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Abstract: In this article, the surface morphology and magnetic properties of isolated cylindrical nickel (Ni) nanowires 

fabricated by electrodeposition have been thoroughly investigated using scanning electron microscopy and Magneto-Optical 

Kerr Effect (MOKE) magnetometry, respectively. The surfaces of most nanowires were found to be homogenous, uniform, and 

cylindrical in shape. Some others show different diameters and surface features, including; protrusions and branches along 

their length. The diameter distribution of a wide range of nanowires was found to differ from their template pore diameters. 

These all variations are more likely due to defects exist in the internal surfaces of the pores within the template itself, or may 

be associated with the trapped air pockets within the pores during nanowires growth or due to the oxide formation or residual 

contaminants which may cover these wires. The nanowires lengths were found to differ from their actual lengths estimated 

during deposition growth. This was attributed to the breakage of nanowires into small sections during releasing process. The 

hysteresis loops obtained by applying a magnetic field at different angles with respect to the nanowires long axis showed 

square hysteresis loops with a sharp jump of Kerr signal during switching behaviour, as well as a high squareness ratio, 

indicating the dominance of shape anisotropy. These results are quite different from the measurements of high density 

templated nanowires reported in the literature, due to the small number of nearest neighbour nanowires, and hence no 

magneto-static interaction. The magnetisation reversal of such wires is well described by the non-uniform rotation of the 

curling model of domain reversal. 
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1. Introduction 

Cylindrical ferromagnetic nanowires are structures that 

have diameters in nanometer scale and unrestricted in length. 

Typical cylindrical nanowires exhibit high aspect ratios 

(length to diameter), and they can often be approximated as 

one dimensional materials [28-51]. These nanowires have 

many interesting properties that are not seen in a bulk or 

three dimensional structures. Therefore, fabrication and 

characterisation of such structures present interest from both 

fundamental and industrial points of view [14, 16, 28, 29, 37, 

44, 51, 58]. As an example; they may play a significant role 

in future applications, in particular; ultra-high density 

magnetic storage devices in hard disc drives and volatile 

magneto resistive random access memory (MRAM) [28-29]. 

Different techniques have been utilized to fabricate these 

structures, but electrodeposition has been proved to be 

simple, fast and a low cost technique, as well as using this 

technique, it is possible to produce different materials and 

multilayer as: thin films, nanowires or nanotubes [5, 8, 11, 

12, 14, 18, 31]. 

The magnetic properties of as-deposited two dimensional 

arrays of ferromagnetic nanowires have been investigated 

intensively over the last few decades using a wide range of 

characterising techniques [13-38]. These researches, 

however, have produced a significant insight into the 

physical behaviour of such arrays, where the magneto-static 

or the dipolar interactions among the wires have been found 
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to dominate over the magnetic properties of an individual 

nanowire. 

The intrinsic magnetic state of an individual or small 

number of closely packed ferromagnetic nanowires is a 

significant role for scientific point of view and demanding 

issue of industrial applications. Therefore, researchers were 

trying to investigate these properties by releasing such 

nanowires from their templates, and characterise them using 

micro SQIUD [57] or using further steps and various 

techniques to electrically connect them with the external 

circuitry, then using magneto-resistance setup to measure 

their magneto-transport properties [41-43, 54-55, 59]. 

Recently, within the development of computer systems and 

their memory, the Object Oriented Micro-Magnetic 

Framework (OOMMF) package
 
has also been performed to 

investigate these properties using small dimensions of 

nanowires with simplified switching behaviour [21, 24, 36, 

49]. 

Magneto-Optical Kerr Effect (MOKE) magnetometry has 

been widely used to study the magnetisation behaviour of 

two dimensional arrays of ferromagnetic nano and micro dots 

[10], stripes and planar nanowires [1, 7] fabricated by 

conventional electron beam lithography and lift-off 

techniques. In MOKE setup, however, the measured output 

of Kerr signal is proportional to the amount of magnetisation 

that depends upon the polarisation rotation of a linearly 

polarised laser light following its reflection from a magnetic 

surface [1, 7, 10, 32, 45, 5]. Such MOKE measurements are 

potentially interesting, as it provides a very sensitive probe 

that is proportional to the change in the surface magnetisation 

to a depth of the order of skin-depth of the material [32]. 

Nevertheless, few articles have been published throughout 

this work discussing the magnetisation behaviour of Ni80Fe20 

[38], Ni60Fe40 [50] and Co [45] nanowires using MOKE 

magnetometry. 

Thus, the aim of the work presented here is to 

systematically investigate the surface morphology of a large 

number of template released cylindrical Ni nanowires 

deposited on oxidised silicon substrates from a dilute 

suspension, using a high-resolution scanning electron 

microscopy. Then, the magnetic properties of a closely 

packed two Ni nanowires with diameters of ~300 nm and 

lengths of ~8 µm each have been measured using highly 

sensitive MOKE magnetometry in a longitudinal 

configuration at room temperature. The magnetisation 

reversal behaviour and the underlying physical mechanism 

are analyzed by applying a magnetic field at different angles 

with respect to the nanowires long axis. The results are then 

explained and compared with the literature and with the 

theoretical presentation of the curling model of domain 

reversal. 

2. Materials and Methods 

Two dimensional arrays of cylindrical ferromagnetic Ni 

nanowires were fabricated using electrodeposition 

technique. The fabrication process was carried out using an 

Autolab-30 potentiostat and a conventional three electrode 

cell with 20 cm
3
 capacity. The electrolyte solution used was 

0.57 M of NiSO4 and 0.32 M of H3BO3. The pH of the 

solution was maintained to approximately 3.5-4. An 

alumina template of thickness ~60 µm with a nominal pore 

diameter of ~300 nm was used as a working electrode 

(cathode), after depositing a 100 nm pure gold layer 

(99.99%),+ on one side using thermal evaporation 

technique. The gold coated membranes are then used in the 

cell keeping the bare side of the template in front of the 

counter electrode. The voltage applied between the counter 

and reference electrodes was around−0.85 V according to 

linear voltametry results. Once the electrodeposition pocess 

was completed, the contact wires were removed and the 

template washed in distilled water for the next step. The 

deposition time and the current density were chosen to 

produce nanowires with lengths of around 8 µm. More 

details on the fabrication process using electrodeposition 

can be found elsewhere [9, 27, 30, 35, 39]. 

The dissolution of the membrane and cleaning the wires 

before subsequent process is not an easy task. The objective 

is to achieve clean nanowires spread over the chips and 

sufficiently isolated from each other, to allow the magnetic 

measurements to be performed on an isolated nanowire. 

Nevertheless, this process was accomplished by dividing the 

templates into small parts with an approximate area of 1×1 

mm
2
, then one or two pieces were placed in a small beaker 

containing two molars of sodium hydroxide (NaOH), to 

dissolve the alumina membrane. The template was left in the 

solvent for a time of about 72 hours, by which the alumina 

template had dissolved and removed. With care, the NaOH 

solvent was drained out from the container and distilled 

water was added to wash the nanowires and remove the 

solvent. In order to be sure that NaOH solution was entirely 

removed from the beaker, this process was repeated for 4-5 

times. However, care should be taken during this process that 

the released wires may fall out. Now, to remove the distilled 

water from the container, a small amount of isopropanol 

alcohol was added. To release the nanowires from their gold 

base substrate, the beaker was placed in an ultrasonic bath for 

a time of about 10 minutes. For further discussion on the 

template dissolving, nanowires releasing and deposition on 

silicon substrates can be found in reference [48]. Once the 

nanowires were released, a one drop was spilled onto silicon 

chips with a special micromarkers pre-fabricated by electron 

beam lithography. These markers were designed to be large 

enough to be seen in the microscope of MOKE system. After 

drying the solution, the wires are strongly stuck on the silicon 

chip surface. The position of the nanowires relative to the 

gold patterns was then carried out using scanning electron 

microscopy. 

Imaging of nanowires and fabrication of gold markers on 

silicon substrates were performed using a high-resolution 

field emission scanning electron microscopy column on an 

FEI-Helios Nanolab dual beam FIB/SEM system with the 

electron beam energy of ~10 and ~30 KeV, respectively. 

More details on the scanning electron microscopy, electron 
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beam lithography and lift-off techniques are available in Refs 

[8, 22, 23, 56]. 

The magnetic analysis of isolated Ni nanowires was 

achieved using a highly sensitive MOKE magnetometry in 

the longitudinal configuration. In this system, the laser spot 

was focused to a diameter of approximately 5 µm. The 

change in the polarisation angle of the laser light after 

reflection from the sample was proportional to the 

longitudinal component of the wire magnetisation [5, 7, 32, 

50]. The reflected light passed through an analysing prism 

and the intensity detected using a silicon photodiode 

connected to a high-bandwidth amplifier and a ~1 GHz-

bandwidth oscilloscope. An AC electromagnet with a 

maximum field of ±450 Oe was used to switch the 

magnetisation of wires at a frequency of approximately 21 

Hz. To provide information about the angular dependence of 

the switching fields, the experimental setup allows for a 

rotation of the substrate around its surface normal by an 

angle up to ~180 degrees, in order to apply a magnetic field 

in the plane of the substrate at different angles with respect to 

the nanowires long axis. Thus, this setup was used for 

hysteresis loop measurements of a collection of closely 

packed two Ni nanowires. More information about MOKE 

setup can be found in Refs [5, 7, 32, 50]. 

3. Results 

Figure 1 show high resolution scanning electron 

microscopy micrograph examples of single cylindrical Ni 

nanowires with different diameters, lengths and surface 

morphologies lying on the gold premarked silicon substrates 

following release and deposition from the same dilute 

suspension. Figure 2 shows the distribution histograms of (a) 

diameters, and (b) lengths of such dispersed individual Ni 

nanowires. The insets of figure 2 are scanning electron 

microscopy micrograph examples of the measured 

nanowires. 

 

 

 

 

Figure 1. High resolution scanning electron microscopy micrograph 

examples of cylindrical Ni nanowires with different diameters, lengths and 

surface morphologies lying on the gold premarked silicon substrates 

following releasing and deposition from same dilute suspension. 
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Figure 2. Distribution histograms of: (a) Diameters, and (b) Lengths of 

cylindrical Ni nanowires dispersed on silicon chips with nominal diameter 

and length of ~300 nm and ~8 µm, respectively. The figure insets are 

scanning electron micrograph examples of the measured nanowires. 

During the course of MOKE measurements, it was 

difficult to get significant Kerr signals from such individual 

nanowires. Therefore, a collection of closely packed two 

cylindrical Ni nanowires with diameters of ~300 nm and 

lengths of ~8 µm each was chosen for the magnetic 

measurements. Figure 3 shows scanning electron microscopy 

micrograph of the measured Ni nanowires. Even, with this 

closely packed nanowire, it was also a big challenge to detect 

a reasonable amount of Kerr signal, due to their small sizes 

and their curved surfaces which scatter the laser light in 

different directions. 

 

Figure 3. Scanning electron microscopy micrograph showing the collection 

of a closely packed two cylindrical Ni nanowires with ~300 nm diameter and 

~8 µm lengths each lying on the pre-marked silicon substrates. 

Figure 4 show examples of the corresponding hysteresis 

loops obtained from this closely packed nanowires when the 

magnetic field was applied in four different angles (0°, 15°, 

30°, and 60°) with respect to the nanowires long axis. To get 

the coercivity distributions, the measurements were repeated 

in multiple locations on the same wires and for all the angles 

investigated here. 

In all MOKE measurements, the signal to noise ratio of the 

hysteresis loops was found to be low. This is expected since 

the nanowires are very small compared to the laser spot size 

and the scattering effect. Importantly, the shapes of the 

hysteresis loops are quite different from those of two 

dimensional arrays of nanowires reported in the literature [6, 

37, 44, 51]. There is also, a change in the shape of the loop 

and a reduction in the coercivity as the external magnetic 

field is changed from parallel to the perpendicular direction. 

The effect of changing the angle of applied magnetic field 

with respect to the nanowires long axis on the squareness 

ratio (the ratio of the remanent magnetisation to the 

saturation magnetisation) and the coercivity is plotted in 

Figure 5. The bars shown in Figure 5(b) are the distribution 

of the coercivity obtained from repeating measurements on 

the same wires at a given angle. High squareness ratios 

(about 0.86) were found in all the hysteresis loops. A 

reduction in the coercivity with increasing the nanowires 

angle with respect to the magnetic field applied. The average 

coercivity was found to be ~110 Oe and ~75 Oe when the 

magnetic field was applied at 0° and 60° to the nanowires 

long axis, respectively. 

 



 American Journal of Nanosciences 2017; 3(3): 30-38 34 

 

 

Figure 4. Hysteresis loop examples obtained from a collection of closely packed two Ni nanowires when the magnetic field was applied at four different 

angles: (a-a) 0°, (b-b) 15°, (c-c) 30°, and (d-d) 60° with respect to the nanowires long axis. 
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Figure 5. (a) Squareness ratio, and (b) Coercivity derived from the 

hysteresis loops of a closely packed two Ni nanowires at different angles of 

applied magnetic field with respect to the nanowire long axis. The dashed 

lines provide a guide to the eye. 

4. Discussion 

The surface morphology of a huge amount of individual 

cylindrical Ni nanowires spread over the silicon substrates 

was investigated using a high resolution scanning electron 

microscopy micrographs. The results demonstrate that these 

wires are smooth, uniform and cylindrical in shape. Some 

other wires showed a different diameter along their length 

[17, 40]. Whilst others showed surface irregularities, 

including; protrusions and branches, as demonstrated in the 

micrograph examples shown in Figure 1. This variation in the 

surface morphology is more likely reflects the variation or 

defects exist in the internal surfaces of the pores within the 

template itself, or in some cases, may be associated with the 

trapped air pockets within the pores during nanowires growth 

[26, 40]. Considerably, these defects may lead to changes in 

the actual magnetic properties of templated arrays of 

ferromagnetic nanowires. This is because, the surface 

roughness distort the spin-structure of ferromagnetic 

nanowires prior to the switching and it could lead to an 

increase or decrease in the switching field. 

The high resolution scanning electron microscopy 

analysis, showed a wide range of diameters and lengths of 

nanowires dispersed on the silicon substrates. The 

distribution histograms were performed and are plotted in 

Figure 2. Clearly, a wide range of diameters (100-650 nm) 

and lengths (1-5.5 µm) were observed. The nanowires 

diameter was found to differ from their nominal template 

pore diameter (~300 nm), and this may be due to the oxide 

formation or residual templates and contaminants which may 

cover these wires or due to the variation in pore diameter 

themselves. Again, the variation in the nanowire diameters 

would make it difficult to entirely describe the magnetisation 

behaviour of two dimensional arrays of ferromagnetic 

nanowires. 

The distribution of nanowires length was found to range 

from ~0.5 µm to ~5.5 µm which is far from their definite 

length estimated during deposition growth (~8 µm). This 

variation indicates that the sonication process used to 

separate nanowires from their base gold substrate causes the 

nanowires to break in different places. Hence, produce the 

wider distribution observed. Further analysis on the releasing 

process of ferromagnetic nanowires can be found in other 

published work [48, 50]. 

Despite of the difficulties arising from locating the 

nanowires within the MOKE illumination, the very small size 

of these wires with respect to laser spot size, and the rounded 

surfaces of these structures which leads to the scattering of 

reflected light into various directions, MOKE setup has been 

uninterruptedly applied for the measurements of hysteresis 

loops of a closely packed two Ni nanowires, so that it is not 

influenced by other nanowires at nearest neighbour. In 

templated nanowires, the interaction with other nanowires 

complicates the situation and makes it more complex to 

understand the exact magnetisation behaviour of a single or 

small number of closely packed nanowires. 

The switching behaviour was found to be sharp in all 

angles of measurements in comparison with the hysteresis 

loops noticed in literature for two dimensional arrays of such 

Ni nanowires using other investigative techniques, including; 

vibrating sample magnetometer (VSM), superconducting 

quantum interference devices (SQUID) and alternating 

gradient magnetometers (AGM). 

It is well known that the magnetic properties of an 

individual nanowire are governed by several anisotropies [15, 

25], including; shape, magneto-crystalline, stress and surface 

anisotropies. The first anisotropy originates from the self-

demagnetising field due to it is cylindrical shape. The closely 

packed two Ni nanowires investigated here have the aspect 

ratio of about 27. The demagnetisation field, along the 

perpendicular direction to the nanowires long axis of such an 

aspect ratio can be approximated to be 2πMs = 4346 Oe [15], 

where Ms is the saturation magnetisation of Ni bulk. This 

makes the long axial direction of the nanowires as the easy 

axis and its perpendicular direction as a hard axis of 

magnetisation by this amount of anisotropy field. The Ni 
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nanowire is polycrystalline with a face centre cubic structure 

and it has a weak magneto-crystalline anisotropy (magneto-

crystalline anisotropy constant K1 ≈ 10
4 
J/m

3
) [15]. Therefore, 

magneto-crystalline anisotropy of such nanowires can be 

neglected. Here, there is no chance to induce stress anisotropy 

to the nanowires, because the measurements were performed at 

room temperature and there is no source of stress anisotropy to 

introduce. Thus, stress anisotropy, can also be neglected from 

the analysis presented here. Lastly, the surface to volume ratio 

in such nanowires is low; therefore, the surface anisotropy 

makes a small contribution to the magnetisation behaviour of 

such wires due to uneven coordination number of the magnetic 

spins near the surface. These spins on the nanowires surface 

try to make the perpendicular direction as an easy axis of 

magnetisation. For more details on these mechansims can be 

found in Refs [15, 25, 44]. 

Thus, the closely packed two Ni nanowires investigated 

here behaves like a single nanowire and the resultant 

magnetic anisotropic direction is directed by the shape 

anisotropy of the nanowires. As a result, squared shaped 

hysteresis loops were obtained when the magnetic field was 

applied along their long axial direction. In contrary, the 

hysteresis loops for two dimensional arrays of Ni nanowires 

seen in literature showing the perpendicular direction as an 

easy axis of magnetisation [6, 37, 44, 51]. This is solely due 

to the strong magneto-static interaction between the nearest 

nanowires, which makes the perpendicular direction of the 

templated nanowires is easy to magnetise. Here, the 

squareness ratio exhibits constant maximum values is 

expected due to the small number of nearest neighbors and 

hence no magneto-static interaction. The plot of coercivity 

against the angle of applied magnetic field shown in Figure 5 

indicates that the coercivity decreases continuously with 

increasing nanowires angle due to a reduction in the shape 

anisotropy. Small distribution of the switching fields was 

obtained from repeating measurements at different locations 

on the same wires can be attributed to the variation in 

nanowire diameters or their misalignment with each other. 

Various distinct mechanisms are able to describe the 

magnetisation reversal behaviour in nanoparticles, nanotubes 

and nanowires [2-4, 15, 46, 47]. For instance; coherent 

rotation of the Stoner - Wohlfarth model appears when the 

nanostructures are smaller than the exchange length, while 

curling and buckling modes occur when they are larger than 

the exchange length. In order to understand and explain the 

angular dependence of the coercivity presented here, it 

should first be noted that since the diameters of these 

nanowires (~300 nm) are much larger than the exchange 

length, therefore one can expect a deviations of the 

micromagnetic structure away from the uniform rotation 

behaviour that is described by the Stoner-Wohlfarth reversal 

model [47]. Since buckling behaviour is expected to occur 

when the nanowire diameter is comparable to the exchange 

length (reduced radius around unity), buckling may also be 

excluded from the applicability here. The shape and aspect 

ratio of the closely packed two Ni nanowires investigated 

here is far from being a chain of spheres which would reverse 

as in the fanning model [15]. Therefore, the angular 

dependence of the switching fields is likely to be the 

consequence of an incoherent rotational process following 

the curling model of domain reversal. 

5. Conclusions 

Here, the surface morphology and magnetisation 

behaviour of electrodeposited isolated cylindrical Ni 

nanowires was intensively investigated using a high 

resolution scanning electron microscopy and MOKE 

magnetometry, respectively. 

The surfaces of a wide range of Ni nanowires were found 

to be homogenous, uniform, and cylindrical in shape. Some 

other nanowires showed different diameters and surface 

features, including; protrusions and branches along their 

length. These variations were attributed to defects exist in the 

internal surfaces of the pores within the template itself, or 

due to trapped air pockets within the pores during nanowires 

growth. The diameters distribution histograms of a wide 

range of nanowires were found to differ from their template 

pores diameters. This was attributed to the oxide formation or 

residual templates and contaminants which may cover these 

wires or due to the defects in the template itself. The 

distribution of lengths was found to differ from their actual 

lengths estimated during deposition growth was attributed to 

the breakage of nanowires during the releasing process. 

Due to the small surface area of nanowires, the signal to 

noise ratio of the hysteresis loops was found to be always 

low. The dipolar or magneto-static interaction between the Ni 

nanowires was expected to be low or even not exist, due to 

the small number of nearest neighbour, therefore the 

squareness ratio was found to be high (around 0.86) at all 

angles of measurements investigated here. Maximum 

coercivity was obtained (average ~110 Oe), when the 

magnetic field was applied parallel to the nanowires long 

axis, and low corecivity (average ~75 Oe) observed when the 

magnetic field was applied perpendicular to the nanowires 

long axis and this was attributed to the reduction in the shape 

anisotropy. Small distribution of corecivity was obtained 

from repeating measurements at different locations on the 

same nanowires. This was attributed to the variation in 

nanowire diameters or their misalignment with each other. 

Furthermore, the angular dependence of corecivity was 

investigated regarding the mechanisms described in 

literature. The angular dependence of corecivity was likely to 

be the consequence of an incoherent rotational process 

following the curling model of domain reversal. 
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