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30-µm thick polycarbonate foils were irradiated with single swift heavy ions (e.g. Au               
11.4 MeV/nucleon). After etching with solutions containing NaOH and methanol, templates 
containing single conical pores were obtained. The size and the shape of the nanopores 
depend on etching conditions such as time of etching, concentration and temperature of the 
etching solution. By electrochemical deposition of nickel, nanowires were grown in the 
single pores. The nanowires were contacted by sputtering a gold layer on top of the 
membrane. The magnetic measurements indicated that the nanowires possess around 1% 
anisotropic magnetoresistance. The current-voltage characteristic of a Ni nanowire shows a 
linear behavior for current densities smaller than 108 A/cm2. The maximum current density 
that a single Ni wire can withstand was found to be 3×108 A/cm2.  
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1. Introduction 
 

Magnetic nanowires represent an important family of magnetic structures, which during the 
last few years attracted an increased interest arising from unique physical (e.g. electronic, optical, 
magnetic, mechanical) properties on account of their very restricted size. In addition, their numerous 
potential applications in a variety of fields, such as physics, chemistry, materials and biosciences, 
help promote investigations on these novel nanostructures. 

Among the methods used in order to obtain nanowires, the filling of channels in a template 
is a straightforward approach. This technique consists in synthesizing the desired wires within the 
pores of a membrane [1,2]. Ion track membranes provide signi ficant advantages over other usable 
templates, particularly in view of the degree of freedom they offer to produce nanowires of a 
specific number and with different compositions. The host template can be made from a range of 
materials including polymers and glasses, the most widely used being polycarbonate, polyimide and 
polyethylene. The method of producing nanowires by means of ion track membranes consists of 
several steps: (1) irradiation of a polymer film with swift heavy ions in order to create long, narrow 
and absolutely straight damage trails along the ion trajectories; (2) conversion of these so-called 
latent tracks into thin pores by chemical  etching; (3) fi lling of pores with a large variety of materials 
[3,4,5]. 

Recent progress on magnetism and magnetic materials has made the magnetic nanowires a 
particularly interesting class of objects for both scientific and technological applications. For 
example, research on subjects such as giant magnetoresistance [2, 6], anisotropic magnetoresistance 
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[6,7,8] and current-induced magnetization switching [9] has opened up the possibil ity of utilizing the 
nanowires for information data storage or as magnetic sensors. 

In order to measure the magnetoresistance of nanowires, one single wire needs to be 
contacted. Several methods have been developed recently for this purpose. One method requires the 
template technique combined with electron beam lithography, thus being restricted to relatively few 
laboratories [10]. Another method contacts the fastest growing wire from a multi-porous membrane 
by a "floating electrode" [11]. A third method localizes and contacts randomly distributed [12] or 
flow-aligned [13] nanowires on a substrate by photo- or electron-lithography. 

In this report we present a new method for preparing and contacting single Ni nanowires. 
This method circumvents the necessity of uneven growth rates of nanowires, required by the floating 
electrode technique, a wider range of growth conditions for nanowires becoming thus possible. Also, 
no manipulation of the nanowire or lithographic techniques are needed to contact the nanowire, 
making the method very simple and accessible to a large number of laboratories. 

 
 
2. Experiment 

 
Polymer foils (Makrofol N, Bayer Leverkusen) of circular shape (thickness 30 µm, 

diameter 4 cm) are irradiated at the UNILAC (UNIversal Linear Accelerator) of GSI (Darmstadt, 
Germany) with single swift heavy ions through a circular aperture with a diameter of 200 µm in a 
metal mask of 500 µm thickness. The ion fluxes are in the range103-104 ions·cm-2·s-1, so that the 
probability of double hits is very low. As soon as a detector located behind the sample has recorded 
one ion hit, the ion beam is blocked by a fast chopper system and the next sample can be set for 
irradiation. 

For better manipulation, a thin gold layer of approximately 0.2 µm thickness is sputtered 
on the rough side of the irradiated foil, which is used as a cathode during track etching and growth of 
the wire. We observed during our previous experiments that, due to the flexibil ity of the polymer 
foil, the nanowires can easily break while handling the sample. In order to provide a better 
mechanical stabil ity of the sample, the gold layer is additionally reinforced by inserting the sample 
in a cell and electrodepositing a copper layer (10 µm thick). To increase the mechanical stability 
even further, the polymer foil is taken out of the cell, mounted on a printed circuit board by a 
double-adhesive copper tape and then reinserted (Fig. 1). 

                
 

                                             (a)                                                                                      (b) 
 

Fig. 1. (a) Cell used for single-wire deposition; (b) sample “sandwich”. 
 
 
Track etching is performed in the left cell chamber using a solution of 5M NaOH with 50 

vol. % methanol at 50°C. To monitor the etching process and identify the exact moment when the 
pore is completely etched through, a gold electrode is immersed in the etching solution, and a pulsed 
square-shaped voltage with a frequency of 0.1 Hz and an amplitude of 0.1 V is applied between the 
gold wire and the metallic layer deposited on the backside of the sample (through the printed circuit 
board provided with electrical contact). 
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When reaching the desired pore diameter, the etching process is stopped, the solution is 
removed from the cell and the chamber is rinsed with distilled water. To completely remove the 
traces of sodium hydroxide from the cell, a dilute aqueous solution consisting of 10 ml 37% HCl per 
litre is left in the cell for 30 minutes. Subsequently, the cell is washed again and then fi lled with the 
solution for electrodeposition. We used a Watts solution with 225 g/l NiSO4·6H2O, 30 g/l 
NiCl2·6H2O and 30 g/l H3BO3. 

The electrochemical deposition of the Ni wires is performed in a two-electrode 
arrangement with a nickel anode, the gold layer on the backside of the foil acting as a cathode. The 
wire is grown at a potential difference of 1 V between anode and cathode. When the wire reaches the 
membrane surface, a cap starts to grow on top. At this point in time, the electrodeposition process is 
stopped, the sample removed from the cell and washed with distilled water. To contact the wire, a 
thin gold layer is sputtered on the top surface of the polymer. In this way, a good and stable contact 
is established, allowing electrical measurements to be performed on the wires. The wire resistance 
was determined via I-V characteristics. We also measured the resistance as a function of an external 
magnetic field. 

Embedding the samples in epoxy resin increased the lifetime of the nanowires to several 
months of storage without changing their properties. The same etching and growth procedure was 
also applied to foils irradiated with 106 ions/cm2. The polymer templates were subsequentl y 
dissolved in CH2Cl2, and the shapes and diameters of the wires were determined by means of 
scanning electron microscopy (SEM). 

 
 
3. Results and discussion 

 
The SEM micrographs of wires grown in multi-porous membranes showed that these wires 

are conical, the opening angle depending on the etching conditions. Composition, concentration and 
temperature of the etching solution determine the size and geometry of the resulting pores, the pore 
diameter increasing linearly with etching time. Fig. 2 il lustrates this aspect for nickel nanowires 
grown in polymer pores that were produced at the same temperature (50°C), but each with different 
etching times. 

 

 (a) 

(b) 

(c) 
 

Fig. 2. SEM images of conical wires grown in porous membranes etched in solutions of 5M 
NaOH  and  50 vol.% methanol. The etching times and approximate diameters are: (a) 400 s,  
                 80 and 550 nm; (b) 450 s, 100 and 700 nm; (c) 500 s, 140 and 800 nm. 
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The voltage applied and the current recorded during etching are presented in Fig. 3. The 
average breakthrough time (the time at which the pore is completely etched through and an electrical 
current can be measured) was 250 ± 25 s for all pores. Fig. 3 represents the etching process of a pore 
corresponding to the wires displayed in Fig. 2. 
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Fig. 3. The voltage applied and the current recorded during etching of a single pore with 5M  
                                NaOH and 50 vol. % methanol at 50 °C for 450 s. 

 
 

 The typical behaviour of the current recorded as a function of time during single-wire 
growth is presented in Fig. 4. As indicated in this figure, the wire growth comprises three steps: 
formation of an electrical double layer, growth of the wire inside the pore, and growth of a cap after 
the wire reaches the top of the pore. The sharp current increase by several orders of magnitude after 
about 200 s corresponds to the strong increase of the surface participating in the process, associated 
with the completion of pore fill ing and the beginning of cap growth. 
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Fig. 4. Current recorded during wire growth in a pore resulting from 450 s etching with 5M  
                          NaOH and 50 vol. % methanol. The voltage was 1 V. 
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Fig. 5. The current-voltage characteristic of a Ni nanowire acquired in 50 µA steps of  
                                 length 10 s, with linear behaviour up to 108 A/cm2. 

 
 

The current-voltage characteristic of a Ni nanowire (see Fig. 5) shows a linear behaviour for 
current densities smaller than 108 A/cm2. When increasing the current rapidly, a hysteresis occurred 
for large current densities, presumably caused by heating of the nanowire. The maximum current 
density a single Ni wire could carry was found to be 3×108 A/cm2. 

Magnetoresistance measurements were also used to investigate the properties of single Ni 
wires. We observed no variation of resistance when an external magnetic field was applied parallel 
to the wires. For a field applied perpendicular to the wire axis, the maximum resistance change was 
about 1%. Fig. 6 shows one of the first results obtained for a Ni wire of 80 nm in diameter at the tip, 
the electrical current being applied along the axis of the wire.  
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Fig. 6. The electrical resistance of a single Ni nanowire versus a magnetic field applied  
                                                     perpendicular to the wire axis. 

 
 
4. Conclusions 

 
Single-pore membranes were prepared by irradiating polymer foils with exactly one swift 

heavy ion. By one-side etching, conical pores of different diameters were created in these 
membranes which acted as templates for the growth of single Ni nanowires.  

The nanowires were provided with electrical contacts by a simple and straight-forward 
method. The electrical measurements indicated that the wires have a low contact resistance and are 
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of an excellent quality, as they can sustain considerably high current densities. First magnetic 
measurements proved the occurrence of anisotropic magnetoresistance. 

Our new method of contacting single nanowires offers the possibil ity of measuring 
transport properties of a wire without the use of lithographic processes or further manipulation while 
a wider range of growth conditions for the nanowires becomes accessible. 
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