View metadata, citation and similar papers at core.ac.uk brought to you by fCORE

provided by Digital.CSIC
U9y

Magnetic behavior of an array of cobalt nanowires

J. M. Garcia,® A. Asenjo, J. Velazquez, D. Garcia, and M. Vazquez
Instituto de Magnetismo Aplicado (UCM-RENFE and ICMM-CSIC), P.O. Box 155, Las Rozas 28230,
Madrid, Spain
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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 faéh 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 methotR9®
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INTRODUCTION Cu Ka radiation. The filling of the pores as well as the
morphology of the array of nanowires after dissolving the

The production by different methods of magnetic wires : . . )
?éumma was monitored by scanning electron microscopy

with dlametgr in the nanometric scalt_a ha}s recently attracte EM) in a ZEISS DSM 960 microscope.
much attention. Their main interest lies in the fundamenta . o
. : Room-temperature magnetic characterization of the ar-
scopes as the micromagnetic reversal process and quantum ; L
1-3 . . . . : ay was performed using an LDJ vibrating sample magneto-
effects; ™ as well as in applied aspects in various issues of
. . . meter(VSM).
giant magnetoresistance and magnetic recortfifdn par-
ticular, the deposition of metals inside the nanometric pores
of a membrane is the most inexpensive technique to produc
nanosized patterned structure8 The pore diameter and the RESULTS AND DISCUSSION
separation wall thickness define the density of the nanowires  During the electrodeposition, complete filling of the
as well as their diameter. This geometrical condition, alongyores was monitored measuring the supplied cufrég.a
with the growing parameters, will determine the materialresult of this process, the nanowires were 8@ long. Al-
structure and its magnetic properties. In this work, we perthough the pore diameter of the membrane was nominally
form an experimental study of the magnetic properties of ap00 nm, SEM images revealed that the pore diameter was
array of cobalt nanowires and a simple model to explain itsot constant but it varied in the 170—220 nm range. In order
magnetic behavior is proposed. to visualize the nanowires, the alumina matrix was dissolved
using a 5 M NaOH solution for 20 min. Figure 1 shows a

EXPERIMENTAL TECHNIQUES

Cobalt nanowires were electrodeposited into the pores of
Anodisc™ alumina membranes 6@m in thickness and
whose pore diameter was nominally 200 nm. The mem-
branes were cut to have a rectangular 10%sirape. Previ-
ous to the deposition, a 5000 A layer of Cu was sputtered on
one side of the membranes in order to act as substrate and
cathode during the electrodeposition. A three-electrode elec-
trochemical cell was used, controlled with a PC and an Amel
Instruments potentiostat. The deposition was carried out in
potentiostatic mode with the electrolyte given by Whitney
et al® applying —1.6 V with respect to the Hg/H§O, ref-
erence electrode.

Structural characterization was performed by means of
x-ray diffraction using a Philips X’PERT diffractometer with

FIG. 1. SEM image of electrochemically grown Co nanowires after dissolv-
3Electronic mail: jmiguel@pinarl.csic.es ing the alumina membrane support.
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SEM image corresponding to Co nanowires after dissolving
the alumina. They consist of metallic wires 170—-220 nm in
diameter.

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

Figure 3 shows two hysteresis loops of the array of
nanowires with the membrane support: when the applied
field is parallel to the nanowirdgerpendicular to the surface
of the membraneand when the applied field is perpendicular -10000 -5000 0 5000 10000
with respect to the nanowirdso, in the plane of the mem- H (Oe)
brang, re;pgctive_ly. -These hys_teres_is loops re-veal that theIG. 3. Hysteresis loops of the supported array of Co nanowires. Dotted
arr.ay exhibits uniaxial magnetlc anlsqtr_opy with Fhe eas_>)li:ne: with the applied field parallel to the nanowires. Solid line: with the
axis parallel to the nanowires whose origin is associated Withppiied field in a perpendicular direction with respect to the nanowires.
their shape. The angular dependence of the out-of-plane co-
ercivity and the remanent-saturation magnetization ratio is

illustrated in Fig. 4, being), the angle between the surface of this kind of interaction explains the properties of the hyster-
the membrane and the applied magnetic field. It can be ohesis |oop of a set of ferromagnetic amorphous wifds. our
served that maximum remanent magnetization is obtained fafase, to estimate this interaction, we assume that each
an applied field which is parallel to the nanowires ( nanowire is characterized by a square hysteresis loop that is
=90°), while the coercivity of the array is maximum when expressed by the generic functith= M(H). The magnetic

the field is applied in a perpendicular direction with respectie|d generated by each nanowire affects the magnetic state
to the nanowires¢=0°). Inorder to elucidate the existence of jts neighboring nanowires. Ifi,(t) is the applied mag-

of a preferential direction within the surface plane, the angunetic field at the time, the magnetizatioM; of the nanowire
lar dependence of the in-plane coercivity and the remanent-is given by

saturation magnetization ratio was studied, beipg the
angle between the longest edge of the sample surface and the
in-plane applied field. As shown in Fig. 5, all the in-plane
directions(directions contained in a plane perpendicular to
the nanowiresare equivalent.

j=N

Mi=Mi{Ha<t>—El KijM; |, 1)
P

N being the total number of nanowires akig depending on

In summary, the array exhibits an easy axis which isthe :dlst:nce beIV\;een thg nanozwr&‘mdj. . d ibed
parallel to the nanowires, but with the anomaly that the co- ' the array of nanowires whose properties are describe

ercive field is minimum in that direction. Furthermore, the " this work we found some particularities(i) Only an es-

remanent magnetization is always lower than 7% of the satimation of the density of the nanowires can be obtained, but

ration magnetization, which also indicates very strong inter°t the exact number.(ii) The magnetization process of

action among the nanowirds. each single nanowire can only be assumed, but it is not prop-

The decrease of the coercivity along the easy axis can b<=erly met”‘S“Fed- e .
Taking into account these difficulties, some approxima-

analyzed with a simple model which considers magnetic di;[, h b 4@ Each ire is ch ;
polar interactions among nanowires. As previously reported,Ions ave been assumedd) Each nanowire is character-
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FIG. 2. X-ray diffraction pattern of the supported array of Co nanowires. face of the membrane and the applied magnetic field.
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FIG. 5. Angular dependence of the in-plane coercivity and the remanent'—zIG' 6. Solid line: modeled hysteresis loop of 100 interacting nanowires

saturation magnetization ratio, being the angle between the longest edge with the following distribution of magnetization and coercive fieM:

. A =My, AM=My/7, H.=H,, andAH.=Hy/5. Dotted line: modeled hys-
of the surface of the membrane and the in-plane applied field. teresis loop of the same 100 nanowires but without interaction.

ized by a coercive fielth; and a magnetizatioNl;, whichis e array have been explained considering shape anisotropy
always parallel to the nanowire axis(b) TheK;; constants  ang magnetic dipolar interactions among nanowires. The

are the same for all the nanowires and do not depend on the, sy shape anisotropy direction in each nanowire is parallel

distance between thenK(; =K). _ . tothe nanowire axis. However, when the nanowires are set in

The system of Eq(l) is solved by means of an iterative the form of an array, the dipolar interactions among the
algorithm.  Finally, the magnitudeM=(M;+Mz+ "+ nanowires change drastically the magnetic behavior, produc-
+My)/N is obtained, which represents the magnetization ofng 5 decrease of the coercive field in the easy axis of the

the array ofN nanowires. o _nanowires when the interaction is strong enough.
As the number of interacting nanowires in our samples is
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