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Magnetic behavior of an array of cobalt nanowires
J. M. Garcı́a,a) A. Asenjo, J. Velázquez, D. Garcı́a, and M. Vázquez
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Cobalt nanowires have been electrodeposited into the pores of Anodisc™ alumina membranes after
placing on one side a layer of sputtered copper, which acts as electrode and substrate during the
electrodeposition. Nanowires are 60mm long, 170–220 nm in diameter depending on the size of the
pores of the alumina membrane. This array of nanowires exhibits uniaxial magnetic anisotropy
related to the particular shape of each individual nanowire. On the contrary to the expected behavior
in a uniaxial magnetic system, the coercivity of the array exhibits a maximum when the applied field
is in a perpendicular direction with respect to the easy axis. This magnetic behavior is analyzed
considering dipolar interactions among nanowires, and the magnetization of the array is obtained as
a function of the magnetic characteristics of each nanowire using an iterative method. ©1999
American Institute of Physics.@S0021-8979~99!63208-X#
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INTRODUCTION

The production by different methods of magnetic wir
with diameter in the nanometric scale has recently attrac
much attention. Their main interest lies in the fundamen
scopes as the micromagnetic reversal process and qua
effects,1–3 as well as in applied aspects in various issues
giant magnetoresistance and magnetic recording.4–7 In par-
ticular, the deposition of metals inside the nanometric po
of a membrane is the most inexpensive technique to prod
nanosized patterned structures.1–8 The pore diameter and th
separation wall thickness define the density of the nanow
as well as their diameter. This geometrical condition, alo
with the growing parameters, will determine the mater
structure and its magnetic properties. In this work, we p
form an experimental study of the magnetic properties of
array of cobalt nanowires and a simple model to explain
magnetic behavior is proposed.

EXPERIMENTAL TECHNIQUES

Cobalt nanowires were electrodeposited into the pore
Anodisc™ alumina membranes 60mm in thickness and
whose pore diameter was nominally 200 nm. The me
branes were cut to have a rectangular 10 mm2 shape. Previ-
ous to the deposition, a 5000 Å layer of Cu was sputtered
one side of the membranes in order to act as substrate
cathode during the electrodeposition. A three-electrode e
trochemical cell was used, controlled with a PC and an Am
Instruments potentiostat. The deposition was carried ou
potentiostatic mode with the electrolyte given by Whitn
et al.8 applying21.6 V with respect to the Hg/Hg2SO4 ref-
erence electrode.

Structural characterization was performed by means
x-ray diffraction using a Philips X’PERT diffractometer wit
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Cu Ka radiation. The filling of the pores as well as th
morphology of the array of nanowires after dissolving t
alumina was monitored by scanning electron microsco
~SEM! in a ZEISS DSM 960 microscope.

Room-temperature magnetic characterization of the
ray was performed using an LDJ vibrating sample magne
meter~VSM!.

RESULTS AND DISCUSSION

During the electrodeposition, complete filling of th
pores was monitored measuring the supplied current.8 As a
result of this process, the nanowires were 60mm long. Al-
though the pore diameter of the membrane was nomin
200 nm, SEM images revealed that the pore diameter
not constant but it varied in the 170–220 nm range. In or
to visualize the nanowires, the alumina matrix was dissolv
using a 5 M NaOH solution for 20 min. Figure 1 shows

FIG. 1. SEM image of electrochemically grown Co nanowires after disso
ing the alumina membrane support.
0 © 1999 American Institute of Physics

IP license or copyright; see http://jap.aip.org/jap/copyright.jsp



in
in

is
in
ha
he
e
o

lie
e
ar
-
th
s
i
c

of
o
f

(
n

ec
e
gu
en

d
e
to

i
co
he
at
e

n
d

te

er-

ach
at is

tate

bed

but
f

rop-

a-
-

s.

tted
he

the
-

5481J. Appl. Phys., Vol. 85, No. 8, 15 April 1999 Garcı́a et al.
SEM image corresponding to Co nanowires after dissolv
the alumina. They consist of metallic wires 170–220 nm
diameter.

The typical x-ray diffraction pattern of the samples
shown in Fig. 2. The peaks can be regarded to be alum
copper, cobalt, and boron oxide. It is important to notice t
Co is mainly crystallized in the fcc structure instead of t
hexagonal one, which is imposed by the sputtered Cu lay9

Figure 3 shows two hysteresis loops of the array
nanowires with the membrane support: when the app
field is parallel to the nanowires~perpendicular to the surfac
of the membrane! and when the applied field is perpendicul
with respect to the nanowires~so, in the plane of the mem
brane!, respectively. These hysteresis loops reveal that
array exhibits uniaxial magnetic anisotropy with the ea
axis parallel to the nanowires whose origin is associated w
their shape. The angular dependence of the out-of-plane
ercivity and the remanent-saturation magnetization ratio
illustrated in Fig. 4, beingu, the angle between the surface
the membrane and the applied magnetic field. It can be
served that maximum remanent magnetization is obtained
an applied field which is parallel to the nanowiresu
590°), while the coercivity of the array is maximum whe
the field is applied in a perpendicular direction with resp
to the nanowires (u50°). In order to elucidate the existenc
of a preferential direction within the surface plane, the an
lar dependence of the in-plane coercivity and the reman
saturation magnetization ratio was studied, beingf, the
angle between the longest edge of the sample surface an
in-plane applied field. As shown in Fig. 5, all the in-plan
directions~directions contained in a plane perpendicular
the nanowires! are equivalent.

In summary, the array exhibits an easy axis which
parallel to the nanowires, but with the anomaly that the
ercive field is minimum in that direction. Furthermore, t
remanent magnetization is always lower than 7% of the s
ration magnetization, which also indicates very strong int
action among the nanowires.1

The decrease of the coercivity along the easy axis ca
analyzed with a simple model which considers magnetic
polar interactions among nanowires. As previously repor

FIG. 2. X-ray diffraction pattern of the supported array of Co nanowire
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this kind of interaction explains the properties of the hyst
esis loop of a set of ferromagnetic amorphous wires.10 In our
case, to estimate this interaction, we assume that e
nanowire is characterized by a square hysteresis loop th
expressed by the generic functionM5M (H). The magnetic
field generated by each nanowire affects the magnetic s
of its neighboring nanowires. IfHa(t) is the applied mag-
netic field at the timet, the magnetizationMi of the nanowire
i is given by

Mi5MiFHa~ t !2 (
j 51

j 5N

Ki j M j G , ~1!

N being the total number of nanowires andKi j depending on
the distance between the nanowiresi and j.

In the array of nanowires whose properties are descri
in this work we found some particularities:~i! Only an es-
timation of the density of the nanowires can be obtained,
not the exact number.~ii ! The magnetization process o
each single nanowire can only be assumed, but it is not p
erly measured.

Taking into account these difficulties, some approxim
tions have been assumed:~a! Each nanowire is character

FIG. 3. Hysteresis loops of the supported array of Co nanowires. Do
line: with the applied field parallel to the nanowires. Solid line: with t
applied field in a perpendicular direction with respect to the nanowires.

FIG. 4. Angular dependence of the out-of-plane coercivity and
remanent-saturation magnetization ratio, beingu, the angle between the sur
face of the membrane and the applied magnetic field.
IP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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ized by a coercive fieldHi and a magnetizationMi , which is
always parallel to the nanowire axis.~b! The Ki j constants
are the same for all the nanowires and do not depend on
distance between them (Ki j 5K).

The system of Eq.~1! is solved by means of an iterativ
algorithm. Finally, the magnitudeM5(M11M21¯

1MN)/N is obtained, which represents the magnetization
the array ofN nanowires.

As the number of interacting nanowires in our sample
extremely high~order of 108!, many wires have similar val
ues of magnetization and coercive field, so a distribution
values can be assumed as follows:M* 2DM,M,M*
1DM , and so Hc* 2DHc,Hc,Hc* 1DHc . Figure 6
shows the hysteresis loop~solid line! obtained with this
model corresponding to 100 nanowires for the following d
tribution of magnetization and coercive field:M* 5M0 ,
DM5M0/7, Hc5H0 , andDHc5H0/5. The hysteresis loop
obtained is narrower than the one which corresponds to
same array of nanowires without interaction among th
~dotted line!. It is worth emphasizing that the decrease of t
value of the coercive field is proportional to the value ofK:
higher interaction leads to lower coercivity.

This simple model explains the experimental reduct
of Hc obtained in our array of nanowires. When the magne
field is applied in the direction of the easy axis of the nano
ires, the dipolar interaction is enhanced and the field ema
ing from each wire favors the reversal of magnetization.

CONCLUSIONS

We have fabricated and characterized an array of e
trodeposited cobalt nanowires. The magnetic properties

FIG. 5. Angular dependence of the in-plane coercivity and the reman
saturation magnetization ratio, beingf, the angle between the longest ed
of the surface of the membrane and the in-plane applied field.
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the array have been explained considering shape anisot
and magnetic dipolar interactions among nanowires. T
easy-shape anisotropy direction in each nanowire is par
to the nanowire axis. However, when the nanowires are se
the form of an array, the dipolar interactions among t
nanowires change drastically the magnetic behavior, prod
ing a decrease of the coercive field in the easy axis of
nanowires when the interaction is strong enough.
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FIG. 6. Solid line: modeled hysteresis loop of 100 interacting nanow
with the following distribution of magnetization and coercive field:M*
5M0 , DM5M0/7, Hc5H0 , andDHc5H0/5. Dotted line: modeled hys-
teresis loop of the same 100 nanowires but without interaction.
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