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The angular dependence of magnetic properties were investigated in Co nanowire (NW) arrays
with varying length grown by pulse electrochemical route into pore of alumina template. In these
investigations, three different NW lengths, 200 nm , 400 nm and 1000 nm were considered. The
structural investigations reveals that shorter NW of length 200 nm have hcp (002) structure, however
the existence of both hcp (002) and hcp (100) was observed in longer wire length of 1000 nm, though
these phases were well separated in lower and upper segments along the NW axis, respectively.
Micromagnetic simulation has been carried out considering the different crystallographic structures
as a function of NW length and with the variation of angle between the applied field and the NW
axis. Both using experimentally measured magnetization data and micromagnetic simulations, we
have inferred that in the nanowire with only hcp (002) structure, the magnetization reversal occurs
by coherent rotation, whereas in the case of hcp (100) structure, the reversal phenomena occurs via
vortex state and in bilayer structure, the interaction among them leads to a gradual crossover from
a coherenet state to vortex along the nanowire axis. Irrespective of the NW length, the angular
dependence of Hc was explained qualitatively using the micromagnetic simulation.

I. INTRODUCTION

Recently, the physics of magnetic nanowire (NW) ar-
rays have attracted great attention due to easy accessible
route of electrochemical deposition through anodic alu-
minum oxide (AAO) template[1]. Main advantages in
this bottom-up technique are: (i) AAO template can
be fabricated with varying pore diameter, length and
periodicity, by simple changing the processing parame-
ters, such as anodising voltage, electrolyte and electrolyte
temperature[2, 3] and (ii) the crystalline properties of
fabricated NWs can be tuned by adjusting the electro-
plating conditions, such as, pH, plating current and bath
temperature[4–7]. Hence, through this route, magnetic
NW arrays of Ni, Co, Fe and their alloys were fabricated
and extensive investigations both on the structural and
magnetic properties were reported[8, 9].
Though, most of the structural investigations on elec-

trodeposited Co NWs were observed to have polycrys-
talline in nature[10], textured growth of Co NW arrays
with hcp phase was reported recently[6, 7, 11, 12]. The
crystalline orientation with respect to the NW axis influ-
ences the magnetic anisotropy in many ways[9, 13]. In 1-
D magnetic NWs, two major contributions, namely; the
shape anisotropy and the magnetocrstalline anistropy,
determine the basic properties of system. The shape
anisotropy is controlled by the demagnetization factor
(Nz) and this results from the ratio of longitudinal
(L) to lateral dimension (D). With larger aspect ratio
(L/D), the shape anisotropy enhances the effective lon-
gitudinal anisotropy. However, the magnetocrystalline
anisotropy, originated from the crystalline structure of
the materials, modifies the effective anisotropy in the
system. For an example, in hcp Co phase, the mag-
netization easy axis, originated from the magnetocrys-
talline anisotropy, lies along the direction of crystallo-
graphic c-axis. Therefore, in Co NWs grown with hcp

(002) phase, the magnetocrystalline anisotropy enhances
the longitudinal anisotropy, whereas in the case of hcp
(100), this reduces the effective anisotropy. NWs grown
with a bi-layer structure of two different hcp phases
mentioned above have a competitive magnetocrystalline
anisotropies, which will greatly modify the reversal mag-
netization process.

For better understanding the reversal magnetization
behavior in magnetic NW arrays, the angular depen-
dence of magnetization with respect to the wire axis
was reported to be an useful tool[1, 14–18]. Theoreti-
cally, the magnetization reversal process of a NW with
given anisotropy was explained by three different modes,
namely: coherent rotation (C) in which all the spins
rotate simultaneously; transverse rotation (T) in which
spins rotation takes place via propagation of transverse
domain wall; and curling or vortex rotation (V), in which
spins are reversing their directions via propagation of
vortex domain wall. Analytical formula of each mech-
anism for single NW was well established through angu-
lar dependence of the nucleation field, Hn, as this field
is directly co-related with the reversal mechanism. Ir-
respective of the NW crystallographic structure, the ex-
perimental results for Hn(θ) with large aspect ratio ( >
50) were explained with transverse mode. Recently, mi-
cromagnetic simulation along with experimental data re-
vealed that the existence of different spin configurations
(i.e. coherent or vortex) depending on the NW crys-
tallographic structure where the transverse mode cannot
be applied[11, 12]. Therefore, the applicability of these
models for NW array is ruled out because of: (i) the exis-
tence of long range dipolar interactions among NWs, and
(ii) bi-layer structures with different crystallographic ori-
entations. On the other hand, micromagnetic simulation
was found to be very powerfull technique to understand
the reversal mechanism on complicated structures.

In this work, we have investigated the magnetic prop-
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erties of ordered Co NW arrays with three different wire
lengths having different crystallographic structures. The
variation of measured angular dependance of coercive
field was then correlated with the simulated data calcu-
lated using micromagnetic simulation. From these cor-
relation, we have inferred that in the shorter NWs of
length L≤300 nm with hcp (002) structure, the magne-
tization reversal occurs by coherent rotation, whereas in
the longer NWs the existence of both hcp (002) (lower
segment) and (100) (upper segment) complicates the re-
versal process.

II. EXPERIMENTS:

Ferromagnetic nanowire arrays were prepared by pulse
eletrodeposition of Co2+ metal ions into the pores of alu-
mina template of thickness ∼ 12 µm. AAO was pre-
pared by a two-step anodization process and described
elsewhere[12, 21, 22]. In order to investigate the mag-
netic anisotropic behavior of 1-D Co NW arrays with
varying aspect ratio, the length of the NW from 100 to
4000 nm was controlled by the number of cycles during
the deposition. The wires grew in the usual bottom-
up fashion starting from the Ag electrode at the pore
bottoms. Electro-deposition was carried out using an
aqueous electrolyte containing 120 g/l CoSO4 and 50 g/l
H3BO3 at room temperature with pH ∼ 2.8. The pulse
deposition was carried out with Ton = 20 ms and Toff=
20 ms and the pulse height was -2 V[10]. The details re-
garding the electrodepostion conditions for this material
was described in our previous paper[12]. Morphologi-
cal and structural characterizations of samples were per-
formed using a Zeiss Supra 40 VP field emission scanning
electron microscopy and a Burker D8 Advanced X-ray
diffractometer (XRD), respectively. Angular dependence
study on the magnetic properties of the nanowire arrays
at room temperature was carried out by a vibrating sam-
ple magnetometer (VSM, Lakeshore). Micro-magnetic
simulations were carried out to investigate the micro-
magnetic properties of the magnetic nanowires by using
three-dimensional (3D) object oriented micro-magnetic
frame work (OOMMF).

III. THEORY:

Most of earlier studies of angular dependence of mag-
netic anisotropy in 1D system were based on analyti-
cal formulae given in Ref. [18]. As mentioned above,
these theories can be applied to a uniaxial system with
non-interacting media. Secondly, these formulae do not
include the effect of crystallographic structure on mag-
netic properties. Therefore, we have used micromag-
netic simulation to understand the reversal mechanism
in 1D system with different crystallographic structures
as well as their combined bi-layer structure. To es-
tablish the correlation between the structural investiga-

tions with observed angular magnetic behaviors, we have
performed the micromagnetic simulation using the 3D-
OOMMF package[7, 23] with varying the external field
direction at different angles with respect to the the NW
axis. To perform the simulation using this package, the
real structure of the system was decomposed with regular
3D square meshes with each mesh containing 3D mag-
netization spin vector located at the center of the cell.
In the simulation, the magnetization distribution in the
system was then evaluated by integrating the Landau-
Lifshitz equation:

dM

dt
= −γM×Heff − γα

Ms
× (M ×Heff ), (1)

where
M is the magnetization of each 3D mesh,

Heff is the effective field of the mesh,
γ is the gyromagnetic ratio,
α is the damping coefficient.

The effective field is defined as:

Heff =
1

µ0

∂Etotal

∂M
. (2)

The average magnetic energy density, Etotal is the ad-
dition of the four different magnetic energy contributions
as follows:
(i) the magnetostatic energy, Em, arises due the inter-
action of the magnetization M with the demagnetising
field, Hd, which is proportional to induced M and is de-
fined as[12]:

Em = −µ0Hd ·M/2, (3)

(ii) the magnetocrystalline anisotropy energy, Ean, arises
due to the magneto-crystalline anisotropy of the system
and can be written as:

Ean = K1sin
2ψ, (4)

where ψ is the angle between the easy axis and the mag-
netization M, and K1 is the anistropy constant,
(iii) the exchange energy, Eex, originates from the mis-
alignment of a spin with respect to the neighbouring spin
and can be written as:

Eex = A
3∑

i=1

(∆Mi)
2/(Ms)

2, (5)

and (iv) the Zeeman energy in presence of the external
field H, is defined as:

Eze = −M ·H. (6)

It is to be mentioned that in case of NW arrays,
Eqn.(3) for Em gets modified as Em = −µ0(Hd +
Hdp).M/2, whereHdp is the dipolar interaction field aris-
ing due to interaction between neighboring NWs.
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The analytical formula to determine the angular de-
pendence of the nucleation for coherent reversal mecha-
nism was derived by Stoner-Wohlfarth and can be written
as[24]:

HC
n (θ) = −2[Ksh(Lnw) +Kmc]

√
1− t2 + t4

µoM2
s (1 + t2)

Ms. (7)

Here t = tan1/3(θ), with θ is the angle between the field
and NW cylindrical axis, Ms is the saturation magneti-
zation, Ksh(Lnw) is the shape anisotropy constant and
Kmc is magnetocrystalline anisotropy constant. Further
Ksh(Lnw) can be written as:

Ksh(Lnw) =
1

4
µoM

2
s [1− 3Nz(Lnw)], (8)

with Nz(Lnw) as demagnetization factor along the z-axis
and can be determined using the relation;

Nz(l) = 1− F21[2D
2/L2) +

4D

3πL
(9)

where, F21(y)= F21[-1/2,1/2,2,-y] is a hypergeometric
function.
For NWs with higher lengths the coherent rotation is

found to be less favorable energetically. In such cases the
revarsal mechanism can happen by transverse rotation by
domain wall propagation. Assuming that for magnetiza-
tion reversal by means of nucleation and propagation of a
transverse wall the field is equal to nucleation field of an
equivalent system with an effective volume that reverses
its magnetization by coherent rotation, Escrig etal. had
calculated the equation for nucleation field, HT

n , as[16]:

HT
n (θ) = −2[Ksh(ωT ) +Kmc]

√
1− t2 + t4

µoM2
s (1 + t2)

Ms, (10)

where

Ksh(L) =
1

4
µoM

2
s [1− 3Nz(ωT )], (11)

with ωT as domain wall. is In general, ωT is taken to be
50 nm more than NW diameter (or almost double than
D? i.e. for D=35-50nm wT = D+ 50. Then for D=70nm
WT = D+70 to 90?). Hence, For NWs with length L >>
ωT the reversal takes place by transverse mode and for
L ∼ ω reversal takes place by coherent mode.

IV. RESULTS AND DISCUSSION

Figure 1(a) show the FESEM image of AAOmembrane
with hexagonal pore arrays. The average diameter and
interpore distance are estimated as 70±5 nm and 90±5
nm, respectively. The cross sectional views of AAO mam-
brane with partially filled Co NWs with two different wire
lengths, 200 and 400 nm are shown in Fig. 1(b) and (c)
respectively.
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FIG. 1. FESEM images of AAO membrane (a) top view,
cross-sectional view filled with Co nanowires with (b)L = 200
nm and (c)L = 400 nm. (d) X-ray diffraction patterns of Co
nanowires with varying L of the nanowires.

Figure 1(d) presents the XRD patterns for NWs for L
= 200 and 1000 nm. As shown in this figure, only one
peak is observed at 2θ = 44.4o for the NW array with L
= 200 nm, indicating textured growth of Co hcp (002)
structure. Interestingly, with increase in length to L =
1000 nm of the NWs, one more peak corresponding to Co
hcp (100) appears at 2θ = 41.6o along with the existing
hcp (002) peak. The detailed structural investigations
as a function of wire length were reported earlier[12]. In
that report along with micromagnetic simulation, it was
clearly shown that initially Co grows into the pores with
hcp (002) texture up to 300 nanometers and then the
growth orientation changes to hcp (100) as L increases.
It is to be mentioned that there might be an existence of
an intermediate region of width 200 nm where the mix
state of both textures lies.

Figures 2(a)- 2(c) presents the M-H hysteresis curves
measured for the NW arrays with three different L val-
ues; 200, 400, and 1000 nm, respectively. M(H) data pre-
sented here, are measured with varying the angle, θ, be-
tween 0o to 90o. Here, θ is the angle between the applied
field, H, and NW axis. Irrespective of the NWs length,
M(H) curves show systematic decrease in hysteresis loops
with increasing θ from 0o to 90o and Mr/MS follows the
cosine function of this angle as expected. This indicates
that the bulk easy axis arising from both the shape and
magnetocrystalline anisotropies lies along the NWs axis.
However, the anisotropy field, Hk (= H90o

s − H0o

s , Hs

is the saturation field ), decreases with the increasing
length of the NWs, indicating a transformation from an
anisotropic to isotropic system. The variation of Hc as
function of θ for three different wire lengths is shown in
Fig 2(d). It is interesting to see that irrespective of the
nanowire length, Hc decreases sharply for θ > 45o. How-
ever for θ < 45o, for NW of length 200 nm, the values
of Hc are independent of the angle, whereas for L = 400
nm, an increasing trend in Hc was observed and for L =
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FIG. 2. Measured M(H) loops of Co nanowire arrays for lengths (a) 200 nm, (b) 400 nm, and (c) 1000 nm with varying θ. (d)
shows the measured Hc and as a function of angle θ.

1000 nm, Hc was found to decrease slowly.

To understand the experimentally observed angular
dependence of Hc(θ) for three different wire lengths, the
simulations were performed on three different structures
as defined below. For the NWs, with L = 200 nm, the
structure was considered to be hcp (002) with the crys-
tallographic c-axis in longitudinal direction. For L =
400 nm, the texture is defined as two segments along the
NW length; the lower segment of length 300 nm with hcp
(002) structure and a mixture of hcp (002) and (100) with
equal percentage for the upper segment. While simulat-
ing for L = 1000 nm, we have considered thrre diiferent
segments: (i) lower segment of length 300 nm with hcp
(002) texture, (iii) middle segment of length 200 nm with
mixed structure of both hcp (002) and hcp (100), and (iii)
upper segment of length 500 nm with hcp (100) structure.
It is to be mentioned that the simulations were performed
on single NW as well as hexagonal ordered array of seven
NWs. In case of NW array with individual wire length of
200 nm, the simulation was also performed on a hexag-
onal ordered array of maximum 72 (8 × 9 matrix) NWs
based on the computational facilities currently available.
Here, in the simulation, the radius, r, was taken as 35
nm. In the case of hexagonal ordered array structure,
the centers of NW axes were kept at a separation, s =
90 nm. We have considered the parameters of bulk Co,
as A = 1.3 × 10−11 J/m (the exchange constant), MS

=1.76 T (the saturation magnetization), and K1 = 5.2
× 105 J/m3 (magneto-crystalline anisotropy constant of

a Co hcp phase).

Fig 3 (a) -3(c) presents the simulatedM(H) curves for
three different wire lengths, 200, 400 and 1000 nm, re-
spectively with hexagonal ordered array of seven NWs.
M(H) curves presented here, are simulated with varying
the applied field angles, θ, between 0o to 90o with respect
to the NW axis. Similar to the experimental results ( see
Fig 2(a)-2(c)), M(H) curves show systematic decrease in
hysteresis loops with increasing θ. The variation of Hc as
a function of θ for three different wire lengths are shown
in Fig 3(d). It is interesting to see that the behavior of
Hc for L = 200 and 400 nm are similar to those for ex-
perimental ones (see Fig. 2(d)). However, the coercivity
values extracted from the simulated curves are almost
two times larger than the experimental values. On the
other hand, the corecivity values in case of L = 1000 nm,
are very close to the experimental one. To understand
the large discrepancy in Hc for shorter wire lengths, one
has to look into the magnetic moment distribution across
the NW length arising due to different crystallographic
structure.

For the NW with hcp (002) texture ( i.e., L = 200 nm),
both the shape and the magnetocrystalline anisotropies
refer same easy axis along the z-direction. This leads to a
coherent state at the remanence with all the spins direc-
tion parallel to the easy axis (see Fig 4 (a)). Therefore,
in this system, Mr/Ms becomes one and the demagne-
tizing field, Hd = NzMs becomes maximum. In the NW
array structures, along with Hd, antiferromagnetic cou-
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FIG. 3. Simulated M(H) curves as a function of θ for (a) L = 200 nm, (b) L = 400 nm (c) L = 1000 nm. The nanowire
structure used for simulations is as given in explanation. Inset of (a) shows shearing of M(H) curve with increase in no. of
nanowires. (d) Simulated Hc vs θ for different nanowire lengths.

pling between the neighboring NW gives rise to a dipole
interaction field, Hdp, which depends on both the length,
L and separation, s among the NWs. The dipolar inter-
action field effectively reduces the corecivity. This can be
understood from the simulations by changing the num-
ber of NWs in an array. The simulated M(H) data for a
single NW is perfectly rectangular (see inset fig. 3 (a)).
As the number increases to seven NWs in a hexagon ar-
ray, the magnetic reversal happens in steps suggesting
individual NW reverses coherently at different external
fields, Hi

C , which can be defined as[16],

Hi
C = Hs

C −Hint, (12)

where Hs
C is the coercive field of a single NW. Here i

stands for the number of nanowires in the array. The sign
of Hint can be negative or positive, however its magni-
tude depends on the location and separation with respect
to the neighboring NWs and their magnetization direc-
tions. For an example, Hint is maximum when all the
NWs in a array have their magnetization directions par-
allel to each other ( i.e., M = Ms). Reversing a nanowire
at a field much lower than Hs

C followed by Eqn. (12), ef-
fectively reducesHint which is nothing but the step width
between successive Barkhausen jumps. With further in-
crease in the number of NWs in the array structure, the
M(H) behavior ends with a sheared behavior (see inset
Fig. 3 (a) for 8×9 NW array) due to increase in the num-

ber of Barkhausen junps. This figure, also indicates that
Hc was found to decrease by 50 % with increase in the
number of NWs from single NW to an array of 8×9 NWs.
This explains why the large discrepancy was observed in
Hc between the experimental and simulated one. Along
with number of nanowires, one need to consider the other
factors, such as defects, physical shape variations among
the NWs, to match with the experimental Hc values with
theory. Fig 4 (b) presents the variation of Hc as a func-
tion of angle calculated using analytical formula ( Eqn.
(7)) along with the extracted Hc variation obtained from
the micromagnetic simulations for single NW a well as
seven NWs in a hexagon array. It is interesting to see
that the functional form of Hc(θ) calculated from the
analytical formula is matching well with that obtained
from single NW simulation as expected. From these ob-
servations, we conclude that in hcp (002) structure, the
reversal mechanism occurs only by coherent rotation of
the magnetic moment vectors, not by transverse mode as
reported earlier[1], as our NWs have smaller aspect ratio
( < 3).

To understand the reversal mechanism for NWs with
L = 400 and 1000 nm, it is necessary to clear the picture
of magnetic state in a NW with hcp (100) structure. The
remanent magnetic state of a NW with hcp (100) struc-
ture was characterized by a vortex state with opposite
chiralities separated by domain wall of width around 100
nm (see Fig. 5(a)). The magnetization in this state can
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FIG. 4. (a)Nanowire cylinder at remnant state for L = 200nm with hcp (002) structure showing the magnetic spins parallel
to NW axis indicating single domain. (b) Comparison of Hc vs θ curves in case of NW with L = 200nm showing effect of
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anti-clickwise) merging at center. (b) χ vs r at middle of NW. No vortex at L = 250 nm. (c) χ vs r showing decrease in vortex
intensity with increasing H.

be expressed as[12, 25–27]:

M =
∑
N

(Ms cosχiẑ +Ms sinχiφ̂), (13)

where χi is the angle between M and the NW axis or
ẑ of the ith element. Fig. 5 (b) presents the angular
distribution of M along the radial direction with respect
to the NW axis, i.e., χ, at the remanence state for dif-
ferent z values. As shown in this figure (inset of Fig. 5
(b)), for z =100 and 400, χ changes from 90o to 0o along
the radial direction as one approaches towards center.
This implies that along the ẑ direction for a constant
(r,φ), χ remains unchanged. Therefore, a solid NW with
hcp (100) structure can be defined as parallel cylindri-
cal shells with constant M ( See Fig. 5 (a)), however at
the middle, the cylinder is twisted to form a domain. As
shown in Fig 5 (b), the domain also can be character-
ized by a vortex state (Eqn. (13)) for which the center
of the vortex is shifted towards the edge (-ve r direc-
tion) with clockwise rotation as ẑ approaches L/2 and
vanishes completely exactly at z = L/2 = 250 nm. Fur-

ther increasing z, vortex starts appearing on the other
side ( +ve r direction) with anti-clockwise rotation and
then moved towards the center. For further understand-
ing the reversal mechanism, the radial distribution of χ
with increasing the field from 0 (remanence state) to the
saturation field is shown in Fig 5 (c). Here the field was
applied along the ẑ direction. From this figure it is clear
that the intensity of vorticity ( i.e. the angular distribu-
tion of M) is high at the remanence state and it decreases
with the increasing field, and vanishes at the saturation
field. Therefore, we can conclude that in pure hcp (100)
structure, the reversal mechanism occurs via a process
with reducing the vorticity along with the domian wall
motion which creates at two ends and annihilate at the
center of the NW.

At the remanence state, the distribution of z-
component of M for the NW of length 1000 nm is shown
in Fig 6(a). In this figure, the distribution is shown only
for outer cylindrical shell for better clarity, though the
actual simulations are carried out on a solid cylinder.
Three planar sections with Mz component for three dif-
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ferent z-values are shown in the same figure. From these
views, we can infer that NW of length 1000 nm with three
segments have following magnetic moment distributions;
(i) lower segment of length 300 nm with hcp (002) struc-
ture shows that moment vectors are aligned parallel to
each other and to the z-axis, i.e., NW axis and it known
as a coherent state, (ii) middle segment of length 200 nm
with equal percentage of hcp (002) and (100) structures
shows a gradual change from coherent to vortex state,
and (iii) upper segment of length 500 nm with hcp (100)
structure shows a dominant magnetic vortex state. Fig
6 (b) presents χ along the radial direction for different
z-values. This figure clearly indicates that whole length
of NW can be divided into two segments with respect to
the the magnetic state. First a lower segments of length
400 nm dominated by coherent state. Then With further
increasing the z value vortex starts appearing and the
intensity of the vorticity increases with increasing length
and reaches to 90% of its maximum value at a length
of 600 nm ( see figure 6 (c)). These results imply that
a mix state with equal percentage of hcp (100) and hcp
(002) structures can be represented by gradual crossover
from a coherent state to a vortex state. Interestingly, in
the upper segment of this bilayer structure no domain

was formed as observed in the case of single hcp (100)
structure ( Fig 5(a)).

It is equally important to see the change of different
energy density contributions defined by Eqs. (3-6) while
NW growing in length. Fig. 7 presents the energy den-
sity (J/m3) bar diagram of different energy contributions
at remanent state for NW length L = 200, 400, and 1000
nm, respectively. Since in all three cases external field H
= 0, Zeeman energy Eze is not considered. For L = 200
nm, with hcp (002) structure, spins are aligned parallel
to each other (i.e., coherent state) with ψ = 0, therefore,
the anisotropy energy, Ean and the exchange energy, Eex

both become negligible. But the magnetostatic energy,
Em ∼ 2.45×105 J/m3, is more than that of 400 nm and
1000 nm and is dominant over all other energies. This
dominance of Em gives better squareness (Mr/MS = 1)
in 200 nm with highest Hc as can be seen in Fig. 3. In
case of L = 400 nm, as explained earlier, the structure
represents 100 nm mix region on the top of 300 nm hcp
(002). This provides 15 % volume contribution of hcp
(100) structure in the whole 400 nm length. But inter-
estingly, it decreases Em by almost 50 % to 1.3×105 J/m3

as spins in mix region start curling, loosing the perfect
coherent structure. This can be seen as Eex starts ap-
pearing (∼ 9.9×103 J/m3) along with increased Ean (∼
0.7×105 J/m3). The effect of this can be seen in a de-
crease in Hn (and hence in Hc) for 400 nm than that of
200 nm. It has to be mentioned here that, though the
curling of spins started, the magnetization reversal is still
dominated by coherent rotation asMr/Ms ∼ 1. For NWs
with L = 1000 nm, hcp (100) dominates the structure.
This gives highest Ean (∼ 1.3×105 J/m3) among all three
cases. Apart from that, Ean is most dominant in all en-
ergy contributions in 1000 nm as hcp (100) structure has
easy axis of magnetocrystalline anisotropy perpendicular
to wire axis giving ϕ = 90o. A single vortex appears in
1000 nm as explained earlier, which enhances Eex to its
maximum value in all three NWs (∼ 0.43×105 J/m3).
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V. CONCLUSION

In conclusion, we have studied both the structural and
the angular properties of electrodeposited Co NWs with
varying the NW length. The observed magnetic proper-
ties were then explained with the help of micromagnetic
simulations and it was shown that the Co texture plays
an important role in defining the magnetic properties in
NWs. In shorter wire length with hcp (002) structure, the
reversal occurs via coherent process, whereas in longer
one with existing of both hcp (002) and hcp (100) struc-
ture, a gradual crossover from a coherent state at lower
segment to vortex state at upper segment was observed.
It was also shown that in a array with hcp (002) struc-
tures, the dipole interactions among them effectively re-
duces the coercivity in the system by 50%. Moreover,
with addition of small percentage (15%) of hcp (100)
structure at the top of the NW, the magnetostatic energy

arising due to dipolar interaction decreases dramatically,
which in turn reduces Hc by 50% keeping squareness ratio
almost one. This might be due to initiation of the vortex
state at one end of the nanowire. With further addition of
hcp (100) structure, the anisotropy field (HK) was found
to decrease, indicating a decrease in uniaxial anisotropy
in the system. Thus, by controlling the bilayer lengths
of hcp (002) and (100) in Co NWs, it can be possible to
control the magnetic properties, such as, Hc, squareness
ratio, magnetic anisotropy. Therefore, these studies are
very important to understand the physics of magnetic
states towards the memory applications where the mag-
netic arrays with higher effective longitudinal anisotropy,
lower Hc and reduced interaction are required.
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[9] G. Kartopu, O. Yalçin, M. Es-Souni, and A. C. Başaran,
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