to a constant value as s increases,
as can be noticed infigures 14 and 15. The difference ∣ ∣— ( )K K f r i,inter intra is close to zero for internanowire
distances in the range 200–500Å, i.e. around the limit of the atomistic region. Outside that interval of
internanowire distances and for afixed radius, ∣ ∣— ( )K K f r i,inter intra is larger or smaller than zero.Hence, the
general equation is fulfilledwithmore precision around the atomistic region limit.

For afixed value of the interwall distance i, ∣ ∣— ( )K K f r i,inter intra has a different dependence on s (See
figure 16): It decreases as s increases, instead of tending to a constant value. The difference ∣ ∣— ( )K K f r i,inter intra

is also close to zero in the interval 200–500Å, but is also close to zero for large values of i and small radii.

6. Conclusions

The present Ewald calculations of the total dipolar anisotropy constants in arrays ofNi andConanowires show
that these constants for hexagonal and square arrays of fcc-Ni, fcc-Co and hcp-Co nanowires are very similar,
except for narrownanowires, with a radius below≈20Å and for arrays with short ormedium interwall
distances, i, below≈1000Å. The total dipolar anisotropy constants of hcp-Co nanowire arrayswith the
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Figure 14.Difference ∣ ∣— ( )K K f r i,inter intra of fcc-Ni (left panel) and fcc-Co (right panel)nanowire square and hexagonal arrays as a
function of the internanowire distance, for a radius of 175 Å for fcc-Ni and 75 Å for fcc-Co and i between 35 and 3000 Å.

Figure 15.Difference ∣ ∣— ( )K K f r i,inter intra of hcp-Co nanowire square and hexagonal arrays, with underlying bulk c axis parallel and
perpendicular to the nanowire axis, as a function of the internanowire distance, for a radius of 75 Å and i between 35 and 3000 Å.

Figure 16.Difference ∣ ∣— ( )K K f r i,inter intra of fcc-Ni nanowire square arrays as a function of the internanowire distance, for small
and large interwall distances, and for all the range of nanowire radii studied.
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underlying bulk c axis parallel and perpendicular to the nanowires length are also very similar between them,
except for the case of narrownanowires having a radius below≈20Å.

The total dipolar anisotropy constants of fcc-Ni and fcc-Co nanowire arrays aremuch smaller (more
negative) than -Kcr , themagnetocrystalline anisotropy constant, for any value of the nanowire radius and
interwall distance, whichmeans that the easymagnetization axis of these nanowire arrays lies along the nanowire
axis for any nanowire radius and interwall distance. The total dipolar anisotropy constant of hcp-Co nanowires
is smaller than -Kcr for large values of the interwall distance. The easymagnetization axis of those nanowire
arrays is parallel to the nanowire axis. The total dipolar anisotropy constant of hcp-Co nanowires is also smaller
than -Kcr for short and intermediate values of the interwall distance and narrownanowires.

The total dipolar anisotropy constants of nanowire arrays have practically the same value for interwall
distances�2000Å, i.e. themagnetostatic dipolar interactions among the nanowires (i.e. inter-nanowires
interactions)whose interwall distance is�2000Å are negligible and the only present dipolar interactions are
those between themagneticmoments inside of an individual nanowire (i.e. intra-nanowire interactions).
Therefore, ( )K rintra can be approximated by ( Å)=K r i, 3000total .

The intrananowire and internanowire dipolar anisotropy constants obtained in the present Ewald
calculations ofNi andCo nanowire arrays satisfy verywell the equation ∣ ∣ ( )=K K f r i,inter intra [47], where f (r,
i) is the areal filling fraction of a nanowire array with a radius r and an interwall distance i. That equation is
satisfied inside the atomistic region (internanowire distance s smaller than 250Å) and also outside that region.
The agreement seems to be optimal for internanowire distances in the range 200–500Å, around the atomistic
region. This agreement with the ratio-areal filling fraction equation allows towrite a general equation of the
anisotropy constants as a function of the radius and interwall distance of the nanowire arrays. This general
equation is a useful tool to design the geometry (radius and interwall distance) of nanowire arrayswith the easy
magnetization axis lying along a predetermined direction.
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