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Abstract 

 

Electrochemically deposited magnetic nanowires have gained increasing attention 

since current perpendicular to the plane giant magnetoresistance (CPP-GMR) was 

observed in multilayered nanowires. Magnetic nanowires have potential for 

fundamental studies, including measuring spin diffusion lengths and understanding 

the mechanisms of the electron spin transfer. They also have great potential 

technological applications as CPP-GMR sensors, magnetic random access memory 

(MRAM), and next generation magnetic recording heads. Small diameter nanowires 

are desired in order to have large current density per device and a high areal density 

for device arrays, for example, 2 Tb/in2 media. In this research, E-beam lithography, 

nano-imprinting, and self-assembled nanoporous alumina templates (AAO) were 

studied to achieve as small diameter nanopores as possible. AAO templates with 10 

nm diameter were fabricated using both Al foils and Al thin films. Very small 

diameter (10 nm) CPP-GMR Co/Cu nanowires were fabricated into AAO templates 

using electrochemical deposition. The magnetic transport properties of these 

multilayered and trilayered Co/Cu nanowires were investigated. It was found that 

nanowire anisotropies parallel and perpendicular to the nanowires were dependent on 

the thicknesses of Co and Cu layers. GMR of 19% was achieved with 10 nm diameter 

nanowires at room temperature. The magnetic free layers were as thin as 4.5 nm with 

GMR of 18%. Spin transfer torque switching current densities were measured to be 
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106 – 108A/cm2. The measurement of spin transfer torque was conducted numerous 

times with high repeatability in the critical switching currents from parallel to 

antiparallel alignment (JP-AP) and slight variations in back (JAP-P). Small resistance 

area products (RA) of 0.003 Ωµm 2 were achieved with trilayers that had 40Ω total 

resistance. All of results in this study show that nanowires with 10 nm diameters have 

potential application as next generation CCP-GMR sensors and spin transfer torque 

MRAM. 
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CHAPTER 1 INTRODUCTION 

 

Nanostructured magnetic materials have attracted both scientific and technological 

interest due to new properties. They have potential applications in next generation 

magnetic storage techniques, for example, giant magnetoresistance (GMR), tunneling 

magnetoresistance (TMR), magnetic random access memory (MRAM), and magnetic 

recording media. Nanostructured magnetic materials can be fabricated by two types of 

methods. One type involves top-down methods. Magnetic materials are deposited by 

vacuum techniques, then lithography and etching process are used to define 

structures. On the other hand, bottom-up methods, for example electrodeposition into 

nanoporous templates, involve building nanostructures “in situ”. Electrodeposition is 

one of the most efficient, convenient, and cost-effective methods for fabricating 

nanostructured materials.  

1.1 Magnetic Sensors Fabricated by Thin Film Technologies 

1.1.1 Giant Magnetoresistance (GMR) Sensors 

Baibich et al. (1)found GMR in Fe(001)/Cr(001) superlattice multilayer deposited 

by Molecular Beam Epitaxy (MBE) at 4.2 K in 1988. The highest magnetoresistance 

was observed in [(Fe 30 Å)/(Cr 9 Å)]. Parkin et al. (2) found GMR of 6.5% in 

multilayered Fe/Cr structures fabricated by sputtering in 1990, and demonstrated that 

the thickness of the Cr layers had an effect on magnetic properties of multilayer 

structures due to Ruderman-Kittel-Kasuya-Yosida (RKKY) interactions. RKKY 
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refers to a coupling mechanism of nuclear magnetic moments. The GMR of sputtered 

[(Co 15 Å)/(Cu 9 Å)]15 multilayered structures obtained by Barhelemy et al. (3) was 

78% at 2 K and 45% at 300 K. Spizzo et al. (4) investigated the effects of Co layer 

thickness on GMR of Co/Cu multilayer grown by sputtering. As the Co layer 

thickness was reduced, sample resistivity increased and a short range surface 

roughness was enhanced which increased the interfacial disorder. The enhanced 

resistivity led to a low GMR ratio. Dieny et al. (5) (6) invented spin valve structures 

in 1991. A spin valve structure is a sandwich structure which contains two 

ferromagnetic layers and one non-magnetic layer. One of the magnetic layers is a 

magnetically soft layer, and the other is magnetically hard layer. In the parallel state, 

the spin valve structure shows low resistance. In the anti-parallel state, it shows high 

resistance. The ferromagnetic layers are individually switched by the application of an 

external field. Remarkably, spin valves were commonly used as commercial hard 

drive readers by the end of 1990s. Shinjo et al. (7) found that NiFe/Cu/Co spin valve 

structures provided GMR of about 14% at low applied magnetic fields. TMR sensors 

have taken over reader head due to higher MR ratio. 

GMR sensors are divided into two major types, current in the plane (CIP) GMR 

and current perpendicular to the plane (CPP) GMR. The physics of these two types of 

GMR are very different. The current is parallel to the planes of the layers in CIP-

GMR. CIP-GMR is due to spin-dependent electron scattering at the interfaces or in 

the bulk of the ferromagnetic films. (8)In CPP-GMR, the current is perpendicular to 
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the planes of the layers. The spin accumulation effects were described by the model of 

Valet and Fert. (9) These effects are important for the CPP-GMR and not for the CIP-

GMR. In CIP-GMR, the scaling length is the mean free path (λ). But, in CPP-GMR, 

the scaling length is the spin diffusion length (lsf). People begun to focus on CPP-

GMR since CPP showed higher GMR than CIP. (10) But, it is difficult for CPP-GMR 

to measure the resistance because the resistance of thin films is very tiny across their 

thickness. The first CPP-GMR measurement was performed by using superconductive 

leads at low temperature which limited the actual application of CPP-GMR. As 

nanofabrication techniques developed, nano-pillars were easily achieved. CPP-GMR 

has been used as readers of hard drivers and other applications. 

Current-perpendicular-to-plane (CPP)-GMR readers are one option for next 

generation readers in hard drives due to high MR ratios and small resistance. 

However, as areal density increases over 300 GB/in
2
, the reader size needs to be 

reduced accordingly. Nakamoto et al. (11) (12) predicted GMR readers below 40×40 

nm
2
 perform better than tunneling magnetoresistance (TMR) readers, and they 

fabricated CoFe/Cu/CoFe reader with width of 80 nm by sputtering. GMR of 6 % was 

obtained in this structure. In order to overcome a problem of small GMR ratio, Peng 

et al.(13) developed current-confined-path (CCP) GMR reader which had the width of 

current path of 6 nm. The well-defined conducting channel reduced the effective 

current flow area resulting in an increased GMR sensor resistance. However, CCP 

layers have to be manufactured by using photolithography, ultrahigh vacuum 
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sputtering and ion milling processes, increasing the complexity of the fabrication 

process.  

1.1.2 TMR Sensors 

As mentioned above, TMR sensors have higher MR ratios than GMR sensors, 

therefore they are currently more popular for readers in hard drives. TMR is a 

magnetoresistive effect occurring in magnetic tunneling junctions. TMR sensors have 

similar structures as GMR sensors, but the non-magnetic layer is a thin insulator (such 

as, Al2O3, MgO). Electrons can tunnel from one magnetic layer to the other if the 

insulator layer is thin enough. TMR sensors are often manufactured by 

photolithography and thin film technology. Jullière (14) discovered the effect of TMR 

in Fe/GeO/Co at 4.2 K in 1975. Miyazaki et al. (15) found TMR of 18 % in 

Fe/Al2O3/Fe junction at room temperature. The highest TMR with Al2O3 insulators 

was 70% at 300 K. To further increase TMR ratio, a novel TMR sensor utilizing MgO 

as the tunnel barrier layer was recently developed. Al2O3 is an amorphous material. 

As a result, electrons are scattered, which decreases their conductivity through the 

barrier layer. In contrast, electrons can propagate through MgO without dispersion 

because the MgO deposits as a single crystal. Parkin et al. (16) fabricated 

CoFe/MgO/CoFe junction by sputtering in which TMR was 200 % at 300 K. TMR of 

230% was reported by Diayaprowara et al. (17) from crystalline CoFeB/MgO/CoFeB 

at room temperature. To date, TMR of 1100% has been observed in 

CoFeB/MgO/CoFeB junction at 4.2 K (18). As areal density of media keeps 
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increasing, physical width of TMR is between 90 to 100 nm in commercial TMR 

heads. (19) But the resistance of TMR sensors is too high for very high areal density 

media due to relatively larger RA product. This limits the application of TMR as the 

next generation of reader (13).  

1.1.3 Spin Transfer Torque Devices 

Spin transfer torque switching is a new technique which has potential applications 

in MRAM. When a spin-polarized current flows between the magnetic layers in 

magnet-nonmagnet multilayer structures, the current exerts a torque on the 

magnetization of magnetic layers. If the torque is large enough, the magnetization of 

magnetic layer switches, resulting in a change in resistance of the multilayers. In 

order to achieve switching, a high current density is required, typically 10
7 

to 

10
9
A/cm

2
. Two general experimental approaches have been used to direct current 

flow through small areas in the magnetic multilayers to achieve high densities. One 

approach is a point-contact geometry made by using a very sharp tip or using 

lithography techniques. The other was to make nanopillar devices by electron beam 

lithography (20).  

Myers et al. (21) measured STT switching in magnetic multilayer devices of 

Co/Cu/Co fabricated by evaporation in high vacuum chamber. To achieve sufficiently 

high current density, electron-beam lithography and reactive ion etching were used to 

produce a bowl-shaped conductive point in an insulator layer. They mentioned 

magnetic switching happens when the switching current density was over a threshold. 
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Tsoi et al. (22) measured STT switching in magnetic multilayer devices using 

mechanical point contact to a metallic multilayer. (Cu/Co)n multilayers were prepared 

by sputtering with n ranging from 20-50 with layer thickness tCo=1.5 nm and tCu=2.0-

2.2 nm. Current densities as high as 10
9
 A/cm

2
 were injected into the multilayers to 

switch the magnetization of the Co layers. Seki et al. (23) investigated the effect of 

STT switching in 90
o
 magnetization configurations with current-induced 

magnetization reversal in thin film of metallic FePt/Au/FePt pillars to solve these two 

problems. The magnetization of one of the FePt layers (polarizer) was perpendicular 

to the plane. It was found that the magnitude of the switching current density was 

reduced to around 10
7
 A/cm

2
.  

Since 1995, people started investigating STT switching in TMR structures. Al2O3 

was used as the barrier layer in most of the early studies. With the development of 

thin film technology, MgO barrier layers were used as the barrier layer for the 

application of STT switching.  STT switching in tunnel junctions have great potential 

in STT devices. Hayakawa et al. (24) studied current-driven magnetization switching 

in CoFeB/MgO/CoFeB magnetic tunnel junctions, which were fabricated by electron-

beam lithography and magnetron sputtering. After annealing at 270 and 300 C
o
, the 

switching current density was 10
5
 A/cm

2
.  

A summary of GMR, TMR, and STT switching for thin film samples is shown in 

Table 1.1. 
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Table 1.1. Summary of GMR, TMR, and STT switching of thin film samples 

GM
R 

Depostion 

Methode 
Material 

Thickness of Layers 

(nm) 
MR 

Ic 

(A/cm
2
) 

Refe

renc

es 

MBE Fe/Cr Fe: 3, Cr: 0.9, 1.2, 1.8 
70% at 

4.2K 
 (1) 

Sputtering Fe/Cr Fe: 2, Cr: 5 6.50%  (2) 

Sputtering Co/Cu Co: 1.5 Cu: 0.9 

78% at 

2K, 

45% at 

300K 

 (3) 

Sputtering 
Co, Ni, NiFe/Cu, 

Ag, Au 
supper lattice 8.70%  (6) 

Sputtering NiFe/Cu/Co NiFe: 3, Cu: 5, Co:3 14%  (7) 

Sputtering CoFe/Cu/CoFe 
CoFe: 3, Cu: x CoFe: 

1 
6%  (13) 

TM
R 

Sputtering Fe/GeO/Co GeO: 10 14%  (14) 

Sputtering Fe/Al2O3/Fe 
Fe: 100, Al2O3: 5.5, 

Fe: 100 
18%  (15) 

Sputtering CoFe/MgO/CoFe 
CoFe: 0.8, MgO: 2.9, 

CoFe: 2.9 
200%  (16) 

Sputtering 
CoFeB/MgO/Co

FeB 

CoFeB: 3, MgO: 1.8, 

CoFeB: 3 
230%  (17) 

STT 
swit

chin

g 

Eveporatio

n, e-beam 

lithography 

Co/Cu/Co Co: 2, Cu: 4, Co: 100  2 mA (21) 

Sputtering Co/Cu 
Co: 1.5 Cu: from 2 to 

2.2 
 10

9
 (22) 

Sputtering FePt/Au/FePt 
FePt: 20, Au: 5, 

FePt: 1.5 
 10

7
 (23) 

Sputtering 
CoFeB/MgO/Co

FeB 
CoFeB: 2, MgO: 0.85  10

5
 (24) 

 

1.2 Electrochemically Deposited Magnetic Nanowires 

Electrochemically deposited magnetic nanowires have attracted research interest 

due to their small dimensionalities. They show potential applications as magnetic 

recording media, magnetic reader, and magnetic random access memory (MRAM). 

Electrochemical deposition is a cost-effective and simple method to grow nanowires 

with high aspect ratio. Many types of magnetic nanowires can be fabricated by this 

method. 
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1.2.1 Template Fabrication 

Electrochemical deposition has been used to grow magnetic nanowires in 

nanoporous templates including track-etched polycarbonate membranes, anodic 

aluminum oxide, and diblock co-polymembranes (25) (26) (27) (28) (29) (30). Before 

this thesis work (31), the smallest magnetic-multilayered nanowires (30 nm 

diameters) had been achieved using track-etched polycarbonate templates (27) (32). 

These membranes have the advantage of large interpore spacing so that single wires 

have been easily contacted during fundamental studies. However, they will not be 

ideal for eventual applications that require either high densities or very insulating 

surroundings, such as magnetoresistive random access memory (MRAM) and 

recording heads. On the other hand, nanoporous anodic aluminum oxide (AAO) 

templates have closely spaced pores in an insulating matrix. Compared to 

polycarbonate membranes, AAO membranes present many advantages with respect to 

thermal stability, mechanical resistance, and oxidation protection for electrodeposited 

magnetic materials. Furthermore, adjustment of pore density and diameter as well as 

nanopore ordering is possible with AAO. In recent years, AAO has become a popular 

template system for the synthesis of various functional nanostructures. The majority 

of current perpendicular to plane giant magnetoresistance (CPP-GMR) studies 

involving AAO has used commercial templates where varying diameters and 

branching structures can result in misleading magnetic information unless the 

structure is known and accounted for (33). 
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Masuda et al. (34) (35) developed a two-step anodization method which can be 

used to grow AAO templates with very uniform diameters and straight nanopores. 

Lee et al. (36) summarized the relationship between the diameter of the nanopores 

and anodization conditions, such as, temperature, applied voltage, and acid (as shown 

in Fig. 1.1). Three growth regimes were obtained. In the first regime, below 40 V, 

nanopores with diameters from 25 nm to 70 nm were grown in sulfuric acid (H2SO4). 

In the second regime, nanopores with diameters from 50 nm to 150 nm were grown in 

oxalic acid (H2C2O4). In the third regime, above 160V, nanopores with diameters 

from 200 nm to 250 nm were grown in phosphoric acid (H3PO4). The smallest 

nanopores (25 nm diameter) made in AAO before this work were made using 19 V in 

sulfuric acid (32). A few CPP-GMR studies have used homemade AAO with the 

smallest nanopores being 40-60 nm in diameter (37) (38). The effects of anodization 

voltage and the concentration of the electrolyte on the current density and AAO 

structure were also studied by Zhao et al. (39). It was found that the current density 

was exponentially dependent on anodization voltage and the relation between the 

electrolyte concentration and the diameter of AAO was linear. Since then, AAO 

templates have been widely used to fabricate nano-size materials due to the 

advantages of AAO templates. Nanopores in AAO template are columnar, very 

uniform in diameter along each pore and monodisperse, and parallel to each other. 

The diameters of the nanopores can be adjusted from a few nanometers to several 

hundred nanometers by varying the anodization conditions, such as, acid, 
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concentration, voltage, and temperature. (34) (35)  Very large area (> 1 cm
2
 ) AAO 

with very high nanopore density (> 2.5*10
12

 holes/m
2
)  and high aspect ratio (> 

1.7*10
3
) can be inexpensively and reliably fabricated. AAO is thermally stability and 

has very good mechanical resistance. The materials deposited in AAO can be 

prevented from oxidizing. AAO is one of most prominent templates for synthesis of 

nanowires and nanotubes with controllable diameter and high aspect ratio.  

 

 

Fig. 1.1.The relation between the diameter of the nanopores in AAO templates and 

various anodization conditions (36). 

 

 However, the two-step anodization method has limitations in that the nanopore 

arrays do not have long range order (grains less than 1um only). In order to solve this 
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problem, nano-imprinting methods have been introduced by our group, Masuda and 

Goesele (40) (41) (42). After nano-imprinting with master stamps that have long 

range order, nanopore arrays with large domains of perfect order have been achieved, 

and these will be useful for future devices. Choi et al. combined nano-imprint 

lithography and anodization to prepare AAO template with 50 nm diameter pores and 

different spacing from 50 nm to 500 nm (43). 

Short nanowires have potential applications as sensors. In order to grow short 

nanowires, it is important to develop thinner AAO templates. Xu et al. (44) developed 

a method to make thinner AAO templates. In their method, 3 μm thick Al was 

deposited by sputtering on p-type, Ti-coated silicon substrates. After two-step 

anodization, very thin (< 1μm) AAO templates were successfully formed on the Si 

substrate. After the metal film was fully anodized, the anodization process was 

continued for 90-120 min to remove the barrier layer at the bottom of the pores, 

shown in Fig.1. The Ti film was used as the electrode for electroplating nanowires 

into the nanopores. The diameter of these nanopores still depended on the anodization 

conditions, but this dependence varied from bulk anodization. Also, the Ti electrode 

can be destroyed by the barrier layer removal, so care must be taken. Zou et al. from 

our group (45) combined nano-imprinting and thin film anodization together to 

fabricate very uniform 500 nm thick templates with 163 nm pores and center to center 

distances of 400 nm.   
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Other methods were used to fabricate nanoporous templates. Peng et al. (46) used 

focused ion beam (FIB) to pattern polished Al foil in order to obtain long range order. 

Then, the patterned Al was anodized to form ideally ordered nanopores. The smallest 

nanopore they achieved was close to 10 nm. But, this method was limited by the 

working environments (for example, vacuum chamber), the sample area, and the 

higher cost. Nanoporous templates also have been made by electron beam lithography 

(EBL) (47). In these methods, photoresist polymethylmethacrylate (PMMA) has been 

coated on Si substrates. Then, perfectly ordered and very uniform PMMA nanoporous 

templates (nanopore size > 20 nm) were fabricated in one-step process of EBL on Si 

substrates. However, EBL is a very expensive and slow process which limits its broad 

application. Meanwhile, the requirements of the fabrication conditions (such as, high 

vacuum, clean room) and the equipment are extremely strict in order to acquire the 

smallest structure.   

1.2.2 Magnetic Nanowires 

Many magnetic single-element and alloy nanowires (for example, Co, Ni, Fe, 

FeNi, CoCu, CoPt, CoPd) have been studied not only for fundamental studies, but 

also for potential application, such as, magnetic recording media, sensors, and other 

devices (48) (49). These nanowires have been deposited into nanoporous templates by 

electrochemical deposition methods. The diameters of the nanowires are determined 

by the nanoporous templates because the wire growth is confined by nanopores.  
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Han et al. (50) have studied magnetization reversal mechanisms of single material 

nanowires (Ni, Co, NiFe, and CoPt) in AAO and polycarbonate template with pore 

size of 30 nm, 50 nm, and 80 nm. It was summarized that the magnetization reversal 

mechanisms determined the coercivity (Hc) of the nanowires. Magnetostatic 

interaction among wires reduced Hc and remnant squareness (S). Strong 

magnetostatic coupling among nanowires not only suppressed Hc and S significantly, 

but also induced a change in the magnetization reversal mechanisms. Overall, the easy 

axis changed from parallel to perpendicular to the wire axis. Melle et al. (51) have 

mentioned the existence of quantum tunneling effects in the magnetization reversal of 

45 nm diameter Ni nanowires. It would be interesting to study problems of magnetic 

configuration and magnetization reversal in nanowires with diameters of 10 nm where 

the quantum effects would appear more clearly. The magneto-optical properties of Ni 

in AAO templates have also been studied by Melle et al.. Ni nanowires showed a 

strong increase of magneto-optical activity compared with Ni bulk material due to the 

high optical anisotropy of Ni nanowire arrays. 

The magnetic properties of alloy nanowires vary with the composition changes. 

Fe1-xNix nanowires with 50 nm diameters have been investigated by Liu (52). The 

magnetic properties of nanowires were related to a variation of Ni content in Fe1-xNix 

nanowires because the crystal structure of the nanowires also changed. Co1-xPtx 

nanowires were investigated in Zhang (53).  When the Pt content ranged from 9 to 

86%, the crystal structure of the Co1-xPtx nanowires changed from hcp to a mixture of 
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hcp and fcc phases and finally to pure fcc. The change of crystal structure led to 

changes in Hc and Ms. The major axis coercivity was 1780 Oe at Co0.5Pt0.5, then was 

1550 Oe for a composition of Co0.33Pt0.67. The Ms value decreased from 1273 to 29 

emu/cc as the Pt content increased from 9 to 86%. Single nanowires can be 

considered infinite cylinders, therefore the easy axes of the Co1-xPtx nanowires were 

decided by a combination of magnetocrystalline anisotropy and shape anisotropy 

(πMs
2
) which varied with the composition. 

CoCu alloy nanowires in commercial AAO with 20 nm diameter nanopores have 

been investigated by Schwarzache et al. (54). The coercivity of the CoCu nanowires 

decreased when annealing temperatures and pressure increased because larger Co rich 

particles were generated due to phase separation after annealing. Fedosyuk et al. (55) 

have mentioned 1 % GMR measured in CoCu alloy nanowires in commercial AAO 

templates with 20 nm diameter nanopores. Blythe et al. (56) have found Co-rich 

clusters in 20 nm diameter CoCu nanowires compared with thin films of similar 

composition which affected the magnetic properties of CoCu nanowires.  

The magnetic properties of Co, Ni and Fe nanowires as a function of nanowire 

diameter ranging from 30 nm to 500 nm have been investigated by Piraux’s group 

(57). It was reported that the coercivity of these magnetic nanowires decreased when 

nanowire diameter increased. It was believed to be due to multi-domain splitting 

when the diameter increased. Garcia has pointed out that a multi-domain structure is 

energetically favorable in Co nanowires when the diameter is larger than 35 nm (58). 
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Pirota (59) found that the magnetic properties of nanowires were determined by the 

geometrical arrangement of nanowire arrays and the magnetic nature of single 

nanowires. Meanwhile, Piraux has also concluded that the magnetic properties of Fe 

and Ni nanowires are governed by the shape anisotropy. However, in the case of Co 

nanowires, there was a competition between shape anisotropy and magnetocrystalline 

anisotropy due to a large crystalline anisotropy in hcp Co, 5×10
6
 erg/cm

3
 compared to 

shape anisotropy πMs
2 

= 5×10
6
 erg/cm

3
 at room temperature. This competition led to 

unique magnetic behaviors and undesired hysteresis loops with much reduced 

squareness ratios in Co nanowires. Therefore, tailoring the Co c-axis alignment was 

very important. The remnant magnetization of Co nanowires was enhanced by 

aligning the Co c-axis along the nanowires, but it decreased when the c-axis was 

perpendicular to the nanowires.  

Several methods have been developed to control crystallographic orientation in Co 

nanowires. In particular, the pH of the electrolyte has been the most widely used 

parameter (60). It has been concluded that c-axes prefer to align along the nanowire 

axes when the wires are grown at high pH (> 5.8), but at low pH (3.8 – 4.0), the 

nanowires prefer to have an in-plane c-axes (61) (62). The effect of external magnetic 

fields is the second most studied parameter affecting the Co crystal structure. Ge’s 

group found that the Co c-axis followed the external magnetic field direction when 

the fields were larger than 450 Oe during Co nanowire growth (63). Co nanowires 

preferred to have c-axes out-of-plane when the magnetic field was parallel to the 
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nanowires and in-plane when the magnetic field was perpendicular to the nanowires. 

However, Cobian found the field only had a significant effect when the bath 

parameters were optimized, for example without the typical additions of Lewis acids. 

(64) Magnetic properties of electrodeposited Co nanowires have also been controlled 

by other methods such as, electrolytic bath composition, deposition current density, 

temperature, agitation, and electrodeposition dynamics (65). 

The magnetic properties of nanowires are affected by other factors besides the 

crystal structure. Smaller diameter Co nanowires showed large coercivity when the 

magnetic field direction was parallel to wire axes. However, when diameters of Co 

nanowires were less than 50 nm, it was possible to form single domain nanowires. As 

mentioned above, Garcia et al. (58) used magnetic force microscopy (MFM) to study 

Co nanowires and found that single magnetic domains were revealed in Co nanowires 

with 35 nm diameters. Also, strong dipolar interactions between nanowires in high 

density arrays contributed to the magnetic properties of the nanowires. The dipolar 

interactions can be represented by Hdipolar ∝  L/s
3
 in which L is the length of 

nanowires and s is the space between nanowires (66). Electroplated Ni nanowires 

with 180 nm diameter in AAO templates were studied by Escrig et al. in 2007 (67). 

Remanence as a function of the magnetostatic interaction in the arrays was studied by 

a simple magnetic phenomenological model. It was found that the remanence of 

nanowire arrays was strongly influenced by the size of samples due to the dipolar 

interactions between nanowires. MFM images were used to investigate the different 
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remanent states by counting the number of wires pointing in each direction. O’Barr et 

al. (68) and Lederman et al. (69) also used MFM to investigated single Ni nanowires 

with diameters from 20 nm to 500 nm. Positive and negative poles at the end of 

nanowires were shown on MFM images which meant single Ni nanowires had single 

domains with magnetization along the nanowire axes. The switching mechanism was 

a curling mode for large diameter nanowire (>90 nm) and a Stoner-Wohlfarth (SW) 

mode for smaller diameter nanowire (<60 nm).  

It was found that the resistance of arrays of Co nanowires with 90 nm diameters 

changed when the magnetic field was applied parallel or perpendicular to the current. 

This change was due to a dependence of resistance on the angle between 

magnetization and current, called anisotropic magnetoresistance (AMR) (70). Groups 

in Lausanne and Louvain measured AMR on Ni and Co nanowires to be around 1% 

(71). 

Electrodeposited multilayered nanowires are ideal for investigating CPP-GMR 

effects because nanowires with large aspect ratios can be easily grown. These high 

aspect ratio nanowires can provide much higher electrical resistance than that of thin 

films which make CPP-GMR measurements more accurate. Then, once a good 

structure has been found, lower aspect ratios of the same system can be made for 

lower resistance while maintaining the GMR ratios, as shown in chapter 5 below. 

CPP-GMR in nanowires deposited by electrodeposition has been shown to be very 

similar to those of conventional multilayers prepared by thin film vacuum processes. 
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This technique also appears to result in higher quality interfaces in structures with < 

10 nm diameters because etching processes often lead to unfavorable damage of the 

interfaces at the sidewalls. Within months of each other, Piraux, Blondel and Liu 

reported the discovery of GMR in electrodeposited multilayered nanowires (26) (27) 

(72). Electrodeposited multilayered nanowires have since been utilized to study 

magnetic properties in several systems which include Co/Cu (26) (72) (37) (73) (74) 

(75) (76) (77), Ni/Cu (78) (79) (80), NiFe/Cu (32) (70) (81), CoNi/Cu (29) (33) (81) 

(82), Fe/Cu (83) , Fe/Cr (84), CoPt/Pt (85) (86), and Co/Au (83). Fig. 1.2 shows 

Co/Cu multilayered nanowires in a polycarbonate template with 40 nm nanopores 

(87). 

 

 

Fig. 1.2. Multilayered Co/Cu nanowire in track-etched polymer template (86) 

 

GMR in CoNi/Cu nanowires grown by electrodeposition has been studied as a 

function of CoNi and Cu layers thickness (33). The GMR effect decreased with 
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increasing thickness of Cu layers ( tCu), which was explained using the series-resistor 

model (88) (89) or the Valet-Fert model (90) under the long spin diffusion 

approximation. The saturation field decreased with increasing tCu due to the reduction 

of dipole interaction between neighboring CoNi nanowires. When the thickness of 

CoNi layers ( tCoNi ) increased, the GMR effect first increased then decreased. After 

the CoNi layers were thick enough (> 510 nm), the GMR did not change with further 

increases in thickness. The reduced GMR changes for small tCoNi might be due to 

discontinuities in very thin CoNi layers (< 2 nm). The decrease in GMR change with 

increasing tCoNi was due to the spin diffusion length explained by the Valet-Fert 

model. Effects of dipole-dipole interactions between magnetic layers were also 

investigated. The dipolar coupling tended to align the magnetization of adjacent 

magnetic layers antiparallel to each other when magnetic layers were thin disk shapes. 

If the Cu layers were thin enough (< 4.5 nm), Ruderman-Kittel-Kasuya-Yosida 

(RKKY) type exchange in interlayer coupling should be considered (91) (92).  

A change in magnetization of 20 % (R/R= GMR) has been observed at room 

temperature in electrodeposited CoNi(5 nm)/Cu(5 nm) multilayered nanowires with 

1500 bilayers in track-etched polycarbonate membranes (81). GMR of 20 % at room 

temperature and 80 % at 4.2 k has been observed in electrodeposited NiFe(12 

nm)/Cu(4 nm) multilayered nanowires in track-etched polycarbonate templates (93). 

Fe(8 nm)/Cu(10 nm) electrodeposited multilayered nanowires in track-etched 

polycarbonate templates showed 12% GMR at 5 K. (93) CoNi(5.4 nm)/Cu(2.1 nm) 
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multilayered nanowires in commercial AAO templates had 55% GMR at room 

temperature (29). 

The Co/Cu system has absorbed the most interest due to intrinsic differences of 

reduction potentials and good matching of band structures between Co and Cu. In 

1994, Piraux et al. (94) (59) studied Co/Cu multilayered nanowires that were 

electrodeposited in polycarbonate membranes with 40 nm diameter nanopores. GMR 

of 15% was successfully achieved in their Co (10 nm)/Cu (10 nm) systems at room 

temperature (Fig. 1.3).  

 

Fig. 1.3. Magnetoresistance of Co/Cu multilayered nanowires of 40 nm diameter 

when the applied field was parallel to films (72). 

 

The effects of both magnetic and non-magnetic layer thickness have been 

investigated in multilayered Co/Cu nanowires (25) (26) (30). GMR decreased when 

thickness increased. Finally, GMR vanished when thickness of each layer was larger 
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than spin diffusion length (SDL) of each material. These results have been compared 

with results of Valet-Fert model (95). Interfaces and bulk spin-dependent scattering 

parameters and SDL in the nonmagnetic and ferromagnetic layers were extracted. 

SDLs of Cu and Co were 140 nm and 59 nm, respectively, at low temperature. SDL 

of Cu and Co in electrodeposited nanowires was about 20 nm to 30 nm at room 

temperature (27). Ohgai et al. (30) studied Co/Cu multilayered nanowires in 

nanopores with 60 nm diameters. The thicknesses of Cu and Co layers were adjusted 

to from 5 nm to 15 nm. Co/Cu multilayered nanowires reached GMR of 20% when 

the thicknesses of Cu and Co layers were equal to 10 nm. GMR of 50 nm diameter 

Co/Cu multilayered nanowires was 13% which was measured by four point 

measurement method (96). Blondel et al. (26) measured CPP-GMR of multilayered 

electrodeposited Co/Cu nanowires and obtained 14% GMR at room temperature. PC 

membranes with 80 nm nanopore diameter and 6 µm nanopore length were used as 

nanoporous templates. Blondel et al. have tested different layer thicknesses and found 

that a larger GMR existed for layers less than 10 nm. To obtain pure layered 

nanowires, Blondel et al. (73) have compared their results with a dual bath technique 

electrodeposition with ones obtained from single bath deposition. The thicknesses of 

each layer of Co/Cu nanowires were kept same. GMR of 8% in 10 nm layers using 

the dual bath technique was reported. On the other hand, GMR of 22% in 8 nm layers 

was obtained from single bath electrodeposition. It was concluded that impurities of 

Cu in Co layers, inherent in the single bath, were not the determining factor for GMR 



22 

 

effects. CPP-GMR of 11% in Co/Cu nanowires at room temperature and 22 % at 5 K 

were found by Liu et al. (27). The nanoporous templates used polycarbonate 

membranes with 30 nm nanopore diameters and 400 nm nanopore diameters, 

respectively. Dubois et al. (82) deposited Co(10 nm )/ Cu(5 nm) multilayered 

nanowires which showed  30 % CPP-GMR in PC membranes at 77 K. Garcia et al. 

(58) found that multilayered nanowires had transverse and oblique magnetic domains 

when nanowires had extreme magnetic layer thickness, such as Co (170 nm)/Cu (10 

nm) and Co (25 nm)/Cu (190 nm).  

Piraux et al. also investigated Co/Cu multilayered nanowires with 70 nm 

diameter. In multilayered nanowires, the aspect ratios of magnetic layers were 

reduced compared with homogeneous nanowires. So, shape anisotropy could no 

longer be treated using infinite cylinders. It was necessary to determine crystalline 

anisotropy and shape anisotropy precisely. Both electrolytic bath acidity and 

deposition potential had effects on magnetic and structural properties of homogeneous 

Co nanowires and multilayered Co/Cu nanowires.  The C-axis of Co layers was found 

to be perpendicular to the nanowires axes at strong negative deposition potentials, eg: 

-1.2 V and was parallel at lower potentials, eg: -0.9 V, at the same pH. It was possible 

to control the orientation of the c-axis of multilayered Co/Cu nanowires by changing 

the deposition potential (97) (98).  

Cho et al. (99) studied the effects of an external magnetic field applied during 

electrodeposition of multilayered Co/Cu nanowires with different diameters in 
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commercial AAO templates. For 50 nm diameter nanowires, their magnetic properties 

were affected by external fields. For 200 nm diameter nanowires, their magnetic 

properties were little affected by external fields. This was related with mechanism of 

nanowire growth in different diameter AAO templates which means the diameter of 

templates affected the orientation of crystals. Both Co (111) and (220) peaks appear 

on the 200 nm diameter nanowires. Only Co (111) peak appears for 50 nm diameter 

nanowires. 

Tan (100) investigated the effects of Cu layer thickness on coercivity and 

magnetization reversal of multilayered Co/Cu nanowires with 40 nm diameter in 

AAO templates. The coercivity of Co/Cu nanowires decreased with increasing Cu 

thickness. Magnetization reversal was a combination of rotation and spin flipping as 

decided by Cu thickness and the angle between nanowire axis and the direction of the 

applied field. When the applied field was perpendicular to the nanowires axis, 

magnetization reversal was rotation in thinner Cu samples, but the reversal 

mechanism appeared to vary from rotation to flipping for thicker Cu samples. When 

the applied field was parallel to the nanowire axis, dominant magnetization reversal 

process appeared to be spin flipping for all of samples. These results were due to 

strong exchange coupling.  

Encinas and Piraux (101) studied the effects of dipolar interactions on effective 

anisotropy field as a function of magnetic and nonmagnetic layer thicknesses in 

electrodeposited Co0.96Cu0.4/Cu multilayered nanowires with 140 nm diameter. In 
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order to avoid the effects of magnetocrystalline anisotropy, FCC Co was used. It was 

found that the effective anisotropy field decreased with reduction of Co0.96Cu0.4 layers 

thickness or increase of Cu spacer layers. Magnetostatic interactions between 

magnetic layers and their effects on the total anisotropy field were used in an 

analytical model. Its results agreed very well with experimental data. 
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where P is the packing faction, N is the demagnetization factor. 

Pullini et al. (96) used electron and ion-beam microscopes to detect structures and 

morphology defects of electrodeposited Co/Cu multilayered nanowires with different 

diameters. The most common defect was the tilt of the layers, which varied along the 

length of the nanowires. When the diameter of the nanowires increased, this effect 

was clearly observed. However, the GMR was very close to that of Co/Cu nanowires 

fabricated by conventional high vacuum deposition techniques which proved the 

electrodeposition method was a promising technique. Interfaces of electrodeposited 

Co/Cu multilayers have been studied on the multilayered Co/Cu films by Nallet et al. 

(102). A Fresnel technique using electron microscopy was used to measure interface 

width and layer roughness. It was found that the roughness of the interfaces was 

0.4±0.2 nm and the thickness of the inter-diffusion layers was 0.3±0.2 nm. Qualities 

of interfaces were comparable to that of layers made by physical deposition 

techniques. 
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A summary of all of samples introduced in previous paragraphs is shown in table 

1.2.  

Table 1.2. Summary of electrochemical deposited nanowires 

Type of 

nanowires 
Templates Materials 

Diameter 

(nm) 

Thickness of layers 

(nm) 
MR Reference 

Single element 

and alloy 

nanowires 

Polycarbonate 

Ni, Co, 

NiFe, 

CoPt 

30, 50, 80   (50) 

AAO Ni >10   (51) 

AAO FiNi 50   (52) 

AAO CoPt 14   (53) 

AAO CoCu 20   (54) 

AAO 
CoCu 

annealing 
  1% (55) 

AAO CoCu 20   (56) 

Track-etched 

polymer 

Co, Ni, 

Fe 

from 30 to 

500 
  (70) 

Polycarbonate Co 35   (58) 

AAO Ni 
from 20 to 

500 
  (68), (69) 

Polycarbonate Ni, Co 80  
AMR 

1% 
(71) 

Multilayered 

nanowires 

AAO CoNi/Cu 20, 250 
Cu:4.2-44, CoNi:2-

510 
23% (89) 

Polycarbonate 
(Co, 

Ni)/Cu 
80 Co,Ni: 5, Cu: 5 

15-

20% 
(81) 

Polycarbonate NiFe/Cu 90 
NiFe: 1.5-12, Cu: 4-

10 

80% 

at 

4.2K 

(103) 

Polycarbonate Fe/Cu 100 Fe: 8, Cu: 10 
12% 

at 5K 
(83) 

AAO CoNi/Cu 20 CoNi: 5.4, Cu: 2.1 

55% 

at 

RT, 

115% 

at 

77k 

(29) 

Polycarbonate Co/Cu 40 Co: 10, Cu: 10 15% (94) 

Track-etched 

polymer 
Co/Cu 30, 50, 100 Co: 4.5, Cu: 4.7 13% (96) 

Polycarbonate Co/Cu 80 Co: 20, Cu: 40 14% (26) 

Polycarbonate Co/Cu 80 Co: 10, Cu: 10 

8% in 

dual 

bath, 

22% 

in 

single 

bath 

(73) 

Polycarbonate Co/Cu 30 Co: 4.8, Cu: 3 

11% 

at 

RT, 

22% 

at 5K 

(27) 

Polycarbonate Co/Cu 100 Co: 10, Cu: 5 

30% 

at 

77K 

(83) 
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AAO Co/Cu 50, 200 Co: 50, 25, Cu: 30  (99) 

AAO Co/Cu 40 
Co: 5, Cu: from 1 to 

8 
 (100) 

Polycarbonate Co/Cu 80, 500  10% (104) 

Polycarbonate CoCu/Cu 140 
CoCu: from 17 to 

213, Cu: 4 
 (101) 

 

The discussion above pertained mostly to transport properties of arrays of 

multilayered nanowires, but transport in a single nanowire is also an interesting topic. 

In order to measure a single nanowire, Enculescu et al. (104) used irradiated 

polycarbonate membranes to prepare a single nanopore. After subsequent chemical 

etching, a single Co/Cu multilayered nanowire was grown into this single nanopores 

and a gold contact was sputtered onto the upper surface of the template. It exhibited 

up to 10% CPP-GMR at room temperature.  

1.2.3 Spin Transfer Torque (STT) Switching 

Spin transfer torque (STT switching) switching is a hot topic for spintronics 

currently. Because most work has been focused on nanostructures fabricated by 

vacuum processes, STT switching phenomena in the electrodeposited multilayered 

nanowires is an interesting new research direction. Fabian et al. studied 40 nm 

diameter Co(30 nm)/Cu (10 nm)/Co(10 nm) pseudo-spin-valves buried in the middle 

of a long Cu nanowires, produced by electrodeposition in track-etched polymer 

templates. The trilayer structure was obtained by a double-bath technique. The 

irreversible parts of hysteresis of a single Co/Cu/Co nanowire were studied. In order 

to contact with a single nanowire, the deposition process was monitored by checking 

the potential between the top and bottom surfaces of the membrane. The potential 
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dropped to zero when a film on the surface started to deposit. A single nanowire had 

grown out of templates at this time. Two-level fluctuations of the magnetization states 

of pseudo-spin-valve pillars were triggered by spin-polarized currents of 10
7
 A/cm

2
 at 

room temperature. (105).  

A spin-transfer torque effect (STT switching) has also been studied in Co/Cu/Co 

trilayered nanowires electrodeposited in AAO templates (106) (107) (108). Spin 

transport properties of single nanowires at room temperature were investigated. For 

small applied magnetic fields, the resistance changed above a critical injected current 

because magnetic reversals were driven by a spin-polarized current. Critical current 

densities for the magnetization reversal were in the 10
7
 A/cm

2
 range as in the PC 

membrane wire discussed in the previous paragraph. Under large applied magnetic 

fields, differential resistance showed some peaks which could be explained by high 

frequency excitation of the free layer magnetization. Furthermore, when a high 

current was injected in the presence of a high magnetic field, STT switching 

generated a magnetization precession in the GHz range that led to microwave 

emission. This opened the possibility for the development of nano-sized tunable 

microwave oscillators.  

Piraux’s group studied the effects related to spin transfer torque on single and 

trilayered NiFe(30 nm)/Cu(10 nm)/NiFe(6 nm) nanowires with 85 nm diameter and 

Co(2 nm)/Cu(2 nm)/Co(25 nm) nanowires with 90 nm diameter in AAO on Si. AFM 

was used to make a hole to contact a single nanowire. Then, a gold electrode was 
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deposited into the hole as an electrode.  Fig. 1.4 shows how to contact with single 

nanowire by this method (108). Critical current densities of NiFe/Cu/NiFe nanowires 

were -4.4 ×10
7
 A/cm

2
 for parallel (P) state to antiparallel (AP) state transition and 7 

×10
7
 A/cm

2
 for the transition from AP to P state. The critical current densities of 

Co/Cu/Co nanowire were -7.3 ×10
7
 A/cm

2
 for parallel (P) state to antiparallel (AP) 

state transition and 2.2 ×10
7
 A/cm

2
 for the transition from AP state to P state (Fig. 

1.5) (109). 

 

 

Fig. 1.4. The single nanowire contacting process using an AFM tip (108). 
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Fig. 1.5. Resistance of single NiFe/Cu/NiFe nanowire as function of bias DC current 

at H = - 50 Oe (109). 

 

The effects of spin-polarized currents on magnetization states in different 

electrodeposited single 60 nm diameter nanowires have also been studied by 

Wegrowe (110). In order to understand the effect of current induced magnetization 

switching, three types of nanowires were prepared which included Ni nanowires, 

multilayered Co(10 nm)/Cu(10 nm) nanowires, and pseudo spin-valve pillars Co(30 

nm)/Cu(10 nm)/Co(10 nm). It was found that two different mechanisms accounted for 

magnetization reversal:  exchange torque and spin transfer torque. 

A summary of results from all of STT switching references is shown in Table 1.3. 
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Table 1.3 Summary of STT switching of electrodeposited nanowires 

Tempalts Materials Diameter(nm) 
Thickness 

(nm) 

Ic 

(A/cm
2
) 

Reference 

Polycarbonate Co/Cu/Co 40 

Co: 30, 

Cu: 10, 

Co: 10 

10
7
 (105) 

AAO Co/Cu/Co 90 

Co: 2, 

Cu: 2, 

Co: 25 

10
7
 (109) 

AAO NiFe/Cu/NiFe 85 

NiFe: 30, 

Cu: 10, 

NiFe: 6 

10
7
 (108) 

Polycarbonate Co/Cu/Co 60, 80 

Co: 30, 

Cu: 10, 

Co: 10 

10
7
 (110) 

 

In conclusion, electrochemically deposited magnetic nanowires show potential for 

applications such as GMR sensors and STT devices due to their advantages. It is an 

inexpensive fabrication method to grow close packed nanowires. GMR of 55% was 

achieved on electrodeposited CoNi/Cu nanowires. It is easy to acquire the high 

current density for STT application because of the small areas of the nanowires (as 

low as 75nm
2 

which is ten times smaller than the smallest vacuum fabricated STT 

structure to date).   

1.3 Advantages of Electrodeposited Multi-layered Nanowires 
to Other Sensors 

In order to create diameters of ~10nm from thin film GMR and TMR structures, 

the fabrication processes are usually very complicated, including mask design, thin 

film deposition, photolithography, electron-beam lithography, and ion milling. Every 

step requires a special and expensive instrument. On the other hand, electrochemical 

deposition can be used to grown multilayered magnetic nanowires inexpensively with 



31 

 

very high densities and high quality. The diameter of nanowires and thickness of each 

layer can be accurately controlled. In addition, the crystal structure of the deposited 

metals can also be easily controlled by deposition conditions. GMR ratio of 20% was 

found in 10nm diameter electrodeposited Co/Cu multilayered nanowires at room 

temperature. (31) Therefore, electrodeposited magnetic nanowires show potential for 

applications as the next generation of reader for high areal density media due to good 

heat dispersion and adequate MR. The high densities of electrodeposited magnetic 

nanowires also mean they have great potential for future applications in MRAM. 

However, the switching current density of electrodeposited nanowires is around 10
7
 

A/cm
2
 which is higher than that of thin film TMR structures. Since TMR sensors 

cannot be made electrochemically because they require an insulating layer, the 

reduction of switching current and enhancement of MR ratios will be the most 

important aspects of future research.   
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CHAPTER 2 OVERVIEW OF TECHNOLOGY  

This chapter introduces how to form anodic aluminum oxide (AAO) templates for 

electrodeposited nanowires and what giant magnetoresistance (GMR) and spin 

transfer torque (STT) are in detail. Meanwhile, the material characterization methods 

used in this research are introduced including X-ray diffraction (XRD), vibrating 

samples magnetometer (VSM), atomic force microscopy (AFM), and scanning 

electron microscope (SEM) 

2.1 Anodic Aluminum Oxide (AAO) templates 

The anodization setup used in this research is shown in Fig 2.1. A polished 

aluminum foil and a platinum wire worked as the anode and cathode respectively. A 

potential between two electrodes and temperature of the electrolyte were kept 

constant to form uniform AAO templates.  

 

Fig 2.1 Anodization setup 

Al 

Acid 

Temperature Bath 
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A thin layer of alumina forms on the surface of a polished Al when it is anodized 

in the acid. During the anodization, there are two competitive processes, formation 

and dissolution, respectively. The following reactions occur at the metal/oxide 

interface:  

Al(s) → Al
3+

(s) + 3e
-
 

Meanwhile, a water molecule is split to a hydroxyl anion and ionic hydrogen  

H2O → OH
- 
+ H

+
 

Then, Al
3+

 reacts with OH
-
 to form Al2O3.  

2Al
3+

 + 3OH
-
 → Al2O3 + 3H

+
 

A reversal reaction happens during the formation of an alumina film. The formed 

Al2O3 in the anodization process reacts with the hydrgens formed in the previous 

reaction.  

Al2O3 + 6H
+
 → 2Al

3+
 + 3H2O 

Fig. 2.2 shows the reaction at the oxide/electrolyte (o/e) interface and metal/oxide 

(m/o) interface. The reaction occurring at the o/e interface is electric field enhanced 

chemical dissolution. At the same time, the metal dissolution at the m/o interface is a 

charge transfer or electrochemical reaction. The key variable along the interfaces 

determining the reaction rate of the interface is the local electric field. (111) The 

distribution of the local electric field depends on the topography of the interfaces at 

o/e and m/o. Small topographic differences with the interfaces cause inhomogenities 
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in the applied electrical field which affects the different reaction rates across the 

interfaces. 

 

 

Fig. 2.2. Schematic diagram showing the electrochemical reactions and ionic 

paths involved during anodization of aluminum (111) 

AAO growth consists of several stages as shown in Fig. 2.3 and the distribution of 

the applied electrical field is also shown at the different stages. First, a layer of 

compact oxide (barrier layer) is developed by the application of an electric field (Fig. 

2.3 A). Inhomogeneities in the current distribution are caused by small topographic 

differences with this barrier layer. The applied electrical field at this stage is indicated 

by arrows in Fig. 2.3 B. This non-uniform electrical field causes a different 

dissolution rate of the oxide in the barrier layer, and nanopores start to form. When 

the electrical field and the dissolution rate in the alumina between two pores decrease, 

nanopores further grow (Fig. 2.3 C). As the Al continues to be anodized, the 
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nanopores keep growing. After a few of minutes, the nanopores within the AAO 

template have ordered at the m/o interface (Fig. 2.3 D). (112)  

 

 

 

Fig. 2.3. Stages in the development of AAO during anodization (arrows 

correspond to locally electrical fields) (112) 

 

The growth process can be experientially monitored by analyzing the anodization 

current versus anodization time as shown in Fig. 2.4 (113).  Stages I, II, III in Fig. 2.4 

correspond separately to stages A, B, and C (D) in Fig. 2.3. In the stage I, the current 
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drops dramatically because the barrier layer forms on the surface of Al. After small 

nanopores form in the surface of the barrier layer, the alumina at the bottom of 

nanopores starts to dissolve in the electrolyte. Therefore, the current slowly increases 

which is shown in the stage II. When the growth of nanopores achieves steady state, 

the anodization process is a uniform process in which the anodization current keeps 

constant (stage III). During the stage of steady pore growth, the anodization rate is 

constant. The thickness of AAO template linearly increases with the anodization time. 

So, the thickness of AAO can be controlled by the anodization time of the stage III.  

 

 

Fig. 2.4. A diagram of anodization current versus anodization time (113) 
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As mentioned beforehand, the nanopores thickness is linearly related with the 

anodization time. However it is necessary to emphasize that both the oxidation and 

dissolution rates of the alumina are completely different at different anodization 

conditions, such as temperature, electrolyte, concentration of electrolyte, and voltage. 

 The interpore distance (Dint) is linearly proportional to the applied potential with 

a proportionality constant (k (nm/V), 2.5 < k < 2.8).  

 

Dint = kV 

 

The thickness of the barrier layer (DB) is half of the interpore distance. (114) 

 

DB = Dint/2 

 

If the aluminum used for anodization has impurities, the defects will form around 

impurity area since impurities have different volume expansion coefficients as the 

aluminum. Therefore, in order to obtain self-ordered AAO, it is very critical to use 

aluminum with a high purity (> 99.999%). Aluminum is easily oxidized at the 

ambient condition, so before the anodization process, the oxidized layer on the surface 

of aluminum must be removed. Then, the electrochemical-polishing process is applied 

to improve the smoothness of the aluminum surface.  

Temperature is another key factor for the formation of AAO since the oxidation 

and dissolution rate of alumina depend on temperature. With all the other parameters 
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maintained at constant, the current density increases as the temperature increases. The 

increased current density doesn’t increase the anodization rate because the dissolution 

rate of alumina at the interface between the electrolyte and oxide increases as well. At 

a high temperature, the dissolution rate is faster than the rate of oxide formation. 

Therefore, AAO can’t form on the surface of Al. Meanwhile, local heating at the 

working surface can cause an inhomogeneous electric field distribution at the bottom 

of nanopores which leads to local electrical breakdown of the alumina (Fig. 2.5). But 

if the temperature is too low, the electrolyte may freeze. Therefore, optimized 

temperature needs to be used for each different electrolyte. For example, anodization 

is performed at 40 V in oxalic acid at 5 ~ 18 
o
C or at 195 V in phosphoric acid at 0 ~ 2 

o
C. A magnetic stirrer is used to avoid temperature gradients in the electrolyte. 

Another reason to use the stirrer is to effectively remove hydrogen bubbles and local 

heat on the surface of the aluminum electrode to allow a homogenous diffusion of 

anions into pore channels. It is worth mentioning that the growth rate of porous 

alumina is affected by the temperature. The growth rate is low if the anodization 

temperature is low.  
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Fig. 2.5. SEM image of AAO after electrical breakdown 

 

The thickness of alumina increases linearly with anodization time, but the current 

efficiency and porosity don’t usually vary with time or the alumina thickness. This 

indicates that the current density is constant during the anodization procedure. 

Therefore the resistance of entire film is constant as the porous oxide grows. 

Anodization procedure is a slow process. Table 2.1 shows an anodization rate of 

aluminum in different electrolytes (115). In order to achieve highly ordered AAO 

templates, long anodization time is normally required (72). While the thickness of a 

barrier layer at the bottom of the AAO still keeps constant at the same anodization 

conditions.  

 

Table 2.1. Anodizing rate of Al in different electrolytes 

 Electrolyte Concentration ( at 27 
0
C ) Anodization Rate ( Å/S ) 

1 15 % sulfuric acid 10.0 

2 2 % oxalic acid 11.8 

3 4 % phosphoric acid 11.9 

4 3 % chromic acid 12.5 
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2.2 Giant Magnetoresistance (GMR) 

2.2.1 GMR effect 

 Multilayered nanowires are ideal structures to study the CPP-GMR. 

Electrodeposited magnetic multilayered nanowires have gained a great deal of interest 

since Piraux measured GMR of 15% on Co/Cu electrodeposited multilayered 

nanowires in 1994. (72) Electrodeposition offers many advantages over the 

conventional deposition methods. First, it is easy to reach the micro range of the 

thickness of each layer without affecting the quality of the interface. Meanwhile, 

electrodeposition can be used to grow multilayered structures with high aspect ratio. 

The high aspect ratio leads to large signals and precise measurements. Second, 

electrodeposited nanowires are ideal structures for achieving high injection current 

densities due to their small size. The spin accumulation effects generated by the high 

injection current can generate magnetic excitations and reverse the magnetization of 

magnetic layers. Such effects are named a spin transfer torque (STT switching) which 

shows the potential application as the next generation of storage memory called 

Magnetoresistive Random Access Memory (STT-MRAM).  

 The resistance of GMR structures depends on the relative orientation of the 

magnetization in each magnetic layer. There are two stable states (Fig. 2.6), parallel 

state (P) and anti-parallel state (AP). When magnetizations of all magnetic layers are 

parallel to each other, called parallel state, GMR structures show a low resistance. 

When magnetizations of all magnetic layers are anti-parallel, called anti-parallel state, 

GMR structures have a high resistance.  
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Fig. 2.6. R vs. H of GMR 

 

The magnitude of the GMR effect is defined by: 

 

    
      

  
 

  

   
   

 

where ρP and ρAP are the resistivity for a P and AP states, respectively, σP and σAP are 

the corresponding specific conductance. 

2.2.2 Theoretical model of giant magnetoresistance (GMR) 

The conductivity of metals is proportional to the density of state (DOS) at the 

Fermi level (D(EF)). Band structures determine transport behaviors of metals. The 

electrons have two spin angular momentums (spin-up and spin-down) which are 

called majority electrons and minority electrons respectively. Fig. 2.7 shows the DOS 
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of Fe, Co, Ni, and Cu. The number of spin-up and spin-down electrons are same for 

non-magnetic metal (for example, Cu). On the other hand, for ferromagnetic materials 

(e.g. Fe, Co, and Ni), band structures are not symmetric due to exchange interactions 

between magnetic ions. Since the numbers of electrons of spin-up and spin-down are 

not same, it causes two different DOS at the Fermi level (D↓ (EF) and D↑ (EF)) and 

different spin sub-band conductance (g↓ and g↑).  

 

Fig. 2.7. Density of state of Fe, Co, Ni, and Cu (116) 

 

The spin polarization is defined as a ratio of the density of states of spin-up and 

spin-down electrons at the Fermi level. 
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For non-magnetic metal, P is equal to zero since the density of states of spin-up 

and spin-down electrons are equal. But for ferromagnetic materials, since the density 

of sate of spin-up and spin-down electros are different, P is higher than zero, but less 

than one.  

The Mott model of two spin channels can explain the magnetoresistance effect. 

The resistance is different for P and AP states. For P state and AP state, the resistivity 

is ρ1 and ρ2 as shown in Fig. 2.8.  
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Fig. 2.8. Mott’s mode of the two spin channel for the resistivity in the situation of 

a) parallel state; (b) antiparallel state. 

 

If neglect the resistivity ρ of a non-magnetic interlayer,    is given by the 

equation:  

 

   
     

     
 

 

ρAP is given by the equation:  

 

    
      

 
 

 

So, the magnitude of GMR amounts is given by: 
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Stoner mode is used to discuss the behavior of ferromagnetic 3d metals (Fig. 2.9). 

Since 4s electrons have reduced effective mass compared to 3d electrons, 4s electrons 

carry out the electric transport. A large DOS of 3d electrons at the Fermi energy 

results in an enlarged scattering of 4s electrons into empty 3d states which shows a 

high resistivity. The scattering probability for a parallel state of ferromagnetic layers 

is lower than that of an antiparallel state due to the exchange splitting of the DOS for 

3d electrons. For an antiparallel state, an alternating change of the resistivity occurs 

for each spin channel which results in a large total resistivity. For a parallel state, the 

spin channel shows a low resistivity which leads to a low total resistivity. (116) 
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Fig. 2.9. Dependence of the resistivity on the relative orientation of the 

magnetization. (116) 

 

When the resistivity of the non-magnetic interlayer is considered, assuming the 

non-magnetic interlayer with a cross-sectional area A and thickness d, the RP and RAP 

are shown by the following equations: 
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where dm is the thickness of the magnetic layer, and  

So, the magnitude of the GMR amounts to: 

 

    
      

               
 

 

Valet-Fert model (Fig. 2.10) is widely used to explain CPP-GMR. The base of 

this model is the two-spin current model. Meanwhile, interfacial resistance is 

included. Interfacial resistance contributes to the spin accumulation at the interfaces 

between ferromagnetic layers and non-ferromagnetic layer. In this model, the 

resistance of a multilayer structure is expressed by the equation: 

 

                 
      

  

 

where, 
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Fig. 2.10. Equivalent resistance array of V-F model (117) 

 

lsf : spin diffusion length 

β : bulk spin asymmetry coefficient 

γ : interfacial spin asymmetry coefficient 
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ρ N,F : non-magnetic and ferromagnetic layer bulk resistivity, respectively.  

 

 

γb : interfacial resistance. 

tN,F : thickness of non-magnetic and magnetic layers. 

Vale-Fert model can be simplified by some assumptions. If tN,F << lsf , called in 

the long spin diffusion limit, the resistance of a multilayer can be simplified to: 

 

 

 

M: the number of bilayers, and L = (tN + tF) 

When the thickness of non-magnetic layer (tN) is much larger than its spin 

diffusion length (SDL),   and the thickness of ferromagnetic layer (tF) is much 

smaller than its SDL, . MR of multilayer decreases as . 

When tF >>   and tN <<  , MR is expressed as: 
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where, p is the proportion of antiparallel configurations between the neighbor layers. 

If p is equal to 1, it represents a perfect configuration.  

2.3 Spin transfer torque (STT) switching 

Since Slonczewski predicted current-induced magnetization switching (CIMS) 

in 1996 (118), spin transfer torque (STT) switching has been observed in many 

different measurements. Most of researchers investigated these phenomena using 

magnetic nanopillars with pseudo-spin-valve structures. Spin-valve structure devices 

have normally three layers. Two ferromagnetic layers are on the both sides of a layer 

of non-magnetic layer, which is very similar as a basic GMR structure. But the 

difference from the GMR structure is that magnetization of one of two ferromagnetic 

layers is very hard to switch, called pinned layer. It is pinned by for example, 

exchange coupling, thickness. Magnetization of the other ferromagnetic layer is very 

easy to switch, which is called free layer.  

When electrons pass through these trilayer structures, spin-polarized electrons 

apply a torque on the magnetization of free layer. The torque increases with 

increasing the current density. As the torque is large enough, it can switch the 

magnetization of the free layer. This torque is called spin transfer torque. The material 

systems mostly studied are Co/Cu systems which include thin film stacks made by 

vacuum processes (119) (120) and electrodeposited nanowires (108) (121) (31).  In 

order to achieve a higher current density, the thin film stacks not only need very 

complicated vacuum systems to deposit spin valve structures, but also have to be 
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pattered to nanopillars by e-beam lithography which is a slow and costly process. 

Compared with the thin film structures, electrodeposited nanowires show many 

advantages, such as low cost, easy process, and high efficiency. Recently spin valve 

structure electrodeposited nanowires retain many interest from industries and 

academia because they show higher potential applications than giant 

magnetoresistance (GMR) sensors, (122) magnetic random access memory (MRAM), 

and recording heads of ultra-high areal density medias. Spin transfer torque can be 

predicted as following equation. 

 

where I is the current and 1 and 2 are unit vectors of a local magnetic moments of 

each ferromagnetic layer.  

The spin transfer torque is proportional to the current density. 1 and 2 are 

natural properties of two ferromagnetic layers. In two ferromagnetic layers, one is 

thicker than the other. The moment of the thicker layer and thinner layer is 2 and 1, 

respectively. Fig. 2.11 shows how electrons switch the magnetization of free layer. 

When electrons flow from 2 to 1, they are polarized by 2. The spin transfer torque 

will turn 1 toward 2. When electrons flow from 1 to 2, electrons reflected by 2 

apply STT on 1 which turns 1 away from 2. So, two states, parallel state and 

antiparallel state, can be achieved separately by changing the current direction when 

the current density is higher than threshold value.  



52 

 

 

Fig. 2.11.  STT switching 

 

Fig. 2.12 shows a STT switching transfer curve. The current induced the free 

layer magnetization switching when the current achieved threshold. The switching 

critical current can be calculated by two equations.  

 

 

where, α is the phenomenological Gilbert damping parameter, M is the magnetization 

of the free layer, Han is the anisotropy filed, A is the area of free layer, t is the 

thickness of the free layer, g(0) and g(π) are the efficiency of spin-transfer switching 

for parallel state (0) and antiparallel state (π), respectively.  
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Fig. 2.12. Spin transfer curve of a nanopillar spin-transfer device (123) 

 

2.4  Characterization Tool Background 

2.4.1 X-Ray Diffraction (XRD) 

X-ray diffraction (XRD) is a versatile, non-destructive technique that reveals 

detailed information about the crystallographic structure of natural and manufactured 

materials. Fig. 2.13 shows an XRD setup. The X-ray diffraction instrument is 

composed of three main parts as shown in Fig 1.1: X-ray source, a sample 

goniometer, and a X-ray detector. According to the relative position and motion of 

these three parts, a X-ray operation can be categorized into many modes, the most 

important of which are: wide angle diffraction, rocking curve, and in-plane 

diffraction. When an X-ray beam is directed at a solid material, the X-rays will be 

scattered in all directions. If these material atoms have long-range order, the lattice 

planes will cause interference between scattered X-rays, resulting in a unique 

diffraction pattern which can be captured, for example by an areal detector. This 
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pattern can provide the following structural information: crystalline phase 

identification, grain size, structural evolution in layered materials, microstrain 

analysis, macroscopic stress measurement and texture analysis. Structural information 

can be obtained from any crystalline material, including metals, ceramics and 

polymers. 

 

Fig. 2.13 XRD apparatus. (124) 

 

X-rays are electromagnetic radiation with typical photon energies in a range of 

100 eV - 100 keV. Short wavelength X-rays (hard X-rays) in a range of a few 

angstroms to 0.1 angstrom (1 keV - 120 keV) are used for diffraction applications. 

They are ideally suited for probing the structural arrangement of atoms and molecules 

in a wide range of materials because the wavelength of x-rays is comparable to atomic 

spacings. X-rays are generated by X-ray tubes when a focused electron beam is 

accelerated toward an anode, typically a rotating Cu disk. When the electrons 
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encounter the anode, X-rays with a characteristic wavelength are emitted, for 

example, 1.5406 Å for Cu K. 

When X-ray photons collide with, electrons of a sample material, the photons will 

be scattered, and in certain conditions, they may interfere with each other. If the 

materials are crystalline, the atoms are arranged in periodic fashion. This periodicity 

leads to an interference called diffraction when specific geometric conditions are met, 

as defined by Bragg’s law (Fig. 2.14). Here, two atomic planes are separated by the 

interplane spacing d, and incident X-rays that are scatterd by these planes travel 

different lengths as shown. 

 

Fig. 2.14 A geometry of Bragg’s law for a diffraction of X-rays from a set of 

crystal planes.  

                                            BA’+ A’C = nλ = 2dsinθ                          

Where n is an integer,   is the wavelength of radiation, d is the interplanar spacing, 

and   is the diffraction angle or Bragg angle. 
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Bragg's conditions are satisfied by different d-spacings in materials at specific 

angles. Therefore, a plot of the angular position vs. intensity of the resultant diffracted 

peaks of is characteristic of the sample. Based on the results of X-ray diffraction, 

structural, physical and chemical information about the material can be obtained. 

For a wide angle diffraction setup, sample gonoimeter rotates and θ is changed. 

The angle, 2θ, between the source and the detector to is kept constant. The angle, θ, 

between the sample and the source is changed. Every crystalline plane which meets 

Bragg law, can diffract the incident beam at a certain θ’s, and a lattice parameter can 

be obtained from the peak position.  

Phase identification using x-ray diffraction relies mainly on the positions of the 

peaks in a diffraction profile and to some extent on the relative intensities of these 

peaks. However the shapes of the peaks contain additional and often valuable 

information. Shrinking crystallite size causes peak broadening. The Scherrer equation 

explains peak broadening in terms of incident beam divergence which makes it 

possible to satisfy the Bragg condition for non-adjacent diffraction planes. Once 

instrument effects have been excluded, the crystallite size is easily calculated as a 

function of peak width (specified as the full width at half maximum peak intensity), 

peak position and wavelength.  

The crystallite size as measured by the Scherrer method: 
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Where volL   is the volume-weighted size,   is the Bragg angle,  is the 

wavelength of the X-ray, K is a unit cell geometry dependent constant whose value is 

typically between 0.85 and 0.99, 2/1B  is the full-width –half-max of the peak. 

Rocking curve measurements are used as a gauge of the quality of epitaxial 

films. In a rocking curve measurement,  is changed with a fixed 2 angle. This 

measurement allows very precise measurements of diffraction angle around a specific 

angle of interest. The Full Width at Half Maximum (FWHM) is indicative of the 

mosaic spread and is inversely proportionally to the dislocation density in the film.  

In order to acquire the highest signal from nanowire samples by focusing X-ray 

on as small as area, the Bruker-AXS Microdiffractometer was used in our experiment 

(Fig. 2.15). 

 

Fig. 2.15 Bruker-AXS Microdiffractometer 
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2.4.2 Vibrating Sample Magnetometer (VSM) 

Magnetic properties of material are often measured by vibrating sample 

magnetometer (VSM), (Fig. 2.16). A basic VSM includes a vibration exciter, 

electromagnets, pickup coils and a sample holder. The sample holder rod is mounted 

on the vibration exciter which moves up and down at a set of frequency, typically 85 

Hz. The samples can be rotated 360 
o
 which allows angular measurements (in plane 

and out of plane). There are also three knobs for adjusting the x, y, and z position of 

the sample. When a magnetic sample is placed within a uniform magnetic field, the 

magnetization of the sample will align with the field by magnetic domain growth, or 

alignment of the individual magnetic spins. The alignment of the magnetization will 

be the larger as the applied field becomes stronger and internal magnetic structure is 

overcome. The magnetic field called the magnetic stray field will be generated by a 

magnetic dipole moment of sample. When the sample is made to undergo sinusoidal 

motion (i.e. mechanically vibrated), the magnetic stray field is changing as a function 

of time and can be sensed by a set of pick-up coils. A voltage read by the pick-up 

coils changes due to a change in magnetic flux, which is proportional to the magnetic 

moment of the sample. A standard sample of Ni with a given magnetization is used to 

calibrate VSM system to guaranty the measurement of samples accurate.  The 

samples must be saddled at the center of pickup coils before starting measurement to 

ensure the sample is at the center of the field. Typical measurements include the M-H 

loops (hysteresis loops), magnetic moments, and anisotropy measurements.  
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Fig. 2.16 A diagram of vibrating sample magnetometer (VSM) 

2.4.3 Atomic Force Microscopy (AFM) 

Gerd Binning and Heinrich Rohrer developed scanning tunneling microscope 

(STM) which was a precursor of atomic force microscopy (AFM). AFM, used on both 

conductors and insulators, was invented in 1986 by Binning, Quate, and Gerber. 

Sample information is gathered by scanning the surface with a mechanical probe. A 

atomically sharp tip is used to scan across a surface and specific probe-sample 

interactions are monitored. Piezoelectric elements enable the very precise scanning by 

adjusting accurate and precise movement. 

Most AFM modes can work very well in ambient air and even in a liquid 

environment. Fig. 2.17 shows the setup of an AFM. The resolution of AFM is on a 

scale from angstroms to 100 microns. The AFM tip is positioned several nanometers 

Vibration 

Exciter 

Sample 

Pickup 

Coils 

Electromagnets 

http://en.wikipedia.org/wiki/Scanning_tunneling_microscope
http://en.wikipedia.org/wiki/Piezoelectricity
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above the sample surface at the end of a cantilever beam. AFM relies on the forces 

between the tip and sample (Fig. 2.18). As the tip is moved to the sample’s surface, 

the force is in an attractive regime. As it moves closer, the force regime switches to 

repulsive regime. The force is calculated by measuring the deflection of cantilever of 

AFM. The cantilever beam deflects according to Hooke’s law when the tip is attracted 

or repelled by the sample surface. The variation of the height of tip is recorded as the 

tip scans across the sample surface. A feedback mechanism produces a topographic 

image of the surface. A laser is used to detect the deflection of the cantilever, and 

piezoelectric control is used to adjust the sample height to keep the deflections 

constant. 

Hooke’s Law:  

                

Where the force is F (N), the spring constant for the cantilever is k (N/m), and the 

deflection is Z (m). 

 

Fig. 2.17 A diagram of atomic force microscopy (AFM) (125) 
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Fig. 2.18 Forces is as the function of distance between tip and sample (126) 

 

The AFM has two working modes: contact mode and tapping mode. In contact 

mode, AFM tip operates by scanning the tip through the adsorbed layer on the sample 

surface. A constant deflection between the cantilever and the sample is maintained by 

vertically moving the scanner. The constant deflection in principle is the same as 

maintaining the constant force between the tip and sample. According to the Hooke’s 

Law, the applied forces ranged from nN to µN with a general force constants range 

from 0.01 to 1.0 N/m. In tapping mode, AFM tip lightly taps the sample surface. The 

cantilever is oscillated at or near its resonance frequency with amplitude ranging 

typically from 20 nm to 100 nm. The amplitude is kept constant during scanning. The 

advantage of the tapping mode AFM is that it requires lower forces and causes less 

damage to soft sample surfaces.  
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Compared with two-dimensional images of electron microscopes, AFM 

provides a true three-dimensional surface profile. Samples do not require any special 

treatments (metal or carbon coating) for AFM. But, AFM measurement normally is a 

very slow process and an area of AFM images is much smaller than that of scanning 

electron microscope (SEM) images. 

Besides the topographical image, AFM can be used to measure many forces, for 

example, mechanical contact force, capillary forces, electrostatic forces, magnetic 

forces, Van der Waals forces, chemical bonding, and so on.   These often require 

specialized tips and data analysis. 

2.4.4 Scanning Electron Microscope (SEM) 

Max Knoll obtained the first SEM image on silicon steel in 1935. Then, Manfred 

von Ardenne performed the physical principles of the SEM and beam specimen 

interactions in 1937. The SEM was further developed by Charles Oatley and Gary 

Stewart. Finally, DuPont delivered the first SEM instrument. 

SEM is a type of electron microscope that is used primarily to image the sample 

surface. In SEM, an electron beam is emitted from an electron gun made from a 

tungsten filament, lanthanum hexaboride cathodes, or zirconium oxide. An energy of 

the electron beam ranges from a few hundred eV to 40 keV. After being focused by a 

set of condenser lenses, the electron beam spot is about 0.4 nm to 5 nm in diameter. 

When a high-energy beam of electrons scans the sample, the electrons interact with 

the atoms of the sample. The electrons lose energy by repeated random scattering and 

http://en.wikipedia.org/wiki/Scanning_electron_microscope
http://en.wikipedia.org/wiki/Scanning_electron_microscope
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absorption in the sample. The interaction length extends from less than 100 nm to 5 

µm into the sample surface.  

The energy exchange between the electron beam and sample atoms generates 

many types of signals, including secondary electrons, back scattered electrons, X-

rays, transmitted electrons. (Fig 2.19) These signals produce information about the 

sample surface topography, composition, or electrical conductivity. The secondary 

electrons are used to image of the sample surface. SEM can produce very high 

resolution images about 1 to 5 nm in size. Unlike optical and transmission electron 

microscopes, magnification in SEM is controlled by the current supplied to the x, y 

scanning coils, and not by objective lens power. SEM also can show spatial variation 

in chemical compositions of samples by back scattered electrons and energy 

dispersive X-ray spectroscopy (EDS). Back scattered electrons are electrons that are 

reflected from the sample by elastic scattering. Its images show information of the 

distribution of different elements in the sample. EDS X-rays are generated when the 

electron beam removes an inner shell electron from the sample, so a higher energy 

electron drops to the inner shell. The emitted X-ray has energy equal to the difference 

between the electron states, and is therefore characteristic of the element that emitted 

it.  So X-ray energies can be used to identify the composition of the sample.  
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 Fig. 2.19 The interaction between electron and specimen 

 

A SEM system has some essential components including electron source, electron 

lenses, sample stage, detectors, power supply, vacuum system, cooling system, and so 

on. (Fig. 2.20)  

  

Fig. 2.20 Scanning electron microscope (SEM) (126) 

 

Incident Electron 

Beam 

Auger Electrons 

X-rays Backscattered 

Electrons 

Secondary 

Electrons 

Samples 



65 

 

SEM samples must be electrically conductive, at least at a surface. For 

nonconductive samples, they are charged during a scanning process by the electron 

beam. This causes scanning faults and other image artifacts. In order to solve this 

issue, an ultra-thin layer of electrically conducing material (Au, Pt, or C) is coated on 

a surface of samples by sputter coating or evaporation. After the coating, maximize 

signal and improved spatial resolution are acquired by preventing charging. 

Meanwhile, because SEM works in a vacuum on the order of 10
-5

-10
-6

 torr, it is 

necessary that samples must be stable in the high vacuum system. 
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 CHAPTER 3 FABRICATION OF NANOPORE ARRAYS 

 

In order to form magnetic nanowires by the electrochemical deposition method, it 

is necessary to first fabricate nanopore templates. In addition to having nano-sized 

holes, the templates must be chemically and thermally stable during the 

electrodeposition process. In order to form high aspect ratio nanowires, the templates 

must also have very good mechanical properties. Many types of nanopore templates 

have been used to form nanowires by the electrodeposition method, including track 

etched polymer membranes, anodic porous alumina (AAO), nano-imprinting, and 

photoresist patterning by photolithography or e-beam lithography. In this research, 

different technologies were used to form templates with 10 nm diameter nanoholes. 

The templates included free-standing templates (self assembled AAO and 

prepatterned nanoimprinted AAO) and templates on Si (e-beam resist patterned pores 

and AAO from Al films). 

3.1 Two-step Anodization 

The nanopores discussed above are generally randomly distributed as grown on 

the Al surface because they form due to inhomogeneities in the current distribution 

caused by small topographic differences. Since Masuda developed the two-step 

anodization method (34), highly-ordered, uniform, straight AAO have been widely 

used as nanoporous templates to fabricate nano-size materials. It was found that 
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nanopore arrangement was improved after a long anodization period because the 

nanopores self-assembled at the metal-oxide interface to form defect-free regions in 

large domains.  

The two-step anodization process used in this work is shown in Fig. 3.1. High 

purity alumina foils (> 99.99%) were degreased in acetone for 10 minutes at room 

temperature and rinsed in methanol, isopropyl alcohol (IPA), and deionized (DI) 

water separately. After drying in nitrogen, the native oxide layer was removed using a 

1 M NaOH solution for 3 minutes. A DI water rinse and N2 drying were followed by 

electrochemical polishing to remove defects of the surface of the Al foil. The 

electrochemical polishing solution was a 1: 5 mixture of perchloric acid (HClO4) and 

ethanol, and a constant potential of 18 V at 6 
0
C was applied. A first anodization was 

then performed in acid. The pores beaome ordered at the AAO/Al interface after a 

long first anodization. So, this first layer of alumina was etched away by a mixture of 

5% H3PO4 and 1.8% chromic acid at 60 
0
C for couple of hours depending on the 

thickness of alumina. This left indents on the surface of the Al which nucleated 

ordered pores during the second step of anodization. The Al was anodized again at the 

same anodization conditions. After couple hours of anodization, ordered nanopores 

were obtained in the new AAO. Because AAO formed on both sides of the Al foil, it 

was necessary to separate two AAO to make two free-standing AAO membranes. The 

layer of Al between the two AAO layers was etched using a saturated mercuric 

chloride (HgCl2) solution for three hours at room temperature. The layer of alumina at 



68 

 

the bottom of the pores,called the barrier layer, was removed by 5% phosphoric acid 

for couple of minutes. Finally, ordered nanopores were ready for the electrochemical 

deposition of nanowires.  

 

 

 

Fig. 3.1 AAO fabrication procedure of two-step anodization 

 

Fig. 3.2 shows SEM images of AAO after the first anodization (a) and the second 

anodization (b).It is clear that the nanopores from the second anodization are much 

more uniform and ordered than those from the first anodization. Nanopores after the 

second anodization have a hexagonal distribution on AAO surface. Imperfections can 

still be found in Fig. 3.2 (b). This problem is due to two reasons. One is the defect 

from the original Al foil, which is shown in the area of the red circle 1. Although high 

purity Al foils are used to make AAO templates, they have some defects from Al 
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manufacturing, such as defects and scratches. The other reason is the grain boundaries 

in the Al precursor, which is shown in an area of the red circle 2.  

 

 

Fig. 3.2 SEM images of AAO (nanopore diameter is 20 nm) 

(a) after the first anodization, (b) after the second anodization 
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The nanopore diameter is dependent on the anodization conditions. Most 

researches have focused on 40 nm to 60 nm, 90 nm to 140 nm, and 220 nm to 300 nm 

regimes, respectively. (36)The diameter of nanopores can be adjusted from a couple 

of nanometers to hundreds of nanometers by controlling the anodization conditions 

(especially the anodization potential and the type of acid). Small diameter nanopores 

can be achieved when Al foil is anodized in H2SO4 at low anodization potentials.  

In this research, it was very important to fabricate 10 nm diameter nanopores for 

small device areas. In order to achieve 10 nm diameter nanopores, Al foil in this work 

was anodized in different concentrations of H2SO4 under different anodization 

potentials at 1 
0
C. Polished Al foil was anodized for 3 hours as the first anodization to 

force order at the interface between AAO and Al foil. After etching away the first 

layer of AAO, the Al was anodized for 14 hours at the second step of anodization to 

achieve thick enough AAO templates for handling.  

Fig. 3.3 is a summary of nanopore diameter versus different anodization 

conditions for the first-step anodization. When the anodization potential was 

increased, the distribution of nanopore diameters became broad although the average 

diameter did not increase initially.  The optimal concentration appeared to be 1.5 M 

H2SO4, the smallest nanopores were fabricated at 15 V during the first-step 

anodization. So, this recipe was used for second-step anodization to form ordered 

nanopore with 10 nm diameters. 
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Fig. 3.3 Al was anodized in different concentrations of H2SO4 at 1 
o
C during the first-

step anodization 

 

Fig. 3.4 shows SEM images AAO templates including a top view (a) and a cross 

section (b). From the top view, ordered and uniform nanopores distributed on the 

surface of AAO. The diameter of nanopores was less than 10 nm. The spacing from 

center to center of the nanopores was 30 nm and their areal density was 1.1×10
13

 

pores/cm
2
. Parallel nanopores were observed in the cross section of nanopores. The 

pores appear rough, but this is a fracture surface because the small diameters do not 

polish well for cross sectional imaging. The total thickness of the AAO templates was 

17 μm after 14 hours of anodization. The rate of Al anodization under this condition 

was 3.37 Å/s.   
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Fig. 3.4 AAO with 10 nm diameter nanopores. 

(a) top view, (b) cross section 
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3.2 Nano-imprinting 

Two-step anodization is limited in its by its resulting short range order. For 

example, MRAM, high density magnetic storage media, (127) and photonic crystals 

(128) all require templates with a long range order.  Nano-imprinting (41) the Al 

precursor can be used to solve the limitations of two-step anodization.  Also, electron-

beam lithography (EBL) (129) can be used for long range order, and initial work in 

this area will be discussed in the next section. 

Nano-imprinting the Al precursor can be used to fabricate AAO nanopore arrays 

with long range order over millimeter-scaled domains. Although the fabrication of a 

master stamp is a slow and expensive process because EBL is often used, nano-

imprinting is still an inexpensive method because this stamp can be used many times. 

Meanwhile, the size and distribution of nanopores can be very precisely controlled. 

When the patterned nano-imprint dimensions match the self-ordering conditions of 

anodization, ordered and uniform nanopores form in the resulting oxide after one-step 

anodization. The nano-imprint process is shown in the following steps. 1) Fabricate a 

master stamp with nanometer-sized, ordered patterns by EBL; 2) Use the master 

stamp to imprint the surface of electrochemically polished Al foil; 3) Anodize the 

patterned Al foil under required anodization conditions shown in previous chapter. 

The fabrication process of a master stamp and an AAO template is shown in Fig. 

3.5. First, 500 nm thick Si3N4 was grown on Si by low pressure chemical vapor 

deposition (LPCVD) system. Second, 30nm thick negative e-beam photoresist, NEB-
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31, was coated on top of Si3N4 by spin coating. Third, the coated NEB-31 was 

patterned by a Raith-150 system. The accelerating voltage was 20 KV and the 

aperture size was 10 m in Raith-150. After developing in DC-26, NEB-31 patterns 

were formed on the surface of Si3N4 (Fig. 3.6). The NEB-31 pattern was used as a 

mask to etch Si3N4 by reactive ion etching (RIE) form a master stamp (Fig. 3.7). The 

patterns of the master stamp were then transferred to the surface of an electro-

chemically polished Al foil by nano-imprinting process. During nano-imprinting, the 

surfaces of the Al foil and the master stamp were kept parallel to prevent relative 

movement between two surfaces. After the two surfaces contacted each other, a 

constant force of 1000 lb/mm
2
 was applied for 30 seconds. Fig. 3.8 is images of 

patterned Al foil. The imprint depth was as deep as 211.4 nm. Because the 

measurement was limited by the diameter of nanoimprints and the length of the AFM 

tip, the AFM tip may not have contacted the bottom of the nanoholes on Al foil. The 

patterned Al was anodized by a one-step anodization process at 195 V in phosphoric 

acid at 0 
o
C. Finally, an AAO template with ordered uniform nanopores was ready for 

electroplating nanowires. From Fig. 3.9, it is clearly shown that the nanopore size is 

very uniform through the thickness of the template, and the nanopores were perfectly 

parallel each other. There is a very clear line between the patterned area and 

unpatterned area. Nanopores only distributed uniformly in the patterned area. In the 

unpatterned area, nanopores were randomly distributed similar to what happened in 

the first anodization in a self-assembled process as discussed in the last section. 
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Fig. 3.5. Fabrication process of master stamp and nanoimprinted AAO template 
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Fig. 3.6 NEB-31 pattern overview (a) and zoomed in (b). 
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Fig. 3.7. Si3N4 pattern overview (a) and zoomed in (b). 
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Fig. 3.8 Imprinted Al foil overview (a), zoomed in (b), AFM image (c). 

 

 
(c) 
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Fig. 3.9. AAO template made by nanoimprinting Al (a) top view, (b) cross-section 

view, (c) boundary between patterned and unpatterened areas 

 

As disused in the previous paragraph, one of the problems with two-step 

anodization is the disordered nanopores that form at the grain boundaries of the 
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precursor Al. Nano-imprinting shows an advantage here (Fig. 3.10). It is clearly 

shown that nanoholes uniformly distributed in the oxide, even over the boundary of 

Al grains.  

 

 

Fig. 3.10 Nanohole pattern across Al domain boundaries of Al foil after nano-

imprint 

 

During the nano-imprint process, it is very important to prevent the master stamp 

and the Al foil from slipping relatively to each other to avoid scratches by the Si3N4 

pattern (Fig. 3.11). Ordered nanopore could not be achieved by anodizing this Al, but 

it is encouraging that the master stamp survives such events to be used 10-100 more 

times.  
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Fig. 3.11 Scratch on surface of Al foil due to stamp slipping. 

 

Once the success of nanoimprinting was determined, optimization of the master 

stamp fabrication had to be performed because in this work, it was very important to 

fabricate nanoholes with as small a diameter as possible. This very small spacing is 

challenging even with EBL because the resolution of EBL is limited by the Raith-150 

system (acceleration voltage, aperture size, and resolution), fabrication conditions 

(vibration, temperature, and humidity), and NEB-31 photoresist (resolution and 

thickness). So, it was necessary to use a dose test to know the smallest diameter 

pattern possible by EBL. Fig. 3.12 shows the results of a dose test where a group of 

patterns was designed with varying doses for different rows. The dose was increased 

step by step. One result of the dose test is the relation between dose and diameter of 

patterns. From Fig. 3.12, it was clearly shown that the diameter of pillars increased 
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gradually as the dose increased. At low doses, the patterns could be resolved. Fig. 

3.13 shows the dose test results of NEB-31. The spacing between patterns was 

designed 50 nm, 100 nm, 200 nm, 300 nm, and 400 nm. When the spacing was 

smaller than 100 nm, the patterns were not resolved even at very small doses (≈ 0.002 

pAs). When the spacing was bigger than 200 nm, single dots could be found. The 

diameter of dots increased linearly with increasing dose. For patterns with 200 nm 

spacing, the smallest diameter of a single dot was 70 nm at 0.0025 pAs. After the dose 

was increased to 0.0035 pAs, the dot diameter was 90 nm. Then, all of dots merged 

and formed a film as the dose increased further due to overexposure. For patterns with 

300 nm spacing, the smallest diameter of a single pattern was 60 nm at 0.0025 pAs. 

At 0.01 pAs, the diameter of the dots was 140 nm, and increased doses again resulted 

in a photoresist film. For patterns with 400 nm spacing, the smallest diameter of a 

single pattern was 50 nm as dose was 0.002 pAs. As the dose was increased to 0.015 

pAs, the diameter increased to 170 nm. So, the smallest pattern was 50 nm with 

spacings of 400 nm.  
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Fig. 3.12 Dose test 

(Dose increasing as the direction of arrow) 
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Fig. 3.13 Dose test result of NEB-31 pattern by EBL (Raith-150) 
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These results were very successful compared to others using the Raith 150, but 

they were not good enough to make stamps for AAO of the dimensions needed for 

this work.  The diameter of AAO nanopores can be as small as 10 nm. As discussed 

previously, the spacing between the pores is twice of nanopore diameter in AAO. 

Under this anodization conditions, the spacing is only 20-30 nm. As determined by 

the results of the dose test, it was not possible to fabricate a mater stamp with 10 nm 

pillars by our EBL conditions. A higher acceleration voltage exposure system and a 

very quiet clean room environment will be required in future research. 

3.3 Photoresist Templates Patterned by E-beam Lithography 

For many applications, multilayered nanowires with low dimensions and low 

aspect ratios are required and interpore spacing could be larger (eg: MRAM), so AAO 

precision may not be needed. However, when the arrays are fabricated via etching of 

thin films, the edges of the multilayers can lose their integrity, which affects device 

performance increasingly as the nanowire diameters decrease. 

Therefore,electrochemical deposition can be used with templates other than AAO to 

produce sharp interfaces throughout the device thickness with varied desired 

dimensions. (27) (29) (130) For example, electron beam lithography (EBL) offers the 

advantage of forming ordered arrays of nanopores with low aspect ratio and the 

capability of adjusting the spacing among the nanopores. In this study, ordered arrays 

of polymethylmethacrylate (PMMA) with nanopores were fabricated with use of dot 

mode EBL, which considerably reduced processing time and cost.  
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E-beam lithography (EBL) of PMMA to form nanopores is shown in Fig. 3.14. A 

layer of PMMA was spun onto a Ti/Cu electrode film that had been sputtered onto a 

Si wafer.  The Ti layer had a thickness of 5nm and was used to increase the adhesion 

between Cu (200nm) and Si. The bonding strength between Cu and PMMA has to be 

high so that the electrolyte, in subsequent electrodeposition, cannot infiltrate between 

them. Therefore, a layer of 3-animopropyl-triethoxysilane (APTES) was spun onto Cu 

to increase its adhesion strength with PMMA from 0.75 Kg/cm to 2.5 Kg/cm. (134) 

PMMA with molecular weight of 950 K and a concentration of 4% was spun onto the 

Cu film at 4000 rpm for 30 seconds, and it was then baked at 180
o
C for one minute. 

Next, the PMMA film was patterned by Raith 150. The patterning parameters were 

set at a 20 kV accelerating voltage, a 20 μm aperture. Dot mode was selected as the 

exposure mode. For samples with area of 200 μm × 200 μm and 1000 nm spacing 

between pores, the exposure time was 2 minutes. After exposure, the samples were 

developed using a methylisobutylketone (MIBK) / isopropanol (IPA) (1:3) solution 

for 40 seconds at room temperature. Finally, the samples were washed by IPA and 

then dried using pure nitrogen. Fig. 3.15 is a typical PMMA pattern after EBL. 
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Fig. 3.14 Fabrication process of PMMA nanoholes by EBL  
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Fig. 3.15 (a) SEM  and (b) AFM images of PMMA nanopores after EBL 

 

In order to achieve as small as possible nanopores in PMMA, it was again 

necessary to perform a dose test which was similar as the dose test of EBL-31. But, 

because PMMA is a positive resist, nanoholes were obtained after the EBL in this 

study. As is well known, EBL is a very slow and expensive fabrication method. So, 

dot mode was selected as an exposure mode. Compared with area mode, dot mode 

saves exposure time and stage motion time. Meanwhile, it uses the exposure time to 

control the diameter of pattern.  

 Fig. 3.16 is the results of a dose test with PMMA (A4). It was clearly shown that 

the diameter of nanoholes increased gradually as the dose increased. At low doses, the 

holes were resolved. But again at high doses, the patterns connected together. The 

spacing between the nanoholes was designed to be 100 nm, 200 nm, 300 nm, and 400 

nm in 4 different tests, respectively. When the spacing was smaller than 100 nm, all of 
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patterns connected even at very small doses (≈ 0.001 pAs). When the spacing was 

larger than 200 nm, single holes could be found. For patterns with 200 nm spacing, 

the smallest hole diameters were 75 nm at 0.002 pAs. As the dose increased to 0.015 

pAs, the diameter of the holes was 150 nm. Then, all of patterns connected together as 

the dose increased further. For patterns with 300 nm spacing, the smallest hole 

diameters were 65 nm at 0.002 pAs. After dose increased to 0.03 pAs, the hole 

diameters were 210 nm. For patterns with 400 nm spacing, the smallest hole 

diameters were 50 nm at 0.001 pAs. After dose increased to 0.03 pAs, the hole 

diameters were 180 nm. It is clear that the achieved smallest pattern was 50 nm as the 

spacing was 400 nm and the dose was 0.001 pAs.  
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Fig. 3.16 Dose test results of PMMA (A4) by EBL 

3.4 Thin film AAO templates  

Because the electrical and structural properties of short, integrated nanowires are 

needed for several device applications, thin AAO templates (a few nanometers) will 
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play an important role in the future research. The AAO templates anodized by Al foil 

are not suitable for these applications because it is impossible to handle nanometer 

thick AAO templates. Thin AAO templates anodized from thin film Al on Si substrate 

show their advantage.  

For the thin AAO templates on Si, removal of the barrier layer becomes a main 

problem. Normally, the barrier layer of AAO templates is removed by the chemical 

etching. An AAO template is immersed in 5 wt.% H3PO4 solution for couple of 

minutes depending on the thickness of barrier layer. But this method induces isotropic 

chemical etching of alumina. This method is not appropriate for applications in this 

project because the diameter of nanopore is widened during this process. Other 

methods have been developed to remove the barrier layer of thin AAO templates. 

Some people removed the barrier layer by gradually dropping the anodization voltage 

at the end of anodization process. (131) But, the barrier layer could not be removed 

completely by this method. Other electrochemical etch methods are also used to 

remove the barrier layer, for example, applying cathodic bias in a dilute KCl solution. 

(132) (133) (134) In this method, it is very important to know when Al is completely 

anodized. If the anodization time is not control accurately, a part of Al will remained 

on the top of bottom electrode. This could be a problem for electrodepositing 

nanowires due to the bad interfaces between nanowires and bottom electrode. This 

method is also not a good option for nanowire devices, because it is very hard to 

know when Al is completely anodized. In our experiments, thin AAO template is kept 



91 

 

a few seconds at the end of anodization process. When the anodization current starts 

increasing, it means the barriers have been removed.  

Al thin films were deposited by evaporation under vacuum. Because evaporated 

Al thin film and Al foil have different fabrication processes, they have different 

properties, for example, grain size, stress distribution, and mechanical properties. All 

of these would affect the anodization procedure. It was necessary investigate the 

relation between the diameter of the nanopores and the anodization potential after first 

anodization and second anodization. The anodization conditions were in 1.5 M H2SO4 

at 1 
o
C with anodization voltages varied from 6 V to 15 V. The diameters of the 

nanopores after the second anodizations are summarized in Fig. 3.17. The nanopore 

diameter increased slightly as the anodization potential was increased. The uniformity 

and the level of ordering of nanopores were much better after the second anodization. 

Meanwhile, the uniformity became better as the anodization voltage increased. In this 

research, an anodization voltage of 15 V was chosen for subsequent nanopore 

fabrication.  
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Fig. 3.17 Diameter of nanopore on Al thin film vs. anodization voltage 

 

To make integrated nanowires using what was learned in the previous study, 200 

µm Ti and 200 µm Cu films were coated on Si by sputtering,then, 1 µm thick Al thin 

films were evaporated. The anodization conditions were under 15 V in 1.5 M H2SO4 

at 1 
o
C. First anodization process was set to 30 seconds. Unordered AAO nanopores 

were etched away by a mixture of 1.8 wt% Cr acid and 6 wt% H3PO4 at 60 
o
C for 20 

minutes. Next, the Al thin film was anodized again under the same conditions. When 

anodization current started increasing dramatically, the anodization process was 

stopped. At this time, the Al thin film was completely anodized without peeling off, 

and the barrier layer was completely removed. After two-step anodization, a 600 nm 

thick AAO template with 10 nm diameter pores was fabricated as shown in Fig. 3.18. 
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Fig. 3.18 AAO nanopore with 10 nm diameter on Si substrate 

 

Then trilayer Co/Cu/Co nanowire was deposited into these integratednanopores by 

electroplating. The electrolyte was same as the solution discussed below for growing 

multilayered nanowires. Fig. 3.19 shows a nanowire that was grown out of the thin 

film AAO template. The mushroom-shaped cap is a Cu lead that was grown on the 

top of nanowire. The magnetic and magnetoelectronic properties of these trilayered 

nanowires are discussed in the next chapter, along with the properties of multilayered 

nanowires. 
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Fig.3.19 Single nanowire in thin film AAO template 

 

3.5 Conclusions 

Many types of templates were employed for the fabrication of nanowires by 

electrochemical deposition. E-beam lithography, nano-imprinted templates, and self-

assembling templates (AAO) were explored to fabricate as small as possible 

nanopores for achieving nanowires with small diameters. Compared with other types 

of nanopores, AAO shows its advantage, for example, low cost, simple experimental 

setup. But most importantly, this research uncovered the optimized parameters 

required to reach the smallest diameter nanopores (≈ 10 nm). AAO templates can be 

fabricated from Al foil and Al thin film. The optimized conditions apply to long and 

short nanopores which will be of great benefit to potential application as devices in 

the future.  



95 

 

CHAPTER 4 Co/Cu NANOWIRES 

 

In this research, 10nm diameter Co/Cu nanowires were electroplated into home-

made AAO templates by using a single electrolyte. Multilayers were grown by 

switching the deposition potential. M-H hysteresis loops of these nanowires were 

characterized by VSM. The coercivity, remenance, and saturation field of 

multilayered Co/Cu nanowires were all dependent on the thicknesses of Cu layers and 

Co layers. 

4.1 Fabrication of Multilayered Co/Cu nanowires  

When the electroplating voltage is higher than ion’s reduction potential, the ions 

start to will reduce to metal which deposits on the electrode. The reduction potentials 

of Co and Cu and -0.52V, respectively. Since Co and Cu ions have such different 

reduction potentials, multilayered Co/Cu nanowires can be easily deposited using 

different concentrations and then switching the deposition potential. Since Cu will 

deposit at -1V (below its reduction potential), its concentration was kept to 1% of the 

Co concentration to limit its contamination of the Co layers. Fig. 4.1 shows the 

electroplating process of 10 nm diameter multilayered Co/Cu nanowires into AAO 

templates. The growth rates of Co and Cu ions were 90 nm/s and 1 nm/s. The 

thickness of each layer (Co layers and Cu layers) can be adjusted by controlling 

deposition time. The electroplated multilayered nanowires clearly are shown in SEM 

(Fig. 4.2). 
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Fig.4.1 Multilayered Co/Cu nanowire electroplating process 
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Fig. 4.2 SEM images of nanowire. (a) nanowires with the template etched partially; 

(b)single nanowire 

 

4.2 Magnetic Properties of Multilayered Co/Cu nanowires  

Fig. 4.3 shows the M-H loops of 300*[Co(27 nm)/Cu(X nm)] measured by VSM 

at room temperature. The Cu thickness was varied from 3 nm, 5 nm, to 11 nm 

respectively. The multilayered nanowires with 3 nm Cu were more easily saturated 

when the magnetic field was parallel to the nanowire axes. When the Cu thickness 

was increased to 5 nm, the multilayered nanowires showed isotropic magnetic 

properties. After the Cu thickness was increased to 11 nm, multilayer nanowires were 

more easily saturated when magnetic field was perpendicular to nanowire axis. 

Therefore, the anisotropy of the arrays changed from parallel to perpendicular to the 

wire axes as the Cu layer thicknesses were increased from 3 to 11 nm. The varied 
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magnetic anisotropies were due to the competition between shape anisotropy of each 

Co layer and magnetostatic interactions between the Co layers. 

 

 

 

Fig.4.3 Hysteresis loops with 300*[Co(27 nm)/Cu(X nm)]. 

 X=3 nm; b. X = 7nm; c. X=11 nm. 
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How does the Co thickness affect the M-H loops of multilayered magnetic 

nanowire arrays? Fig. 4.4 shows M-H loops when the Cu thickness was held constant 

(5 nm) and the Co thickness was varied from 9nm, 4.5 nm to 0.9 nm. When the 

thickness of Co was 4.5 nm and 9 nm, the multilayered nanowires were more easily 

saturated when the magnetic field was perpendicular to nanowire axis. This is due to 

the effect of shape anisotropy and crystalline anisotropy. As thickness of Co layer was 

smaller than nanowire diameter (10 nm), shape anisotropy dominated magnetization 

of Co layers to be in-plane. In previous chapter, it was mentioned that the crystalline 

anisotropy was in-plane for Co layers when multilayered Co/Cu nanowires were 

deposited in low pH electrolytes. The total effect of shape anisotropy and crystalline 

anisotropy can explain why the easy axis of multilayered Co/Cu nanowire was 

perpendicular to the nanowire axis. When the thickness of Co layers kept decreasing 

to 0.9 nm, multilayered Co/Cu nanowires showed isotropic M-H loops due to a lack 

of continuity in the Co layers. Co layers were so thin that they could not form an 

entire Co layer in nanowires. 
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Fig.4.4 Hysteresis loops with 300*[Co (X nm)/Cu (5 nm)]. 

a. X=9 nm; b. X = 4.5 nm; c. X=0.9 nm. 
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4.3 Conclusions 

Co/Cu multilayered nanowires with 10nm diameter were successfully grown into 

AAO templates by electrochemical deposition. The magnetic anisotropy of arrays of 

Co/Cu nanowire was changed by varying the thickness of Co and Cu layers. When the 

thickness of Cu increased, the easy axis of the arrays switched from out-of plane to in-

plane. When Cu thickness was 5 nm and Co thickness kept decreasing, the easy axis 

of nanowire remained in-plane. However, when Co thickness was smaller than 1 nm, 

the Co layer appeared to be discontinuous because the nanowire arrays had isotropic 

magnetic properties. 
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CHAPTER 5 MAGNETO TRANSPORT PROPERTIES OF 

MANETIC NANOWIRE ARRAYS 

 

5.1 Giant Magnetoresistance (GMR) of Co/Cu Nanowires with 
10 nm Diameter 

A PPMS (Physical Property Measurement System) from Quantum Design was 

used to measure magnetotransfer curve from 2 K to 300 K. The system working 

frequency of AC current was 413 Hz. The excitation current range was 0.01 mA to 

0.5 mA. The contact method used was quasi-four-terminal. A sample rotation stage 

was available with a range of 180 degrees, and this was used to adjust an angle 

between current and magnetic field.  

During the measurement process, a current passed between two leads bonded to 

the nanowire samples. Two leads were used to measure the potential drop across the 

nanowire samples. The effects of the leads and contact resistance can be eliminated by 

this method. In this study, Au wires were used as the leads and Ag epoxy was used to 

bond Au wires on the nanowire samples since Ag epoxy works very well in a large 

range of temperatures. (113) 

The resistances vs. H of Co/Cu multilayered nanowires with 10 nm diameters at 

150 K, 200 K, and 300 K are shown in Fig. 5.1. The nanowires were at low resistance 

states when they were completely saturated at high positive or negative magnetic 

fields. The measurements were done with an applied filed either perpendicular or 
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parallel to nanowire axis. As the temperature increased from 150 K to 300 K, the 

resistance at H=0 (Oe) increased from 3.7 Ω to 4.63 Ω. This is due to Mattheisen’s 

rule which describes the resistance of metals increasing with temperatures as the 

number of collisions between electrons and phonons increases. Also, the number of 

collision between electrons and magnons increases with temperature. Both of these 

scattering effects lead to the easy spin-flipping of magnetization of Co layers, so the 

GMR ratio of an array of nanowires will decrease at high temperatures.  
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Fig. 5.1. R vs. H of 300x[Co(27 nm)/Cu(5 nm)] at 150K, 200K, and 300K. 
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The magnetoresistance of nanowires of 300x[Co(27 nm)/Cu(5 nm] are shown 

in Fig. 5.2. Multilayered Co/Cu nanowires had high GMR when the applied magnetic 

field was perpendicular to the nanowire axis. Again, GMR ratios at low temperatures 

were higher than that at high temperatures. GMR ratios of 9% and 8.2% was achieved 

in this study, but with the nanowires were grown with Cu leads on each end to ensure 

the multilayers were in the center of the nanopores.  The lead resistance is subtracted 

and shown in Fig. 5.3 
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Fig. 5.2. GMR of 300x[Co(27 nm)/Cu(5 nm)] at 150 K, 200 K, and 300 K. 
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These results show that multilayered nanowires (300 bilayers) with thick Co 

layers (27 nm) had high magnetoresistance (MR). (31) Some researchers have found 

that 10 nm Cu thicknesses yields the maximum values of MR for thicker nanowires 

(30 - 60nm diameters), (72) (27) however, this study focused on obtaining thin 

structures for minimum shield-shield spacing which is desired for read sensors.  It was 

found that MR in these 10 nm diameter wires was substantially larger if using 5 nm 

Cu spacers than other thicknesses as shown in Fig. 5.3. Note that the lead resistances 

have been subtracted from these values, and the measurements were made at 150 K in 

order to measure MR in all of the samples. At 300 K, the multilayered structure of 

(27nm Co/ 5nm Cu) x300 had 19% MR. 
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Fig. 5.3. MR of 10 nm diameter, multilayered nanowires with 27 nm Co and various 

Cu spacer layers. 
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To further reduce the sensor size, a multilayered nanowire study was again 

conducted to determine the optimal tradeoff between the thickness of the magnetic 

layers (tCo) and the magnetoresistance. GMR of 13% was found at 12 nm Co, after 

which MR decreased to be negligible at 1 nm Co. A favorably small structure was 

reached with 4.5 nm Co with 11% MR, as shown in Fig. 5.4. This MR is four fold that 

of thin-film CPP GMR structures with similar magnetic thicknesses, (135) but has 

10x less RA product (shown in next chapter) as incorporated into a read sensor 

without nanoleads.  
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Fig. 5.4. Room temperature MR of 10 nm diameter nanowires with 4.5 nm Co/ 5nm 

Cu. 

 

 

5.2 Spin Transfer Torque (STT) Switching in Co/Cu nanowire 

5.2.1  STT switching in trilayered Co/Cu nanowire 

STT switching of the electrodeposited nanowires investigated by other groups was 

mainly focused on multilayered Co/Cu structures or multilayered Co/Cu/Cu separated 
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by thick Cu layers. The STT switching data did not show switching properties of a 

single Co layer. In this research, 10 nm diameter trilayer Co/Cu/Co nanowires were 

fabricated in 700 nm thick AAO templates on Si substrates. Conductive AFM tips 

were used to probe as few nanowires as possible and to achieve sufficient current 

densities to switch the magnetization of Co layers.  

A single electro-deposition bath was again used to electroplate these trilayers at 

room temperature. Fig. 5.5 shows the STT switching measurement setup. An external 

magnetic field was applied along perpendicular direction to nanowire axis to cause the 

magnetization switching of the free layers.  

 

 

Fig. 5.5. Co/Cu/Co nanowires STT switching measurement setup 

 

The STT switching experimental results are presented in Fig. 5.6. The 

magnetizations of the two Co layers were anti-parallel at all currents when a 65 Oe 

field was applied. The total energy of STT switching and the external field was 
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smaller than the magneto-static energy between two Co layers, as shown in Fig. 5.6 

(a). The resistance of the nanowires was 8 Ω at this state. After H was increased to 

130 Oe, STT switching was observed as shown in Fig. 5.6 (b). The switching current 

densities (JAP-P/JP-AP) were 4.85x 10
8
 A/cm

2
 and -4.9 x 10

8
 A/cm

2
 respectively. As H 

was increased to 250 Oe, JAP-P increased to 5.0 x 10
8 

A/cm
2
, and JP-AP decreased to -

4.7 x 10
8 
A/cm

2
.  
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Fig. 5.6. STT switching of Co/Cu/Co nanowires under different applied magnetic 

fields.(a) H=65 Oe; (b) H=130 Oe; (c) H=250 Oe. 

The magnetoresistance was calculated to be 17.6% after the lead resistance was 

subtracted. This GMR ratio is high enough for applications such as sensors or 

memories. In order to study the reproducibility of switching, the trilayered nanowire 

was measured numerous times. Fig. 5.7 (a) shows spin transfer curves when the 
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current flowed from positive to negative direction. The magnetization of the free layer 

switched from a parallel state to an anti-parallel state (P→AP) compared to the fixed 

layer. The critical switching current density (JP-AP) was very reproducible, as seen. 

The average of JP-AP was –4.9 x 10
8
 A/cm

2
. As the free layer switched from anti-

parallel to parallel (AP→P) to the fixed layer, JAP-P was observed to be exactly the 

same each cycle as shown in Fig. 5.7 (b). The JAP-P was 4.85 x 10
8
 A/cm

2
. Compared 

with the range of JP-AP, the distribution of JAP-P was neglible. The standard distribution 

of JP-AP was 11.5%. However the standard distribution of JAP-P was only 0.014%. This 

asymmetrical switching phenomenon indicates that there were several energy barriers 

in trilayer Co/Cu/Co nanowires. 
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Fig. 5.7. Resistance vs current in the Co/Cu/Co nanowire as H=130 Oe. The critical 

current density was measured numerous times. (a) current flowing from positive to 

negative direction; (b) current flowing from negative to positive direction. 

 

Since the area of the probe was 0.02 µm
2
, 50 nanowires were contacted with 

the AFM tip in parallel for this measurement, which led to a total (wires and matrix) 

RA product of 0.16 Ωμm
2
 and a ΔRA = 0.033 Ω. This value will decrease when 

device structures (30 nm long) are grown between shield films without leads. The 

resistance of each trilayer structure alone (without leads or matrix) was extrapolated 
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to be 35 - 45 Ω. For a 10 nm diameter device, this will lead to a RA product of 0.003 

Ωum
2
.   

5.2.2  STT switching in multilayered Co/Cu nanowire 

The resistance and contact area for the 10 nm diameter nanowires were 

determined by varying the pressure on the contact probe. The STT switching curves 

were noisy with some jumps. Small jumps (1% – 2%) were likely due to individual 

layers flipping, and larger jumps (6.25%) were due to collective spin flipping between 

interacting Co layers (Fig. 5.8). For nanowires with larger diameter, the individual 

spin flips were not present, and the curves were similar to typical STT switching 

results. Similar as in the first electroplated GMR nanowires, (72) these nanowires 

exhibit antiferromagnetic coupling from magneto-statics as tCu > 3 nm (98). A critical 

current of 1.9 mA (JAP-P=2.7x10
7
 A/cm

2
) transferred the STT from the layers aligned 

with the applied field to the layers antiparallel to it. For nanowires with small 

diameter, the antiferromagnetic coupling was strong, and the resistance went back to 

the initial value at a positive 0.8 mA (JP-AP=1.3x10
7
 A/cm

2
). 
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Figure 5.8. Resistance vs current for 10 nm diameter nanowires, 

 

Figure 5.8 shows resistance jump (6.5%) for the 10 nm nanowires which less 

than that (11%) was shown in previous chapters, indicating that not all of the 

antiparallel layers switched. The 1 – 2% jumps were always shown in the curves from 

positive to negative current, which was due to spin flips in intermediate layers. 

Switching of layers located in the center of a “domain” of parallel layers caused 

positive R jumps, but when domains grew together to annihilate antiparallel nearest 

neighbors, R jumps became negative. Such effect on nanowires with small diameters 

is to be investigated in order to obtain STT switching similar to that on 60 nm 

diameter wires, which is very promising for high density device arrays. 
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5.3 Conclusions 

Giant magnetoresistance was measured in multilayered Co/Cu nanowires with 10 

nm diameter. The highest GMR ratio was 19.5% using 300x[Co(27 nm)/Cu(5 nm] 

nanowires after the lead resistance was subtracted. When the thickness of Co layer 

was only 4.5 nm, GMR of nanowires was as high as 11%. These thin layers are 

promising for future read heads as shield to shield spacing must be very small. 

STT switching was successfully measured on trilayered and multilayered Co/Cu 

nanowires with 10 nm diameter. The critical current density to switch the direction of 

magnetization was 10
8
 A/cm

2
 in trilayered Co/Cu nanowires. For multilayered Co/Cu 

nanowires, the critical current density was 10
7
 A/cm

2
. The critical switching current is 

related to deposition conditions. A total RA product is 0.16 Ωum
2
 and a ΔRA is 

0.033Ω. Since these nanowires had 10 times smaller area than thin film GMR 

structures, their RA products are extremely small 3m/um
2
 while maintaining 20 

total resistance for 30nm thick structures These are very promising for next generation 

read heads.  On the other hand, multilayered structures can be designed with low 

critical current densities while maintaining high device density and high MR for 

applications in STT-RAM. 
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CHAPTER 6 SUMMARY AND FUTURE WORK 

 

Magnetic nanowires with small diameters have gained a great deal of  interest in 

recent years due to their potentials on fundamental research and real applications, 

especially in small size magnetic sensors, high density magnetic recording media, and 

STT switching -MRAM.  

Co/Cu nanowires with 10 nm diameter were successfully deposited into AAO 

templates by the electrochemical deposition method. This technique can efficiently 

grow high density and uniform magnetic nanowires with low costs and equipment 

requirements. In order to form ordered nanopores, two-step anodization was 

employed to fabricate AAO templates using Al foils and Al thin films on Si 

substrates. Compared with other techniques such as nano-imprinting or ebeam with 

PMMA, Al anodization can easily fabricate nanopore templates with larger areas and 

smaller diameter pores. It was found that the extremely small nanopores (diameter < 

10 nm) could be fabricated in 1.5 M H2SO4 at an anodization potential of 15 V. The 

hysteresis loops of nanowires could be varied controllably using Cu and Co layer 

thicknesses. By varying the thickness of the Cu layers, the direction of anisotropy 

could be controlled due to the interaction between layers in each nanowire and also 

between neighboring nanowires. CPP-GMR of 19% was found in multilayered Co (27 

nm)/Cu(5 nm) nanowire array. GMR of 11% was obtained from Co (4.5 nm)/Cu(5 

nm) nanowires. Meanwhile, the RA product was only 0.16 Ωum
2
 and a ΔRA = 
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0.033Ω. Such findings can be potentially applied in high density CPP-GMR reader for  

Terrabit/in
2
 media in the future. STT switching was successfully measured on 

trilayered and multilayered Co/Cu nanowires with 10 nm diameter. The critical 

current density to switch the direction of magnetization was 10
8
 A/cm

2
 in trilayered 

Co/Cu nanowires and 10
7
 A/cm

2
 in multilayered Co/Cu nanowires, which 

demonstrates the potential application of nanowires in STT switching -MRAM. 

Even though nanowires with small diameter have many good magnetic properties, 

more investigations have to be carried out. First, the effect of surface boundary of 

nanowires on magnetic properties is not clear as the nanowire diameter keeps 

decreasing. Both micro-magnetic simulation and experiments are needed for a deep 

understanding. Second, nanowires were deposited from a single electrolyte, it is 

essential to study the interface between Co layers and Cu layers which affects the 

magnetic properties of nanowires. Third, magnetic nanowires with different Co 

thickness show potential applications as multi-state STT switching -MRAM. If this 

were successful, single nanowires can be used to record information more densly as a 

new generation of STT switching -MRAM. 
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