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Abstract We report on the synthesis and magnetic

characterization of ordered arrays of cobalt–nickel alloy

nanowires. These alloy nanowires were electrodeposited

into the pores of anodic alumina templates. The physical

properties of the samples were investigated using scanning

electron microscopy, energy dispersive X-ray spectros-

copy, transmission electron microscopy, and vibrating

sample magnetometer. We found that for the alloy nano-

wires the field at which the magnetization saturates

increases with increasing Co fraction and the saturation

field in the normal direction is smaller than the parallel

direction, indicating easy magnetization direction normal

to wire axis. Nanowires with different compositional ratio

of cobalt and nickel showed a nonlinear dependence of

coercivity as a function of cobalt concentration. These

findings will help tailor magnetic nanoalloys with con-

trolled properties for various applications, such as high

density magnetic storage or nanoelectrode arrays.

Introduction

Magnetic materials at nanoscale possess unique properties

due to their reduced dimensionalities [1–3]. The potential

applications of magnetic nanostructures in a wide variety

of future technologies have led to the study [1–8] of both

the fundamental aspect of magnetism and their possible

uses. Magnetic nanostructures have superior properties, as

their bulk counterpart, which might be useful in developing

them for microsensors, magnetoelectronics, and ultra-high-

density magnetic storage devices. One of the advantages of

using magnetic nanowire arrays as an ultra-high-density

magnetic storage material is that recoding densities that can

be achieved using these materials are much higher than

those obtained in continuous magnetic film.

This factor itself provides enough impetus for studying

the growth and properties of various magnetic nanowire

systems. Due to these reasons, development of feasible

techniques for fabrication of magnetic nanowires [3–15]

has received a lot of attention recently. One of the most

elegant and cost effective technique for growing nanowire

arrays [9–17], is the electrodeposition of desired nanoma-

terials in nanoporous template materials. There are various

nanoporous templates (ion track etched poly carbonate

membrane, anodic alumina, etc.) which are used for elec-

trodeposition of nanostructure materials [9–17]. However,

using anodic alumina oxide (AAO) templates for nanowire

deposition has its own advantages. The individual
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nanopores in the AAO can be ordered into a close-packed

honeycomb structure and the diameter of each pore and the

separation between two adjacent pores can be controlled by

changing the anodization conditions which in turns pro-

vides control over the structure of the nanowires [1, 9, 14].

The electrodeposited nanowires are generally dense, con-

tinuous, and extremely crystalline. In the past, a number of

studies are dedicated to synthesize pure magnetic nano-

structure such as pure cobalt [18, 19] and nickel [20, 21],

magnetic multilayer, etc., using AAO templates. However,

very few reports exist for growth and characterization of

magnetic nanoalloys using this technique [16, 17]. Ferro-

magnetic alloys have potential for application in a variety

of fields such as wear-resistant, corrosion-resistant, and/or

heat-resistant materials, microelectronics, microsystems

technology used to manufacture sensors and actuators,

microrelays and ultra-high-density storage media [8, 16].

Developing functional materials from these alloys for dif-

ferent applications calls for controlled tailoring of these

structures in terms of their dimensions, structures, and

composition since these parameters will dictate their

physical and magnetic properties. We report on the syn-

thesis and characterization of cobalt–nickel alloy (CNA)

nanowires. The advantage of Co Ni system is that its

magnetic characteristics are dependent on cobalt concen-

tration and it shifts from soft magnetic to permanent

magnetic material with increasing cobalt fraction. In this

article, we present our results on the fabrication and

characterization of CNA nanowires. CNA nanowires with

different compositional ratios were synthesized and their

room temperature magnetic properties were investigated.

The deposited nanowires were characterized using scan-

ning electron microscopy (SEM), transmission electron

microscopy (TEM), and energy dispersive X-ray spec-

troscopy (EDS). The magnetic properties of the nanowires

were measured using a vibrating sample magnetometer

(VSM) operating at room temperature.

Experimental

Electrodes for deposition were prepared by coating a thin

layer of titanium (100 nm) and a layer of copper (1 lm) on

one side of the alumina template (pore diame-

ter *250 nm) using electron-beam evaporation. This

metal coating served as the contact for the template elec-

trode. The metal/AAO assembly was attached to a copper

tape (with the metal side in contact with the copper tape)

and was covered with insulating tape such that a portion of

the template is exposed. This assembly was used as one of

the electrode for the electrodeposition. The electrodepos-

ition was carried out using a classical three-electrode

potentiostat system with an Ag/AgCl electrode as a

reference electrode and a platinum wire as a counter

electrode. An EG&G Princeton Applied Research poten-

tiostat/galvanostat Model 273A was used to control the

electrodeposition process. The electrolyte consisted of

varying concentrations of cobalt sulfate (CoSO4 � 7H2O)

and nickel sulfate (NiSO4 � 7H2O). For example for

obtaining 55% CoNi nanowires we have used 5 g of

CoSO4, 30 g of NiSO4, and 4.5 g of boric acid in 150 mL

of water. CNA nanowires were grown potentiostatically.

After the electrodeposition the AAO was etched using a

6 wt% sodium hydroxide solution to remove the tem-

plate and expose the deposited alloy nanowires. The

etched nanowires were washed and rinsed multiple times

thoroughly with distilled water before performing SEM,

and EDX analysis. The VSM measurements were per-

formed on CNA nanowires before etching the alumina

template.

Results and discussions

The results of the CNA nanowire growth are shown in

Fig. 1. In Fig. 1a, SEM images of a large area of highly

ordered vertical arrays of exposed nanowires with uniform

structure is shown. This sample was etched using a 6 wt%

NaOH solution for 10 min. The shorter etching time

resulted in the exposure of only a small portion on the top

of the CNA nanowires. The remaining part of the template

helps in keeping a very stable assembly of the nanowires

partially embedded in the AAO. In Fig. 1b, we present

SEM image of CNA nanowires completely etched out from

the AAO template. These nanowires are approximately

10 lm long and resulted from deposition which lasted for

1 h. The wires have diameters *250 nm equal to the pore

diameter of the AAO template used. The composition of

the CNA nanowires was determined from EDS. A typical

EDS spectra is shown in Fig. 1c. The intensity peaks for

cobalt and nickel K and L lines are clearly visible in the

spectra. This data were used to estimate the composition of

these two metals present in the electrodeposited samples.

The (data shown) nanowire alloys fabricated consisted of

54 at% of Co and 46 at% for Ni. For calculating the

composition, we have used the intensity ratios of the cobalt

and nickel K lines [22]. For checking the compositional

consistency of the nanowires, EDS spectra for each of

the samples were collected from multiple batches and the

spectrum was acquired from different position along the

length of the nanowire arrays.

The nanowire structures were further analyzed with

TEM. For obtaining the diffraction pattern, the beam was

focused such that it interacts mostly with the outer edge

(cylindrical surfaces) of the nanowire. In this way, the

beam was made to pass through the outer curvature of the
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wires where the thickness is less as compared to the center

of the nanowire. The results of one such TEM analysis is

shown in Fig. 2. Figure 2a shows a low-magnification

image of the nanowire showing uniform growth that pre-

vailed in the electrolytic cell. A higher-magnification

image of a typical rod shows the termination ends of the

rods, which can be recognized by the uniformity of cross

section and the visibility of the microstructure (Fig. 2b).

Diffraction patterns obtained from one end to the other of

the rod were found to vary in their zone axis indicating the

polycrystalline nature of the rod. Together, they could be

indexed on the basis of an f.c.c. lattice of a single phase. A

typical pattern in [013] zone axis is shown in Fig. 2c. The

phase could be identified as a solid solution of Co and Ni

with a lattice parameter of 0.33 nm. This value of lattice

parameter is close to that reported for Co–Ni solid solu-

tions. The nets formed by intense reflections were used for

Fig. 1 SEM images of well-aligned arrays of cobalt nickel nanowires

with varying length and diameters. a A large area showing alloy

nanowire growth from the AAO. b Nanowire arrays completely

etched out of the AAO templates showing typical length we achieved

for one hour electrodeposition. c Energy dispersive spectra (EDS)

showing the presence of cobalt and nickel. The Co and Ni K and L

lines are clearly seen in the spectra. Inset shows the nanowire bundle

from where the EDS were acquired

Fig. 2 High-resolution transmission electron microscopy of the

nanowires a shows a low-magnification image of the nanowire

showing uniform growth. b A typical pattern in [013] zone axis is

shown. c A higher-magnification image of a typical rod is shown with

visible microstructure at the nucleation and termination end of the rod
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the indexing of the diffraction patterns on the basis of an

f.c.c phase. In addition to these, one notices the presence of

finely spaced spots along certain reciprocal lattice vectors

suggestive of a superlattice formation. There is a varied

opinion about the occurrence of superlattice structure in

Co–Ni solid solutions in the literature [23]. At present, this

aspect is under further study.

For magnetic characterization, we have used a VSM

(Lake Shore, Model No. VSM 7407) operating at room

temperature. Figure 3 shows the room temperature mag-

netic measurements on cobalt–nickel nanowire arrays

having different cobalt fraction. Some of the observations

that are clear from these magnetic measurements are the

following. The hysteresis loops show strong magnetic

anisotropy. With increasing Co fraction, the field at which

the magnetization saturates increases. The saturation field

in the normal direction is smaller than the parallel direc-

tion, indicating easy magnetization direction normal to

wire axis. This observation is intriguing since considering

only the shape anisotropy of the nanowires, the easy

direction of magnetization should be parallel to the wire

axis. The saturation field in the normal to wire direction is

smaller than that in the parallel to wire direction, indicating

an easy magnetization direction normal to wire axis, a

result of the competition between the dipole interaction and

shape anisotropy [24]. Previous work has shown [25] that,

there is a strong dipolar field when the field is applied

normal to the wire axis, while the dipolar interaction with

field applied along the wire axis is too weak to be taken

into account. Therefore, when the field is applied normal to

the wire axis, the dipole field to any wire from neighboring

wires is in the same direction as external field, thus a

smaller field is needed to saturate the magnetization. There

could be other possibilities too. For example, the TEM

image in Fig. 2b shows diffraction pattern with streaks.

The streaking effect generally manifests the presence of

faults in the nanowires. Further, the wires could be textured

(verification of the textures or the faults in the nanowires is

beyond the scope of this work) and therefore can effect the

magnetic properties of the alloy nanowires. In Fig. 3c, we

present the dependence of the coercivity values for the

nanowires with different cobalt concentration for field

applied parallel and perpendicular to the wires. The elec-

trodeposited Co–Ni nanowires exhibited a decrease in

coercivity with increasing Co content up to approximately

55 wt.% for field applied parallel to the wire. Higher Co

content resulted in an increase in coercivity. Similar

dependence of coercivity as a function of cobalt concen-

tration was also recently observed for electrodeposited

Co–Ni thin films [26]. For fields applied perpendicular to

the nanowires, the coercivity decreases for cobalt concen-

tration up to 55 wt%. For higher concentration of Co, we

did not observe any systematic trend. One possible

explanation for this kind of behavior could be the forma-

tion of multidomains in the Co–Ni system with cobalt

concentration\55 wt% which degrades the coercivity. For
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Fig. 3 The variation of the magnetic moment as a function of the

magnetic field applied a parallel and b perpendicular to the axis of the

nanowires is shown for nanowires with different Co concentration. c
Variation of coercivity observed with varying cobalt concentration for

nanowires with diameter of 250 nm
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higher concentration of cobalt, many factors come into

play. For example, the crystal structure of Co–Ni alloys

changes from f.c.c. to h.c.p for Co concentration greater

than 80 wt%. This could lead to the formation of single

domain structure which can result in higher coercivites.

Conclusions

In conclusion, we have fabricated ordered arrays of

magnetic alloy nanowires with controlled composition. We

have shown that by using an electrochemical route mag-

netic alloy nanowires can be electrodeposited from a single

electrodeposition bath by applying a single potential. This

process produces nanowires with compositional controlla-

bility. The fact that the magnetic nanowires with tunable

properties can be produced using a very simple method will

help in developing/opening avenues for further research

regarding lot of applications [26, 27] based on magnetic

alloy nanostructures in a variety of fields such as high

density magnetic storage [28], nanoelectrode arrays

[20, 29, 30].
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