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Room temperature magnetization of two dimensional (2D) arrays of cobalt nanowires (NWs) having

diameter 50 and 150 nm prepared by electrodeposition are studied in details. Diffraction patterns of the

NWs reveal that the crystallites of the NWs become more textured on decreasing their diameter.

Magnetic hysteresis loop measurements show the magnetic easy axis changes its direction from axial

to perpendicular direction of NWs on increasing the length of the NWs. The magnetostatic interaction

among the NWs, known as the key factor in defining the easy direction is found not to be dipolar at all

the circumstances. An aspect ratio (length/diameter of NWs) dependence of the non-dipolar interaction

in 150 nm NWs is evident from the static magnetization as well as from ferromagnetic resonance (FMR)

measurements.
1. Introduction

In recent years, research on ferromagnetic cylindrical nano-
wires (NWs) has regained intense attention because of their
excellent electronic and magnetic properties that are fundamen-
tally important for exploring micromagnetism and believed to
start a new era for magnetic and magneto-electronic devices [1,2].
When arranged in periodic two-dimensional (2D) arrays, they
might be used in perpendicular magnetic recording media,
sensors and microwave devices [3,4]. The magnetic multilayered
NWs are found to be very useful to study GMR effect [5].

Magnetic properties of a NW are governed by various anisotropy
energies such as shape, magnetocrystalline and surface anisotropy
[6]. In case of 2D arrays of such NWs, anisotropy developed due to
the magnetostatic interaction among the NWs [7] can play a
dominating role over the other anisotropies as seen in arrays of
nanodots [8]. Considering all the energy terms including the aniso-
tropies, various micromagnetic calculations based on Landau–
Lifschitz–Gilbert equations suggest two remanent states of a cylind-
rical shaped NW: flower states at lower diameters of NWs and vortex
states at higher diameters of NWs [9–13]. Multi-domains are
possible on increasing the diameter further as observed for micro-
wires (diameter�15 mm) [14]. The two main reversal mechanisms
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that can be possible within the NWs are coherent reversal at lower
diameters of NWs and various incoherent reversals such as curling,
fanning, buckling [6,9] at higher diameters of NWs. Though the
reversals are mostly found to be localized due to non-uniform
diameter, surface defects, lattice imperfections of the NWs [15],
delocalized reversals may possible at low aspect ratios of NWs [16].
Localized reversals such as cork-screw mode and curling mode
through vortex wall nucleation-propagation are most common at
lower and higher diameters of NWs respectively [17].

Most of the studies on the 2D arrays of NWs that have
performed until to-date in our knowledge assumed the NWs as
perfect dipoles and the interaction is dipolar [18,19]. A more
realistic model of dividing a NW in thousands of tiny dipoles and
then consider the interaction among the dipoles belongs to
different NWs also exist [20]. A length dependent interaction
among the NWs considering dipolar and non-dipolar behavior of
the NWs has been investigated by few researchers [21]. Ideally,
the dipolar approximation will hold good for the arrays of NWs
with lower diameter where the remanent state is flower state and
the spatial separation between the NWs is much larger than their
diameter or length. In the magnetic states of NWs, other than the
flower state, the nature of magnetostatic interaction and its effect
on their magnetic properties have not received a desired amount
of attention. In the present work, we study the structural and
magnetic properties of 2D arrays of Co NWs with average NW
diameter of �50 and 150 nm. The average center to center
distance of the NWs is �250 nm for 50 nm NWs and �185 nm
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for 150 nm NWs. We study here the static and dynamic magnetic
responses of the 2D arrays of NWs in detail and investigate the
magnetostatic interaction among the NWs upon increasing their
length. We conform that the magnetic interaction among the
NWs is not dipolar in nature at all the circumstances.
2. Experimental

Arrays of Co NWs with diameter �50 and 150 nm are
prepared within the pores of polycarbonate and alumina mem-
branes respectively using DC electrodeposition method [22]. The
membranes are commercially availed from Whatman (UK) [23].
All electrochemical deposition of cobalt NWs is carried out at
room temperature using an AUTOLAB-30 potentiostat at a con-
stant voltage of 0.9 V determined by linear sweep voltametry in a
conventional three-electrode cell (20 cm3 capacity) for the parti-
cular electrolyte used for the synthesis. To use the membrane as
an electrode, one side of it is coated with a conductive gold layer
of 0.1 mm thick prepared by thermal evaporation technique. The
gold-coated membrane is used as a working electrode (cathode)
whereas a platinum foil and saturated Ag/AgCl are used as the
counter and reference electrode respectively. The backside of the
membranes is covered by a plastic tape to prevent deposition on
that side during the NW synthesis. Co is electrodeposited from an
aqueous electrolyte solution of 0.9 M of CoSO4 and 0.8 M of
H3BO3. The pH of the solution is maintained at �3.4 (s�0.5).

For each diameter, the aspect ratio (AR¼ length/diameter) of
the NWs is varied by changing the deposition time and hence
length of the NWs. The AR of the NWs is varied from �3.7 to 410.
The time vs current profile during the NW deposition is observed
and the over-deposition is avoided by stopping the deposition
before rapid increase of deposition current. For structural char-
acterization of NWs, the alumina membranes are dissolved in 2 M
solution of NaOH at room temperature. The polycarbonate mem-
branes are dissolved using chloroform solution. All the magnetic
measurements are performed keeping the membranes intact.
A field emission scanning electron microscope or (FESEM, JEOL,
JSM–6700 F) and a high resolution transmission electron micro-
scope (HRTEM, JEOL-2010) are used to study the surface mor-
phology of the NWs and to determine their length and diameter.
Composition of the NWs was verified by energy dispersive x-ray
(EDX) scattering obtained from the isolated NWs during their
imaging by FESEM. The crystal structures of the samples are
confirmed by selected area electron diffraction (SAED) pattern
taken during the HRTEM study.

The room temperature magnetic hysteresis loops of the arrays
of NWs are measured by a SQUID (Quantum Design Inc., USA)
Fig. 1. FESEM micrographs of the NWs with average diameters (a) 50 nm and (b) 150 n

corresponding membranes show distributions of the pores (hence NWs) in the membr
magnetometer. Dynamic response of 150 nm NWs having ARs 50
and 400 are studied at room temperature employing a ferromag-
netic resonance set-up (Bruker make).
3. Results and discussions

3.1. Structural properties

FESEM micrographs of the nanowires captured after removing
the alumina templates clearly show the formation of Co-nano-
wires with uniform length and diameter and they are shown in
Fig. 1a and � b for the diameters 50 nm and 150 nm respectively.
Insets of Fig. 1a and 1b show the top view of the membranes used
during the corresponding NWs preparation. From this study, we
also observed that the length of the nanowires is linearly propor-
tional to the time of deposition. The EDX study of the NWs
confirms the NWs composed of cobalt only. Negligible amount of
Al and Au observed in EDX spectra are due to the presence of
residual alumina membrane in the etched samples and Au thin
film beneath the NWs respectively.

The phase and crystal structure of the NWs after releasing
them from the membranes are also studied by HRTEM (Fig. 2a).
Selected area electron diffraction (SAED) patterns obtained from a
single NW with diameter 150 nm and 50 nm are shown in Fig. 2b
and 2c respectively. In case of 150 nm NW, hexagonal spots
corresponding to (2 0 0) and (0 2 0) planes of hcp crystalline
phase are observed whereas the circular ring corresponds to
polycrystalline (1 0 1) plane of hcp Co. SAED pattern of 50 nm
wire diameter shows single crystal hcp phase with diffraction
spots from (0 1 0) and (1 0 0) planes. The electron beam is
incident perpendicularly to the axes of NWs and the patterns
indicate the textured c-axis perpendicular to the length of the
NWs. The increase in crystalline texture on decreasing the
diameter is the consequence of increased pressure at smaller
diameter during the electrodeposition.

3.2. Magnetic properties

Figs. 3 and 4 show the magnetic hysteresis loops recorded at
two different orientations of the external applied magnetic field
(Ha); parallel to the length of the NWs (out of plane (OP)) and
perpendicular to the length of the NWs (in plane (IP)) for different
ARs of 50 and 150 nm NWs respectively. We observe that the
hysteresis loops are tilted and non-quadrilateral in shape with
remanence magnetization Mr, 0.04MsoMro0.45Ms and coercivity
Hc, 60 OeoHco540 Oe, where Ms is the saturation magneti-
zation. Here it is noteworthy to remember that in the absence of
m indicating uniform growth of NWs within membranes. Insets: top views of the
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Fig. 2. (a) HRTEM micrograph of 150 nm NWs indicating uniform diameter throughout the lengths of NWs and SAED patterns of (b) 150 nm and (c) 50 nm NWs reflect

textured and single crystalline hcp crystal structures respectively with c-axis perpendicular to the NW axis.

Fig. 3. Hysteresis loops of the NWs with diameter 50 nm having AR�(a) 5.2 (b) 21

and (c) 86. The dotted and solid curves are for applied field parallel (OP) and

perpendicular (IP) to the axes of the NWs respectively. It indicates magnetic easy

axis is along the axis (OP) of smallest NWs (AR�5.2) and along transverse

direction (IP) for higher ARs.

Fig. 4. Hysteresis loops of the NWs with diameter 150 nm having AR�(a) 50 and

(b) 400. The dotted and solid curves are for applied field parallel (OP) and

perpendicular (IP) to the axes of the NWs respectively. It shows axial (OP)

magnetic easy axis in short (AR�50) NWs and transverse (IP) easy axis in long

(AR�400) NWs.
an external magnetic field, the exchange interaction and different
anisotropy fields e.g., shape, magneto crystalline, surface aniso-
tropy fields [24] determine the equilibrium magnetization of a
ferromagnetic nanostructure. At remanence, the arrangement of
spins in a ferromagnetic cylinder can give rise to a flower or
vortex state depending on the diameter of it [9–13,25–27]. In
flower state, the spins are parallel to each other and are oriented
along the NW axis. It follows a coherent magnetization reversal
and produces square shaped hysteresis loop with MrEMs.
Whereas in the vortex state, the magnetic spins are tilted in the
circumferential direction and make a certain angle to each other.
In this state, curling type of reversal takes place - giving rise to a
tilted non-quadrilateral hysteresis loop with much low rema-
nence and coercivity as observed in the Figs. 3 and 4. Here, the
experimental data pointing towards the remanent state of our
NWs is to be the vortex state. For a constant length of NWs, there
exist a critical diameter [11,28–29] Dc below which the flower
state and above which the vortex state is found to be energetically
favorable and is determined by minimizing the total magnetic
free energy of the cylindrical NWs. For a particular size and
material of NWs, energy minimization needs detail knowledge of
magnitude and direction of magnetocrystalline, surface anisotro-
pies etc. [6,13,25,30]. However, our results are consistent with
Ross et al. [13] where they found the Dc is about 24.5 nm for a
pure Co NW with AR within the range from 0.9 to 3.5. In the case
of infinite NWs, where shape anisotropy along long axis is
constant, the surface induced anisotropy stabilize the vortex state
in it [27] and the value of Dc may even become lower due to less
magnetostatic energy [31].

In Figs. 3a and 4a, we noticed near zero external magnetic
fields, the OP magnetization increases faster with the external
field than the IP magnetization for low ARs of the 50 and 150 nm
NWs respectively. This type of sharper hysteresis loops along OP
direction of the NWs indicates the OP as their easy direction of
magnetization. On the other hand, in Fig. 3b, c and 4b we notice IP
easy axis at higher ARs of the NWs (AR�21, 86 for 50 nm and
�400 for 150 nm NWs). Initial susceptibilities estimated from the
hysteresis loops in IP (wIP) and OP (wOP) directions are plotted as a
function of AR in Fig. 5a for 50 and in Fig. 5b for 150 nm NWs. wOP

is initially higher than wIP at low ARs of 50 and 150 nm NWs.
Upon increasing the AR, a crossover between wIP and wOP has been
marked at AR�6 and 265 for 50 and 150 nm NWs respectively.
These indicate a change in easy axis from OP to IP on increasing
the AR of the NWs.

The directional change of easy axis on increasing the AR of 50
and 150 nm NWs can easily be understood by considering the
anisotropy field Hani of the NWs in OP and IP directions. Hani in a
particular direction (IP or OP) includes all the anisotropies that
are present in the NWs in that direction. Anisotropies arise from
geometrical shape, hcp crystallinity of the NWs and magneto-
static interaction among the NWs are believed to be the most
prominent contributions of Hani. Shape anisotropy of a NW
originates from the self demagnetization field of the NW.



Fig. 5. Initial susceptibility, winitial vs AR plot for both the IP and OP configurations

of the NWs with diameter (a) 50 nm and (b) 150 nm indicating directional change

of magnetic easy axis from OP to IP upon increasing the ARs (i.e. length) for both

the diameters.

Fig. 6. Demagnetization fields Hd (responsible for shape anisotropy) along IP (Hd
IP)

and OP (Hd
OP) directions are plotted against the ARs of the all the NWs used in the

study indicating the shape anisotropy along axial direction (Hd
IP) saturates above

AR�43.

Fig. 7. Hani vs AR plot for both the IP and OP configurations of the NWs with

diameter (a) 50 nm and (b) 150 nm indicating a crossover of magnetic easy axis

from OP to IP at AR�6 for 50 nm NWs and at AR�315 for 150 nm NWs.
Numerical calculations of demagnetization fields [31] (Hd) of the
NWs used in our study show that, the shape anisotropy (Hsh)
always. tries to make the OP as easy direction. Perhaps it initially
increases with the increase of AR but remain constant (� 2pMs¼

8930 Oe, considering MS¼1422 emu/cc of bulk cobalt) beyond
the AR�43 (see Fig. 6).

On the other hand, the magnetocrystalline anisotropy (Hk)
remains constant for a particular wire diameter irrespective of its
AR and depends only on the crystallinity of the NW. Here the NWs
have hcp crystalline phase with the magnetically easy c-axis
along the IP direction for 50 and 150 nm NWs. In case of single
crystalline 50 nm NWs, Hk�2K1/Ms¼7032 Oe (assuming aniso-
tropy as uniaxial and neglecting higher order terms), where K1 is
the first order anisotropy constant and is equal to 5�105 erg/cc
for hcp phase [31]. Hk is much lesser in 150 nm NWs as they
consist of textured hcp as well as polycrystalline phase.

From the above discussions it is clear that, Hsh is always
greater than Hk for all the NWs we studied and the resultant of
these two tries to make the OP as the easy direction of magne-
tization. Furthermore, the shape and magnetocrystalline aniso-
tropies are not merely responsible for the crossover of easy axis
from OP to IP on increasing the AR of the NWs or the IP easy axis
observed in NWs. In these circumstances, it has suggested in
literatures to consider the dipolar interaction among the NWs in
the arrays to explain the experimental observations [18,19,32]. In
contrast, few have also suggested that [33], the crossover is
primarily due to the competition between Hsh and Hk (that
determines different reversal modes at different ARs) which
may not be true where Hsh is dominant over Hk at all the ARs of
NWs. In case of dipolar interaction [34], it is customary to
approximate the individual NW as dipole [18,19,32,35,36]. How-
ever, through a straightforward theoretical derivation of the
dipolar interaction [19] for a square mesh of 2D array of NWs it
is easily possible to show that, the net OP anisotropy,

HOP ¼�4:2MsV=D3
þHsh ½1�

and the net IP anisotropy,

HIP ¼ 2:1MsV=D3
þHk ½2�

where V is the volume of a NW and D is the inter-wire distance.
The first terms in Eqs. (1) and (2) are the magnetostatic interac-
tion field strength when the external magnetic field is applied
along OP and IP directions respectively. The negative sign in Eq. 1
is used to indicate the interaction field produced by surrounding
NWs on the test NW is opposite to its magnetization. In other
word, interaction in OP direction is anti-ferromagnetic (AFM) in
nature while that in IP direction is ferromagnetic (FM) i.e.
supports the magnetization of the test NWs. The model leads to
a directional change of easy axis from OP to IP with the increase in
AR of NWs governed by the dipolar interaction which dominates
over the shape and magnetocrystalline anisotropies [18]. Accord-
ing to the equations the change in easy axis occur at AR�8 for
50 nm NWs and at AR�6 for 150 nm NWs [18]. Whereas in our
case, the directional change of anisotropy field and hence the
directional change in easy axis is observed near the AR�6 for
50 nm NW (Fig. 7a) and around 315 for 150 nm (Fig. 7b). In Fig. 7
we plotted the anisotropy fields Hani against the ARs in OP and IP
directions estimated from the hysteresis loops. As per as our best
knowledge, such directional changes of easy axis at quite high AR
of NWs as observed here in 150 nm NWs has not been reported
previously elsewhere. The 150 nm NWs are closely spaced with
an average separation between two neighboring NWs of �35 nm.
As the NW diameter is comparable to the inter-wire distance,
the above-mentioned dipolar interaction model seems not to be
appropriate here. In contrast, the model holds good in 50 nm NW
sparse array system where the inter-wire distance is relatively
higher (�250 nm).

Dynamic response of NWs by ferromagnetic resonance (FMR)
study is believed to be a more sophisticated approach to study the
angular dependency of anisotropy field [4,7,19]. We investigate
here the angular dependency of anisotropy field of 150 nm NWs
with two distinct ARs�50 and 400. FMR studies were performed
by placing the membrane of the samples in the resonant cavity in



Fig. 10. FMR spectra at various angles (^H¼0–1801) of applied bias field in the

plane of membrane for the 150 nm NWs with AR�50. Inset shows polar plot of IP

resonance field.
such a way that the axes of the NWs are along the z-axis of a
cartesian coordinate system. The microwave pumping field hrf

with frequency (n) �24 GHz (k-band) was always oriented
perpendicular to the applied bias field Ha and the axes of the
NWs. The magnetization M and applied bias field Ha can be
described by the polar and azimuthal angles (y, ^) and (yH, ^H)
respectively in a spherical coordinate system where Ha,z¼Ha Cos
yH, the projection of Ha along z-axis. We varied the angle yH of Ha

from 01 to 1801 with respect to the wire axis keeping ^H¼0. The
strength of the bias field was varied from 0 to 1.7 kOe for each yH.
FMR derivative spectra at 51 interval of the applied bias field were
measured for the arrays of NWs.

Typical sequences of FMR derivative spectra upon sweeping
the bias field (Ha) at different yH are shown in Figs. 8 and 9 for
arrays of NWs with diameter �150 nm and AR�50 and 400
respectively. The field dependent absorption peaks correspond to
FMR absorption peaks and the field corresponds to maximum
absorption is taken as the resonance field (Hres) from the cobalt
NWs. The minor peaks are originated perhaps due to the presence
of different crystalline texture and surface anisotropy in the NWs.
Hres shifts to higher field for shorter NWs and to lower values for
longer ones on changing yH from 01 (OP direction) to 901 (IP
direction). We have measured ^H dependence of IP resonance
field by rotating the bias field from ^H¼0–1801 and found no
change in Hres (see the plot for AR�50 in Fig. 10). For AR�50
(Fig. 8), Hres significantly increases from �5398 (79) Oe at
Fig. 8. FMR spectra at various angles (yH¼0–1801) of applied bias field in a plane

perpendicular to the membrane plane for the 150 nm NWs with AR�50. A

schematic diagram of the external field direction with respect to NWs axes is

also shown.

Fig. 9. FMR spectra at various angles (yH¼0–1801) of applied bias field in a plane

perpendicular to the membrane plane for the 150 nm NWs with AR�400.

Fig. 11. Angular (yH) dependence of resonance field (Hres) of the 150 nm NWs

with AR�50 (open circles) and AR�400 (solid circles). The best fitted curves using

Eq. (2) for AR�50 (dashed line) and AR�400 (solid line) are shown also.
yH¼01 to Hres = 8540 (712) Oe at yH¼901. On the other hand,
for AR�400 (Fig. 9) a small decrease in Hres from �6627 (79) Oe
at yH¼01 to Hres = 6383. (79) Oe at yH¼901 is observed. The
typical skin depth at microwave frequencies in 3D ferromagnetic
material is �100 nm. Hence the change in Hres corresponds to the
magnetization of entire NWs and not from their surface only. Hres

vs yH is plotted in Fig. 11 for both the samples. It implies the
magnetic easy axis changing from OP to IP direction on increasing
the AR from 50 to 400 as observed from the magnetic measure-
ments discussed earlier.

The Hres vs yH curve can be fitted for uniform FMR mode [37]
considering the NWs as infinitely long cylinders with an effective
uniaxial anisotropy field (Heff) along OP or IP direction depending
on AR. The effective anisotropy field (Heff) is the resultant of all
the anisotropies that are possibly present in the NWs i.e. the
resultant of HOP and HIP as discussed earlier in Eqs. (1) and (2).

The corresponding resonance condition can be derived from
the free energy density equation of an infinite cylinder and can be
written as,

E¼MsHeff sin2 y�MsHres½sin ysin yHcosð^�^HÞþcos ycos yH� ð3Þ

In our present study with the applied field varying from OP
(yH¼01) to IP (yH¼901) direction in a plane of F¼FH¼01, the
resonance frequency (o¼2pn) corresponding to the equilibrium
angle y0 of M is obtained from the second derivative of the energy



density in Eq. (3) by the formalism of Smit and Beljers [38] as,

ðo=gÞ2 ¼ ½ðHeff cos 2y0þHrescosðy0�yHÞÞðHeff cos2 y0þHrescosðy0�yHÞÞ�

ð4Þ

here g¼gmB/: is the gyromagnetic ratio, taken as positive, mB, the
Bohr magneton and g, the Landé splitting factor. The equilibrium
angle y0 of M is determined from the condition dE/dy¼0 for each
field angle yH at the corresponding Hres. The experimental Hres vs
yH values were fitted with Eq. (4) and are shown in Fig. 11 for
both the ARs. It gives us the value of Heff¼2108 Oe for AR�50 and
149 Oe for AR�400. The value of g calculated from the NWs with
AR�50 and OP easy axis is�2.2. We avoided calculating g value
from the NWs with AR�400 with IP easy axis as the change in
measured Hres is only�240 Oe on changing yH from 01 to 901 and
can give rise to significant error. The magnetization measure-
ments (Fig. 4) as discussed earlier are in accordance with the FMR
results [18,20].

In analyzing the FMR results, let us consider the phenomen-
ological mean field approach suggested by Netzelmann [39] for
the dipolar interaction field among the NWs in array system.
According to the theory, dipolar interaction field Hint has two
contributions: 2pMsP due to the charges on the cylindrical wire
surfaces which tries to make the IP direction as easy direction and
4pMsP for the free charges at the both ends of all the NWs which
tries to make the OP direction as magnetically hard where P is the
porosity (the ratio of the total cross sectional area of the pores to
the membrane’s flat surface area) of the membrane. In precise, we
can say the magnetostatic interaction has been manifested by the
demagnetization fields of thin film (the 2D array) and infinite
cylinder (the NW).[19] Therefore the resultant Hint along IP is
6pMsP. With P�0.5 for 150 nm NWs [23], Hint¼3pMs. Combining
this with Hsh and neglecting Hk, the Heff�pMs (¼4466 Oe) along
IP direction which explains only qualitatively the IP easy axis
observed for AR�400 contrary to the observed experimental
value of Heff�149 Oe. But in case of AR�50, even such a
qualitative description is not possible to produce with the help
of the porosity dependent dipolar interaction model among the
NWs. In precise, the porosity dependent dipolar interaction model
can only explain qualitatively the observed IP easy axis but not
the OP one. It is thus obvious to reformulate the magnetostatic
interaction which may not be truly always dipolar in such a dense
array of NWs system. Furthermore, it is necessary to introduce an
AR dependent magnetostatic interaction in addition to the por-
osity dependence in explaining the FMR results [19].

Magnetization study described earlier pointing towards a
complex nature of the interaction field. In dipolar interaction
model, it has assumed that the stray field of a NW is uniformly
distributed along its length. However in case of infinitely long
NWs (magnetic cylinder), it is obvious that the stray field lines of
a NW will be more concentrated near its ends (top and bottom).
Hence, linear dependency of the dipolar field strength on the
volume of the NWs may break. However it is to be noted that, the
dipolar model is unable to speculate the situations below the
saturation fields in hysteresis loops for vortex NWs.
4. Conclusions

2D arrays of Co NWs with diameters 50 and 150 nm are
successfully prepared by DC electrodeposition. NWs have hcp
crystalline phase and become more textured on decreasing the
wire diameter perhaps due to the enhanced stress during electro-
deposition at lower diameter. Magnetic hysteresis loops implies
the vortex remanent state in the NWs. The observed directional
change of magnetic easy axis from OP to IP direction on increasing
their ARs indicates the domination of magnetostatic interaction
among the NWs over other anisotropies. The change in 50 nm is
consistent with dipolar interaction model as the average inter-
wire distance is quite high compared to wire diameter. In
contrast, similar directional change of easy axis occurs at some
large AR in 150 nm NWs. Dynamic magnetic response of the later
measured by FMR spectroscopy are in accordance with the static
measurements. Dipolar interaction models cannot explain the
observed magnetic properties of this NWs. Particularly; an AR
dependent term should be introduced in the magnetostatic
interaction field in explaining the FMR results. Here, the inter-
wire distance is comparable to the wire diameter and the NWs
have vortex remanent state both of which break the true dipolar
interaction among NWs. It needs a further theoretical under-
standing of the interaction to explain the experimental results
unambiguously.
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[1] Ming Yan, Attila Kákay, Sebastian Gliga, Riccardo Hertel, Phys. Rev. Lett. 104
(2010) 057201;
C.T. Boone, J.A. Katine, M. Carey, J.R. Childress, X. Cheng, I.N. Krivorotov, Phys.
Rev. Lett. 104 (2010) 097203;
O.A. Tretiakov, Y. Liu, Ar. Abanov, Phys. Rev. Lett. 105 (2010) 217203.

[2] Z.Z. Sun, J. Schliemann, Phys. Rev. Lett. 104 (2010) 037206.
[3] H. Masuda, K. Fukuda, Science 268 (1995) 1466;

D. Appell, Nat. London 419 (2002) 553;
A. Mourachkine, O.V. Yazyev, C. Ducati, J.-Ph. Ansermet, Nano Lett. 8 (11)
(2008) 3683.

[4] A. Fert, L. Piraux, J. Magn. Magn. Mater. 200 (1999) 338;
C.A. Ross, Annu. Rev. Mater. Res. 31 (2001) 203;
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