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Preface

Within the last years, the nanomaterials science and technology represented one of the
most attractive subjects for physicists, chemists, biologists, medical doctors and engineers.
These materials present a special interest from the point of view of basic scientific
understanding, but also their potential applications are very attractive. Additionally,
nanomaterials and nanostructures represent the basis for the development of new
technologies, systems and equipments. The continuous development of miniaturized
devices for different applications is demanding novel multifunctional materials which can
perform different functions simultaneously.

Natural connections between physics, chemistry and life sciences are becoming much
closer by means of nanotechnology, leading to complex and very useful applications.
Biomedical sciences, which by their special social status are occupying the first place in the
hierarchy of the priorities, benefit in unitary and almost completely way by the other
sciences support, especially physics and experimental chemistry. The detection and
quantification of the biological and chemical species represents the main objective of
medicine, starting with certain diseases diagnosis and ending with the discovery of new
drugs. Nanostructures, such as nanowires, carbon nanotubes or nanoparticles, exhibit new
and sometimes unique opportunities for medical purposes. Some metallic nanowires are
presenting electrical, optic and magnetic unique properties that can be exploited for
(bio)detection and imagistics.

Nanowires are among the nanomaterials playing an important role in nanoscience and
nanotechnologies, due to their specific behaviour as well as the number of their potential
applications: optical and electronic components, connectors in electronics, high density
magnetic recording media, biotechnology, etc.

Nowadays, nanowires are of interest for both fundamental research and potential
applications. Nanowires arrays can be produced using different templates and methods, one
of them being the electrochemical deposition into nanoporous templates. The fabrication of
such complex simple and multilayered nanowires arrays (specific stacks of metallic
nanowires, both crystalline and amorphous, as well as wafer structures of nanowire arrays
having different compositions and physical properties) by electrodeposition, mainly in
polycarbonate and anodized aluminium templates, opened up new directions in what
concerns the applications of such complex nanostructures in spintronics, engineering and
bioengineering.
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This book describes some nanowires fabrication by electrodeposition technique and
their potential applications. Understanding the design, size dependent properties and
working principles of electrodeposited nanowires described here, requires a
multidisciplinary background of physics, chemistry, materials science, electrical
engineering, or bioengineering.

The book is organized in nine chapters. In the first two chapters, some theoretical
considerations concerning the computational tools to study and predict the stability, as well
as to model the properties and potential applications of nanowires are presented. Then, the
fabrication of functional metallic nanowires using electrodeposition technique is described
in detail pointing out the most important factors to be considered during the preparation
process. The annealing effect on the metal and semiconductor electrodeposited nanowires in
alumina template as well as the influence of the template on the electrodeposition process
and the macroscopic behaviour of the nanowires are presented in the next chapter. After
that, the electrochemical alumina template synthesis and the fabrication of both single-
component and multilayered/superlattice metallic nanowires and nanotubes and their
major applications are described. The importance of understanding both the individual and
global properties of magnetic nanowire arrays, in order to implement them adequately in
devices, is described in detail in the next chapter by means of the very promising first-order
reversal curve (FORC) method. Finally, some applications of electrodeposited nanowires in
magnetorheological fluids, elastomer composites and biomedical applications are described.

The book offers a new and complex perspective on the fabrication and use of
electrodeposited nanowires for the design of efficient and competitive applications. While
not pretending to be comprehensive, the book is addressing not only to researchers
specialized in this field, but also to Ph.D. students, postdocs and experienced technical
professionals.

Editor

Nicoleta LUPU

National Institute of Research and Development for Technical Physics, lasi
Romania



Preface

Computational Tools to Study and Predict
the Long-Term Stability of Nanowires.

Contents
\Y

001

Martin E. Zoloff Michoff, Patricio Vélez, Sergio A. Dassie and Ezequiel P. M. Leiva

Modelling Metallic Nanowires Breakage for Statistical Studies:
Ni Case as Example

Samuel Pelaez, Carlo Guerrero, Ricardo Paredes,
Pedro A. Serena, and Pedro Garcia-Mochales

Fabrication of Functional Metallic Nanowires
Using Electrodeposition Technique
Takeshi Ohgai

Annealing Effects on the Metal and Semiconductor Nanowires
Loaded Inside the Alumina Pores
Artnas Jagminas

Fabrication and Applications of Metal Nanowire Arrays
Electrodeposited in Ordered Porous Templates
Giray Kartopu and Orhan Yalgin

Ferromagnetic Nanowires and Nanotubes
Xiu-Feng Han, Shahzadi Shamaila and Rehana Sharif

Extracting Individual Properties from Global Behaviour:

035

061

085

113

141

167

First-order Reversal Curve Method Applied to Magnetic Nanowire Arrays

Fanny Béron, Louis-Philippe Carignan, David Ménard and Arthur Yelon



Vil

8.

Impact of Nanowires on the Properties of Magnetorheological Fluids
and Elastomer Composites
R. C. Bell, D. T. Zimmerman, and N. M. Wereley

The Applications of Metallic Nanowires for Live Cell Studies
Chiung-Wen Kuo and Peilin Chen

189

213



Computational Tools to Study and Predict the
Long-Term Stability of Nanowires.

Martin E. Zoloff Michoff!, Patricio Vélez!,

Sergio A. Dassie? and Ezequiel P. M. Leiva!

INFIQC,

Departamento de Matemdtica y Fisica

2Departamento de Fisicoquimica,

Facultad de Ciencias Quimicas, Universidad Nacional de Cordoba
Argentina

1. Introduction

“The era in which the number of transistors on a computer chip doubles at a constant rate is
drawing to a close”. This is not the prophecy of an obscure mind, but is more or less the
conclusion drawn by none other than the man who coined Moores” law!. In an interview
held in 2007, Gordon Moore recognized that by about 2020, his law would come up against
the laws of physics. Furthermore, he recognized a change in a paradigm: the replacement of
the top-down approach currently used for building circuits by a bottom-up procedure,
where chips would be assembled using individual atoms or molecules. This is nothing but
the realm of nanotechnology, while there is some consensus that the elementary switches of
these circuits should be molecules with some feature allowing for the on/ off status required
for the components of logical devices, many questions remain concerning their stability. In
the case of micrometric circuit components temperature may be an issue, but in the case of
single molecules thermal effects may be overwhelming, since current flow occurs across a
single bond. The lifetime of this bond, will determine the lifetime of the circuit component.
Under these conditions, circuit engineering will be coming unexpectedly close to chemical
kinetics.

It still is far from clear which will be the technological procedure for the massive production
of these molecular circuits. However, there are a number of experimental techniques for the
study of their properties that are well established. These are shown schematically in Fig. 1.
Fig. 1d shows a method devised to study the structure of monatomic nanowires (NWs). It
has been developed by Kondo and Takayanagi (Kondo & Takayanagi, 1997) using High
Resolution Transmission Electronic Microscopy (HRTEM) and allows the generation of
suspended NWs. In this approach nanowires are generated in situ by focusing an electron
beam on adjacent sites of a self-supported metal thin film (ca. 3 nm), making holes and
allowing them to grow until a nanometric bridge is formed inside or between grains. The

1 Times Online September 19, 2007,
http:/ /technology.timesonline.co.uk/tol/news/tech_and_web/ article2489053.ece
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relatively long lifetimes of these metallic nanowires (of the order of seconds and even
minutes) allows for a detailed characterization of their geometries. This method has even
been used to study the structure of alloyed metal monatomic nanowires (Bettini et al., 2006).
However, because of the preparation procedure, these nanowires are susceptible to
contamination by light impurity atoms (Galvao et al., 2004; Legoas et al., 2002; Legoas et al.,
2004), not observed directly in the HRTEM, that affect their structure upon insertion in the
monatomic chain.

—
a . b

electron beam

Fig. 1. Different methods employed to generate suspended nanowires: a) metallic jump-to-
contact, b) mechanically controllable break-junction, c) electrochemical growth, d) electron
beam punching, and e) molecular jump-to-contact.

Another procedure that has been used to study the properties of monatomic metal contacts
is the so-called Mechanically Controllable Break-Junctions method (MCB]J, Fig. 1 b). In this
technique, a metal wire is mechanically broken by mounting its two ends on a bendable
substrate. In this way, the length of the contact can be adjusted by controlling the bending of
the substrate. Lithographic designed MCB]J provides highly stable electrodes, with standard
deviations of less than 1 pm over 24 h at low temperatures. A detailed discussion on this
technique has been given by van Ruitenbeek et al. (van Ruitenbeek et al., 2005). The metal
neck at the MCB]J can be also tuned by electrochemical methods as long as the metal
involved can be deposited electrochemically. The main drawbacks of this technique are the
lack of information on the atomic configuration, and the fact that both electrodes must be
made of the same metal. The former situation was challenged recently by Yoshida et al.
(Yoshida et al., 2007), who developed MCBJ inside a HRTEM chamber that allows for
simultaneous performance of conductance measurements and electronic imaging of the
atomic chain.

In the case of metallic Scanning Tunnelling Microscopy (STM) and conducting Atomic Force
Microscopy (AFM) break junctions (Ohnishi et al., 1998; Rubio-Bollinger et al., 2001; Xu et al.,
2003a; Xu & Tao, 2003), the sharp tip of the scanning probe microscope is approached to the
surface and brought into contact with it (Fig. 1a). The surface may be made either of the
same material as the tip or of a different one containing islands of the tip material. Upon
retraction, an atomic chain of atoms occurs, whose properties are analyzed. When employed
in an Ultra High Vacuum (UHV). The main drawbacks of this technique are the need for an
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intensive cleaning procedure and the implementation of thermal and mechanical stability
conditions, as it is the case of STM. On the other hand, this methodology can be used in situ
for electrochemical experiments. In fact, it has been employed by Tao and co-workers to
perform conductance measurements with Au nanowires under a variety of experimental
electrochemical conditions (He et al., 2002; Xu et al., 2003b), including the properties of the
nanojunction when molecules are inserted into it (Xu et al., 2003a; Xu & Tao, 2003). Efficient
electrochemical methods for the generation of nanowires have also been developed. Li and
Tao (Li & Tao, 1998) managed to bridge the gap between an STM tip and a substrate by a
suitable potential control of both the tip and the surface(Fig. 1c). In a similar procedure, the
gap between two supported metal pieces was filled by a nanometric wire using an adequate
feedback electronic setup (Li et al, 1999). The latter procedure has the advantage of
removing thermal drift problems.

Finally, the method developed Haiss et al. moves more into the spirit of bottom up
nanostructuring (Fig. le). In this procedure, a molecule bridges spontaneously the gap
between an STM tip and a surface (Haiss et al., 2004; Haiss et al., 2006). The substrate-tip
connection is verified by jumps in the tunnelling current measured.

2. Structure and stability of pure and contaminated metallic monatomic
nanowires

2.1 Experimental measurements

The conductance measured through metallic monatomic nanowires is quantized in units of
Go = 2e2/h (where e is the charge of an electron and / stands for Planck’s constant). The force
during the fabrication and breaking of a gold nanowire was measured using a specific STM
supplemented with a force sensor at room temperature (Rubio-Bollinger et al., 2001). Force
and conductace curves were thus obtained simultaneously. The later displayed a steplike
behavior down to a value close to one conductance quantum (Go), which corresponds to a
one-atom contact, while the force curve showed a sawtooth like signal decreasing in
amplitude in a sequence of elastic stages separated by sudden force relaxations. In this
experiments the one-atom contact of gold was further stretched a distance of about 1 nm
while the conductance remained close to Go, which signals the formation of a chain of about
four atoms long that finally breaks. This corresponds to a monatomic neck of ~4 gold atoms.
Similar observations were made in STM experiments at 4 K (Yanson et al., 1998), and from
direct observations by means of HRTEM measurements (Ohnishi et al., 1998; Rodrigues &
Ugarte, 2001a; Rodrigues & Ugarte, 2002; Rodrigues et al., 2000).

Due to the inherent irreproducibility of the contacts formed, and therefore of the measured
conductance curves, it is useful to construct histograms with a few hundred measured curves.
A force histogram for the Au nanowire showed a narrow distribution centered at 1.5 + 0.3 nN
for the force needed to break one single bond in the chain (Rubio-Bollinger et al., 2001).
Although gold has been the most prominent metal studied so far, mechanical elongation has
shown to be useful to fabricate nanowires of Ag (Rodrigues et al., 2002), Co, Pt (Rodrigues et
al., 2003), Pd (Kiguchi & Murakoshi, 2006; Rodrigues et al., 2003) and Cu (Bettini et al.,
2006), as well as for Au and Ag alloys of varying compositions (Sato et al., 2006b).

Two striking experimental features have drawn the attention of the researches in the last
few years: first, the existence of unusually large Au - Au distances in the order of 3.6 - 4.0 A
(Kizuka, 2008; Koizumi et al., 2001; Ohnishi et al., 1998; Sato et al., 2006b), longer than the
bulk distance of 2.88 A. These experimental observations along with the simulation of
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HRTEM measurements suggest that the atomic-sized wires are complexed with light
elements (such as H, C, S for example) (Kizuka, 2008; Koizumi et al., 2001).

Second, the long-term stability of gold nanowires at room temperature, in many cases in the
order of seconds (Legoas et al., 2002; Ohnishi et al., 1998; Rodrigues & Ugarte, 2001a; Rubio-
Bollinger et al., 2001; Takai et al., 2001; Yanson et al., 1998), which is an extremely long time
in relation to those characteristic of molecular motion. For instance, Fig. 2 shows the time
evolution of gold chain under elongation, which is in the order of ~1 second.

Fig. 2. Time sequence of atomic resolution images of the formation, elongation and fracture
of a suspended chain of gold atoms: (a) 0's; (b) 0.64 s; (c) 1.12's; and (d) 3.72 s. Atomic
positions appear as dark lines or dots. A schematic representation of the chain structure is
shown in (e) (distances are marked in A and the error bar is 0.1 A); the letters A and B
indicate the apex position in (c). Note that the chain is attached to the tips through a two
atom structure. The double arrows in (a) and (b) have been drawn to indicate the movement
(rotation) of the lower apex. Reprinted figure with permission from Rodrigues, V.; Ugarte,
D. Phys. Rev. B, Vol. 63, No.7, 073405 (pp 1-4), 2001. Copyright 2001 by the American
Physical Society.

The stability and breakdown of gold nanojunctions at different stretching rates has recently
been measured by Huang et al. (Huang et al., 2007a). Information about the lifetime of the
Au - Au bond is extracted from the length of the last plateau in the conductance traces of
Au - Au point contacts. The most probable stretching distance for this last plateau
(corresponding to an atom-sized contact between the electrodes as verified by its
conductance at a Gy value) maintains a constant value of ~0.1 nm at low stretching rates (0.8
- 8.3 nm/s). At high stretching rates (45.9 - 344 nm/s) a maximum plateau of ~0.17 nm is
reached. Between these two plateaus, a linearly proportional regime is observed between
the most probable distance and the logarithm of the stretching rate. This three-phase regime
(illustrated in Fig. 3) has also been observed in the breakdown of biological molecules
measured by AFM (Auletta et al., 2004; Merkel et al., 1999; Schonherr et al., 2000; Zou et al.,
2005). The linear increase in stretching distance is related to the stretching rate according to
Eq. 1 (Evans & Ritchie, 1997; Evans, 1999; Evans, 2001).

. kT t . kx kT
L =-2 ln( d ﬂj+ 2 Inv (1)
kl\_xﬁ kBT k‘\_xﬁ
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Fig. 3. Most probable stretching distance, L*, vs logarithm of stretching rate for a Au - Au
point contact. The black line is the linear fit of L* with the logarithm of the stretching rate,
according to Eq 1. Reprinted with permission from Huang, Z. F.; Chen, F.; Bennett, P. A ;
Tao, N.J. J. Am. Chem. Soc., Vol. 129, No.43, 13225-13231, 2007. Copyright 2007 American
Chemical Society.

In Eq. 1 L* is the most probable stretching distance, k; is the effective spring constant of the
bond, x;is the average thermal bond length along the pulling direction until dissociation, t,s
is the natural lifetime, and v is the stretching rate. By fitting the linear regime observed for
the Au - Au point contacts to the above equation, a value of f,y= 81 ms was obtained.

2.2 Computational simulations

Experimental observations such as those described above, have triggered numerous
theoretical approaches to gain further insight into the structure and transmission properties
of these metallic nanowires. The mechanical structure and evolution of a tip-surface contact
has been modelled by means of different computational techniques. In early works,
Molecular Dynamics (MD) and effective medium theory potentials have been used to
simulate the mechanical deformation of atomic-sized metallic contacts under tensile strain
for Au, Ag, Pt, Ni (Bahn & Jacobsen, 2001; Dreher et al., 2005; Rubio-Bollinger et al., 2001;
Serensen et al., 1998). The relative utility of different semiempirical potentials for MD
simulations of stretched gold nanowires has been recently reviewed (Pu et al., 2007a). In this
work the authors find that the second-moment approximation of the tight-binding potential
reproduces well the energetics of finite Au clusters. Also, the calculated tensile force just
before the nanowire breaks is around 1.5 nN, consistent with the experimental result The
stretching of gold nanowires has also been simulated in the presence of solvent (Pu et al.,
2007b).

Tight binding MD simulations using the Naval Research Laboratory potentials, along with
ab-initio quantum calculations within the Density Functional Theory (DFT) framework,
provided evidence that a one-atom thick 5-atom long necklace is formed for gold nanowires
under a stretching force (da Silva et al., 2001; da Silva etoal., 2004). Before breaking, relatively
long Au - Au distances, of the order of 3.0 - 3.1 A are obtained, in agreement with
experiments.
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The main drawback of the MD simulations mentioned above is that the stretching rate used
(typically in the order of 1 -2 m/s) is around 9 - 10 orders of magnitude larger than the
experimental values (in the order of a tenths to a few nm/s).

The use of ab-initio quantum methods to study the stability of monatomic metallic
nanowires is usually performed using two different methodologies. One of these procedures
involves stretching the nanowire in steps of a certain elongation, minimizing the energy of
the system at each step, until the breakage of the nanowire is achieved (Bahn et al., 2002; da
Silva et al., 2004; De Maria & Springborg, 2000; Hakkinen et al., 2000; Nakamura et al., 1999;
Nakamura et al., 2001; Novaes et al., 2003; Okamoto & Takayanagi, 1999; Rubio-Bollinger et
al., 2001; Sanchez-Portal et al., 1999; Skorodumova & Simak, 2003). This method has been
successfully used to, for example, predict the pulling force necessary for breaking the
nanowire (da Silva et al., 2004; Nakamura et al., 1999; Novaes et al., 2003; Rubio-Bollinger et
al., 2001). An alternative procedure, and more costly from a computational point of view,
consists in performing Ab-initio Molecular Dynamics (AIMD), which has been employed to
obtain a detailed description of the elongation process of pure gold nanowires (Hobi et al.,
2008; Torres et al., 1999), and gold NWs in the presence of organic molecules (Krtiger et al.,
2002), or light weight elements as contaminants (Hobi et al., 2008; Legoas et al., 2004). AIMD
takes into account the thermal motion of the system, for which in a first approach seems a
more appropriate approximation to obtain reliable information about the mechanical
proprieties and the stability of metallic atom-sized wires. Nonetheless, the experimental
elongation times are far larger than those accessible by an AIMD simulation, typically in the
order of nanoseconds.

As it was mentioned above, one of the possible explanations for the rather long Au - Au
distances observed in a monatomic neck is the presence of light weight elements, such as C,
H, O or S, intercalated between gold atoms. This possibility has only been investigated so far
by the means of computational simulations, since these light weight elements would have a
low contrast against the much heavier Au atoms, and thus rendering their direct
visualization by today’s electronic microscopes very difficult. Carbon is a frequent
contaminant in bulk gold (Legoas et al., 2002), while hydrogen (O'Hanlon, 2001) and oxygen
(Bahn et al., 2002) are impurities very difficult to extract even in the best UHV conditions.
Although the possibility of hydrogen acting as a contaminant has been ruled out by an
AIMD study (Legoas et al., 2004), this result has been subsequently challenged (Hobi et al.,
2005).

Legoas et al. (Legoas et al., 2002) modelled monatomic gold chains contaminated with
carbon by means of geometry optimization at DFT-LDA level. The authors used an isolated
linear chain and no tension was exerted on the system. Their results showed that long Au -
Au distances of around 4 - 4.5 A could be explained by the presence of two consecutive
carbon atoms (Cy) inserted into the gold chain. Whereas, another set of anomalously long
bond in the order of 3 - 3.7 A could be a consequence of a mixture of pure Au - Au bonds
with contamination of such a bond by a single carbon atom.

Skorodumova and Simak (Skorodumova & Simak, 2003) showed, using DFT-GGA
calculations, that the unusual structural stability of monatomic gold wires could be
explained in terms of hydrogen contamination. Stretching the nanowire, the authors
observed that the chain takes a linear structure with hydrogen atoms intercalated and a Au
- Au distance of 8.8 A before the nanowire breaks. The cohesive energy of the contaminated
gold wire was found to be 2-fold higher than a pure chain of gold atoms. This last result was
attributed to a partial charge transfer from gold to hydrogen. Subsequently, the influence of
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carbon was explored using the same computational methodology (Skorodumova et al., 2007;
Skorodumova & Simak, 2004), also finding that carbon can enhance the stability of linear
gold chains yielding large interatomic distances.

Novaes et al. (Novaes et al., 2003) studied through ab- initio calculations the effect of H, B, C,
N, O and S impurities on a gold nanowire electronic and structural properties. The authors
find that the most likely candidates to explain the distances in the range of 3.6 Aand 48 A
are H and S impurity atoms, respectively.

The main drawback of the procedures presented so far is that the presence of the impurity is
simply assumed, and no description is obtained of how, when, or with what probability it
migrates to the position it was assumed to have. To overcome this limitation, an AIMD
study of the formation and growth of gold chains with a variety of impurities (H, C, O, S),
without any assumption of their initial positions was performed (Anglada et al., 2007). One
or two impurity atoms were introduced randomly in an amorphous column of 50 - 150 gold
atoms. These amorphous solid columns were stretched during 4 - 18 ns until they broke.
Hydrogen was always found to evaporate before formation of the monatomic chain took
place. Carbon and oxygen were found in the final chains with low probability (~ 10 %),
while sulphur was found participating in it with a high probability (~ 90 %). The mean
distances between gold atoms bridged by C, O and S were 3.3, 3.4 and 5.0 A, respectively, in
good agreement with experiments.

Inasmuch as this last study provides a level of accuracy and reliability superior to those
mentioned before, the stretching rate is still much higher than those typically used in
experiments, and the simulations last only a few nanoseconds, while experiments take place
in the order of 0.001 - 1 second.

The study of the effect of impurities on the structure and stability of gold nanowires is an
ongoing investigation topic. Some of the most recent theoretical work can be found in
(Jelinek et al., 2008; Novaes et al., 2006; Zhang et al., 2008). Although gold is by far the most
prominent element of interest in the formation of nanowires, some recent computational
studies have also involved copper nanowires (Amorim et al., 2007; Amorim et al., 2008; Sato
et al., 2006a).

3. Single molecule nanowires

3.1 Experimental measurements

Building a device in which a single molecule bridges two metallic electrodes is of major
interest, since one could easily tailor the nanojunction electronic properties by changing the
molecule or even only a substituent in the molecule. This opens an enormous range of
possibilities in the field of molecular electronics.

Most of the experimental (Cui et al., 2001; Haiss et al., 2004; Haiss et al., 2006; Huang et al.,
2006; Huang et al., 2007a; Huang et al., 2007b; Li et al., 2007a; Li et al., 2006a; Xu et al., 2003a;
Xu et al., 2005; Xu & Tao, 2003) and computational work (Batista et al., 2007; Hou et al., 2005;
Hou et al., 2006; Kim et al., 2006b; Li et al., 2005; Li et al., 2006b; Li et al., 2006c; Paulsson et
al., 2008; Perez-Jimenez, 2005; Stadler et al., 2005; Wu et al., 2005) performed with this
systems deal with the measurement and/or theoretical determination of the conductance of
the molecular nanojunction, particularly those in which the linker atom to the metallic
electrodes is either S or N. For a recent review on some of these aspects readers can refer to
(Vélez et al., 2007).
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The chemical identity of the linker moiety plays a fundamental role in determining both the
electrical and mechanical properties of the molecular nanojunction. Without discussion the
most widely used anchoring group is thiol (Chen et al., 2006; Haiss et al., 2008; Haiss et al.,
2009; Huang et al., 2006; Huang et al., 2007a; Huang et al., 2007b; Li et al., 2007b; Li et al.,
2006a; Ulrich et al., 2006; Xu et al., 2003a; Xu et al., 2005; Xu & Tao, 2003), although pyridine
(Xu et al., 2003a; Xu & Tao, 2003), isocyanide (Beebe et al., 2002; Kiguchi et al., 2006; Kiguchi
et al., 2007; Kim et al., 2006a), selenium (Patrone et al., 2003a; Patrone et al., 2003b; Yasuda et
al., 2006), amine (Chen et al., 2006; Hybertsen et al., 2008; Kamenetska et al., 2009; Kiguchi et
al., 2008; Park et al., 2007; Park et al., 2009; Quek et al., 2007; Quek et al., 2009; Quinn et al.,
2007; Venkataraman et al., 2006a; Venkataraman et al., 2007, Venkataraman et al., 2006b),
phosphines (Kamenetska et al., 2009; Park et al., 2007) and carboxylate (Chen et al., 2006;
Martin et al,, 2008) have proved to provide enough binding strength to yield a stable
contact. In most of these works, the metallic electrodes that the molecule bridges are made
of gold, but some recent reports showed the utility of platinum electrodes for those
purposes (Kiguchi et al., 2007; Kiguchi et al., 2008).

Xu et. al. reported the first electromechanical measurement of a molecular junction (Xu et
al., 2003a). The authors determined simultaneously the conductance and the force under
mechanical stretching for the octanodithiol (ODT) and 4,4'-bipyridine (BYP) nanojunctions.
The quantum conductance for BYP resulted 40 times larger than that of ODT, while the force
quantum was 0.8 *+ 0.2 nN, considerably smaller than the 1.5 + 0.2 nN determined for ODT.
This last value is the same as that required to break a Au - Au bond (Rubio-Bollinger et al.,
2001). Thus, the authors concluded that the breakdown of the ODT nanojunction involves a
Au - Au bond rupture, whereas in the case of BYP, the lower breaking force would indicate
that a Au - N bond is breaking. These results are in agreement with the notion of the Au- S
bond being stronger than the Au-N bond (Stolberg et al., 1990). In a subsequent study,
Huang et. al. found that the behavior of the ODT nanojunction as a function of the stretching
rate is essentially identical to that of a pure gold point contacts (Huang et al., 2007a).

One useful experimental parameter to determine how strong is the molecule bonded to the
metallic electrodes is the length that the junction formed by a single molecule can be
stretched before it breaks. This allowed Kiguchi et. al. to establish the following order in
binding energies for 1,4-disubstituted benzenes with Au and Pt electrodes: Au-NH, < Pt-
NH> ~ Au-S < Au-isoCN < Pt-isoCN ~ Pt-S (Kiguchi et al., 2006; Kiguchi et al., 2007; Kiguchi
et al., 2008).

The statistical analysis of the stretching length was also used to establish the following order
in the sense of increasing binding strength: Au-COOH < Au-NH; < Au-S (Chen et al., 2006).

3.2 Computational simulations

As mentioned above, a large proportion of the theoretical work on molecular nanowires
involves the calculation of the conductance. Only a few of these have addressed some
aspects of the thermodynamic stability of such nanocontacts.

As it respects to the mechanical properties of a molecular nanojunction, one or the first ab-
initio studies was performed by Kriiger et. al. (Krtiger et al., 2003). A thiomethyl radical
bonded to a 5-atom planar cluster was used as a model for a typical Au - S contact. The
junction was elongated, with geometry optimization at each step, obtaining an isomerization
of the cluster into a linear chain which finally breaks at a Au - Au bond with a force of ~ 1.5
nN. In a Car-Parrinello molecular dynamics the same authors showed that when ethylthiol
attached to a gold surface is pulled, this leads to the formation of a monoatomic gold
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nanowire, followed by breaking a Au - Au bond with a rupture force of about 1.2 nN
(Kruger et al., 2002).

In a different study, the stretching and breaking behavior of a benzene dithiol molecule
sandwiched between two Au(111) slabs was studied using DFT calculations (Lorenz et al.,
2006). It was found that breakage occurs through a dissociation of one of the Au - S bonds
with a maximum force of 1.25 nN in the case when the molecule is directly attached to the
surface, and of 1.9 nN when an adatom is placed between the sulphur and the gold slab.
Similar studies were carried out for nanojunctions involving 4,4’-bipyridine (Stadler et al.,
2005; Vélez et al., 2005), pyrazines (Vélez et al., 2005; Zoloff Michoff et al., 2009), amines
(Hybertsen et al., 2008; Kamenetska et al., 2009), and alkylphosphines (Kamenetska et al.,
2009). Binding energies and rupture forces are the parameters that can be obtained from
these types of computational simulations that can be related to the mechanical stability of
the molecular nanojunction. It should be noticed that temperature activated processes are
not considered in these calculations.

4. Long term stability of metallic monatomic nanowires

As can be gathered from the summary of the computational work performed so far with the
aim of obtaining valuable information about the stability of NWs, the main challenge
remains to develop models that would allow to use this valuable computational information
to extrapolate to the experimental time scale, and taking thermal motion into account. In the
following sections a simple kinetic model based on the Transition State Theory (TST) is
presented. The utility of this model along with DFT calculations and an exploration of the
energy landscape with a suitable algorithm will be illustrated for pure and contaminated
gold monatomic NWs, as well as for single molecule contacts.

4.1 The minimum energy path and the transition state theory

A common and important problem in theoretical chemistry and solid state physics is to
identify the path with the lowest energy for the reorganization of a group of atoms from a
stable configuration to another. This path is referred to as the Minimum Energy Path (MEP)
and is often used to define a Reaction Coordinate (RC) for transitions of the type of chemical
reactions, conformational changes in molecules or diffusion processes in solids. The
maximum potential energy along the MEP is referred to as the saddle point, and provides the
activation energy for the occurrence of the process. To calculate the transition rate constant
is of central importance in the TST (Eyring, 1935; Vineyard, 1957), as will be discussed in
section 4.2.

Different methods have been developed to find the reaction path and saddle points (Michael
& Michael, 2007). We focus our attention on methods that make use of two boundary
conditions: the initial and final configurations for the transition. These settings should
normally correspond to two local minima in the multidimensional potential energy surface.
These minima may be obtained from different energy minimization techniques such as the
simulated annealing, conjugate gradient, etc.

These methods require only the calculation of first derivatives of the potential energy. They
generate a chain of images or replicas of the system between the initial and final
configurations. All the intermediate images are simultaneously optimized in some concerted
way of the potential energy surface that should be as close as possible to guarantee the
convergence to the MEP. The method called Nudged Elastic Band (NEB) (Henkelman et al.,
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2000; Henkelman & Jonsson, 2000; Mills & Jénsson, 1994) works in the scheme of these
methods and its implementation is particularly simple. The NEB method has been
successfully applied to a variety of problems, such as studies of diffusion on metal surfaces
(Villarba & Jénsson, 1994), the dissociative adsorption of molecules on a surface (Mills &

Jonsson, 1994), and the formation of a contact between a STM tip and a surface (Serensen et
al., 1996).

4.2 Kinetic model

As it was shown by Krtiger et. al. in the computational simulation studies described above
(Kriiger et al., 2002; Kriiger et al., 2003), the creation of a Au nanowire takes place in a
number of steps, involving an isomerization process. Our approach will only deal with the
final stage, where the NW breaks but the model could be extended to a multi-step process.
We will assume that, for a given elongation of the wire, it may exist either in a broken (b) or
unbroken (u) state (see Fig. 4). The related system energies are denoted with E; and E,,
respectively. When shifting from state u to b, the system will find an energy barrier
(activation energy) that we will denote with AEf. We will neglect the reverse process in all
the treatment we give below. In principle, wire reformation could be easily introduced in
the model. However, we must take into account that in order to surmount the activation
energies involved, the system must gain a considerable amount of energy, which will be
released in the downhill stage after crossing through the maximum. This excess energy will
rapidly take the systems to other more compact configurations of the final state. To be more
illustrative, immediately after the rupture the wire (state b) will find itself in a situation
where the Au atoms are in a very low coordination, so that they will stabilize by merging to
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Fig. 4. Scheme of the different stages of the rupture of a Au NW. The states labelled as u, b
and # correspond to the unbroken, broken and activated states, respectively. The state labelled
as c indicates a situation where the broken wire has evolved towards a more compact state,
in which the pieces of the broken NW are attached to the bulky pieces of the junction.
Although the present figure is meant with illustrative purposes, the configurations and
energies were obtained from calculations using the modified embedded atom method
potentials (Baskes et al., 1989) and the nudged elastic method (Henkelman et al., 2000;
Henkelman & Jonsson, 2000). Reprinted from Vélez, P.; Dassie, S. A.; Leiva, E. P. M. Chem.
Phys. Lett., Vol. 460, No.1-3, 261-265, 2008 with permission from Elsevier.
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a bulky piece of metal of one of the tips making the junction (state c). These qualitative
assessments are based on semiempirical calculations2.
Following the TST, we have for the forward process (wire breaking) the frequency 1y given

by Eq. 2.
AE:
v, =V, exp| — 2)
kgT

where kg is Boltzmann’s constant, T the absolute temperature, v, is a factor showing a weak
dependence on temperature that represents an average oscillation frequency and AEf is
calculated as E# - E,. Since AEt and v, are in principle functions of the wire elongation, this
will also be the case of . Typical values of v, are 3.5 - 7.0 x 1012 Hz (Buirki et al., 2005;
Todorov et al., 2001). We have found that the assumption of constant (elongation
independent) values in this range leads essentially to the same qualitative and quantitative
predictions we show below. However, in order to get a parameter free description of the
problem, it would be desirable to get not only AE# but also v, from first-principles
calculations. Sanchez-Portal et al. (Sanchez-Portal et al., 1999) have calculated the transversal
and longitudinal phonon frequencies of a Au NW by means of the frozen phonon method at
different wire lengths. In order to get an estimation of v, for our problem, we have
parameterized the results of these authors for the transversal mode as a function of the wire
elongation and introduced it in our equations for v, (4z).

Let us now consider a differential elongation of the wire dAz performed in a period of time
dt. The number of crossings from state u to state b over the barrier in dt will then be given by

Eq. 3.
AE:
dn=|v exp| - dt 3)
kpT

dn being the average number of times that the system moves from the unbroken to the broken
state in the time dt. If we want to calculate the number of possible crossings in a finite period
of time we integrate between 0 and t, which is given Eq. 4.

=1 AEI
An = J. v exp| — dt 4)
o kgT

We can estimate the lifetime of the wire t* by setting in An =1 (Eq. 5).

|:v exp( fj}dt—l %)
kgT

Note that in the present formulation no assumption has been made on how the wire is
elongated. We turn now to consider two different possibilities:

._.H

2P. Vélez, S. A. Dassie, E. P. M. Leiva unpublished results.
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Static rupture of the nanowire: In this case, rupture of the NW is studied at a constant
elongation Az. Under these conditions, the argument of the integral in Eq. 5 becomes
independent of time and the breaking time can be straightforwardly obtained by solving Eq.

6, given below.
AE? .
v exp| - 7 =1 (6)
kpT

Rupture of the nanowire at a constant elongation rate: If we assume that the NW is stretched at a

constant rate, dAz/ dt = v, , then we have Eq. 7, where Az is the elongation at t=0, Az" is the

breaking elongation for the NW and we have written the activation energy as AE#(Az) to
emphasize the dependence of the quantity on the elongation. v, was also considered to be
elongation dependent and calculated as pointed out above. However, the dependence of the
predictions on this parameter is rather weak. Once the dependence of AE#(Az) on Az is given,
Eq. 7 can be solved numerically to get the dependence of Az* on the elongation rate v..

AZ]‘A; [V” (Az)exp(—wj }dAz =v ()
k,T

Az=Az, B

4.2 Results for pure metallic nanowires

In order to illustrate the method, we consider a system consisting of a Au nanowire made of
a supercell containing 4 atoms which are periodically repeated in space (Aus NW). Fig. 5
shows a scheme of the unit cell employed to simulate the Aus NW considered here. We used
4 atoms because the elongation distances at which a NW of this size breaks are in the range
between 0.11 to 0.14 nm, which is the value that Huang et al. (Huang et al., 2007a) have
found experimentally (see Fig. 9a below). Although this is a rather small system, the rupture
of the wire has been found to be the displacement of one of atoms perpendicular to the wire
axis (Ke et al., 2007), so that the interaction of the breaking bond with the rest of the system
should be minimal. Atom 1 is fixed and the length of the supercell is stretched. For a given
stretching of the NW, the energy of the system can be minimized with respect to all the
atomic coordinates. Let us denote with E i, (Az) the minimum energy for a given Az =L - Lo,
where Ly is the chain length at equilibrium for each system and L is the total chain length; at
some Az , say AzZpin, Emin will present a minimum, that we denote with E,ix (Az). In the
following discussion, we refer all the stretching lengths to Az, and all the energies to Euin
(Az).

While the unbroken state is clearly defined, some uncertainty remains concerning the
broken one. With this purpose, ab initio molecular dynamics simulations were performed near
the point where the NW breaks, finding structures which are very similar to that proposed
below in the broken state of Fig. 7, which was obtained by minimizing the energy of the
systems, as were the remaining configurations. It is interesting to point out that the broken
configuration is the same as one of the most stable Auy clusters reported in (Bonacic-
Koutecky et al., 2002).
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Fig. 5. Schematic representation of the unit cell employed in the present calculations. L is the
total chain length and 4c7Au_ ., is the average Au-Au separation distance. Reprinted from

Vélez, P,; Dassie, S. A.; Leiva, E. P. M. Chem. Phys. Lett., Vol. 460, No.1-3, 261-265, 2008 with
permission from Elsevier.

This configuration was then adopted to obtain the broken state for different elongations.
This was achieved by compressing the system to a cell size corresponding to the desired
length L, and then performing a conjugate gradient minimization to obtain the broken state
for each system. The minimum energy path between the unbroken and broken states at each Az,
was then obtained by means of the NEB algorithm.

Curves for the energy of the unbroken state E,, the broken state Ey, and the activated state E#
as a function of the wire elongation are shown in Fig. 6a. The energy curves of the broken
and unbroken state meet for an elongation of Azy, = 0.1565 nm. At this point the activation
energies for the backward and forward reactions are the same and they are equal to 0.33 eV.

System Energy /eV
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E, /N
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PR T AT N I I

I | | |
0.05 0.1 0.15 0.2
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Fig. 6. System energy and force curves upon system elongation for the Auy nanowire. a)
Energy of the unbroken state, E,, energy of the broken state, E;, and energy of the activated
state, E#, as a function of the stretching of the NW, Az. In all cases the energy of the system is
referred to the minimum value that the system takes for the set of Az considered. The
activation energy for NW rupture is AE# = E# - E,. b) Force calculated according to Eq. 8 as a
function of Az. Reprinted from Vélez, P.; Dassie, S. A.; Leiva, E. P. M. Chem. Phys. Lett., Vol.
460, No.1-3, 261-265, 2008 with permission from Elsevier.



14 Electrodeposited Nanowires and Their Applications

This would yield a switching frequency between the broken and unbroken state of the order
of 106 Hz at room temperature, going down to the order of 1 Hz at 135 K. However, as we
stated previously, after the bond is broken the system will immediately rearrange to other
more stable configuration so that the forward reaction can be considered as irreversible
under the usual stretching conditions. On the other hand, the energies of the unbroken and
activated state meet at an elongation Azys = 0.1995 nm. This represents a non-activated
rupture process for the NW, and thus the Au - Au average distance at this point (ca. 2.88 A)
represents an absolute limit for wire stability.

Fig. 6b shows the force of the system, calculated as the component of the force applied on
the NW at each step from Eq. 8.

F -2 E(az) ®)
0Az

In Fig. 7 we can observe curves for the energies of the system between broken and unbroken
states at some sample elongations. From these curves it can be appreciated that the
transition state is shifted towards the broken state. The configurations of the system at the
broken, unbroken, and activated state are also shown. It is remarkable that the structure of the
broken state is similar to the Au fragment attached to an ethylthiolate molecule, as it was
found in an AIMD simulation (Krtiger et al., 2002).
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Fig. 7. Energy of the system at the reaction path between broken and unbroken states at some
sample elongations. The energy is in all cases referred to the unbroken state. The
configurations of the system at the broken, unbroken, and activated states are depicted within
each frame. Reprinted from Vélez, P.; Dassie, S. A.; Leiva, E. P. M. Chem. Phys. Lett., Vol. 460,
No.1-3, 261-265, 2008 with permission from Elsevier.

Static rupture of the nanowire: A logarithmic plot for the static rupture of the NW calculated
according to Eq. 6 is shown in Fig. 8. The lowest stretching rates employed in the
experiments allow the rupture of NWs in times of the order of 0.1 s. Fig. 8 shows that in this
order of times the wires should break at distances close to 0.105 nm. This is very close to the
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experimental value of 0.1 nm (Huang et al., 2007a) obtained at the lowest stretching rates.
Thus, the present results also support the general idea that long Au - Au distances such as
those found in the experiments of (Legoas et al., 2002; Ohnishi et al., 1998; Rodrigues &
Ugarte, 2001a; Rodrigues & Ugarte, 2001b) at room temperature cannot occur for pure Au
NWs. On the other hand, at 150 K and below, pure Au NWs can be considerably stretched
beyond that point.

log (t /s)

I
0.1
Az fam

Fig. 8. Decimal logarithm of the lifetime t* of a Auy nanowire at different elongations
calculated according to Eq. 6 for different temperatures. The dotted line denotes a constant
lifetime of 0.1 s. Reprinted from Vélez, P.; Dassie, S. A.; Leiva, E. P. M. Chem. Phys. Lett., Vol.
460, No.1-3, 261-265, 2008 with permission from Elsevier.
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Fig. 9. Dynamic rupture of a Auy nanowire: a) Breaking distance as a function of the
logarithm of the elongation rate v,. The full line shows the calculations according to the
present model and the squares are data for gold point contacts taken from (Huang et al.,
2007a). The segments show the width of the distribution reported there. No fitting
parameters were considered. b) Logarithm of the lifetime of the wire, t*, as a function of the
decimal logarithm of the elongation rate, v,. The full line shows the calculations according to
the present model and the squares are experimental data for the rupture of the Au - ODT
taken from (Huang et al., 2007a). The segments show the width of the distribution reported
there. No fitting parameters were considered. Reprinted from Vélez, P.; Dassie, S. A.; Leiva,
E. P. M. Chem. Phys. Lett., Vol. 460, No.1-3, 261-265, 2008 with permission from Elsevier.
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Rupture of the nanowire at a constant elongation rate: The dynamic rupture of a Auy nanowire
was studied according to Eq. 7. Fig. 9a shows the breaking distance as a function of In (v,)
for elongation rates between e and ef in comparison with the experimental date taken from
Huang et al. (Huang et al., 2007a). It can be observed that the calculated results resemble the
experimental trend in the general features.

A further point that can be analyzed through the present calculations is the lifetime of the
wires as a function of the elongation rates. These results are given in Fig. 9b. There is no
experimental data available for a straightforward comparison with our calculations.
However, AIMD simulations (Kriiger et al., 2002), and considerations based on experiments
(Huang et al., 2006; Huang et al., 2007a; Li et al., 2006a) indicate that the rupture of a
nanocontact made of an alkanethiol and Au contacts should break at a Au - Au bond, so
that comparison between the present results may be made with the experiment of Huang et
al. (Huang et al.,, 2007a), who have studied the rupture of single molecule junctions
involving Au contacts and ODT. The experimental data of Huang et al. is included in Fig.
9b, where it is found that the calculated lifetimes closer resemble those from the experiment;
specially taking into account that no fitting attempt was made seeking for agreement.

4.2 Results for contaminated metallic nanowires

Fig. 10 shows a scheme of the unit cell employed to simulate the pure (Au-p) and
contaminated Au NWs considered here. The light weight elements taken into account as
contaminants are a H atom (Au-H) and a C atom (Au-C). The grey circles represent Au
atoms, which remain fixed at their positions during the relaxation processes. The latter
consists in a local energy minimization procedure by means of the conjugate gradient
method or a search of a MEP by means of the NEB method.

In the case of contaminated NWs the circle marked with an X represents the location the
contaminant atom. This figure also shows the definition of the ay, a2 and a3 bond angles,
determined by the atoms relevant for the analysis of the rupture of the NW.

a) b)
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Fig. 10. Schematic representation of the unit cell employed in the present calculations: a) the
rectangle indicates the extension of the unit cell. The grey circles represent the Au atoms
fixed during the simulation. a4, a2 and a3 are the bond angles between the Au atoms, and

o is the angle defined by the atoms Au; - X - Au. L is the total chain length and d Auwaq is
the average Au - Au separation distance. b) Front view of the pyramid of Au atoms shown
in a).

The length of the NW, L, is defined here as the distance between the atoms Au; and Aus. We
also define an average Au - Au separation, as d_Au_ " = L/ 4 . Fig. 10b shows the front view of

one of the pyramid of Au atoms, represented as grey circles in Fig. 10a. The present systems
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contains as a whole 18 atoms. It must be emphasized that in the case of calculations for pure
Au NWs, the present systems deliver results that are close to those presented in the previous
section for only four atoms in the unit cell. This indicates that the mechanical properties of
the NW appear to be quite local, with a rather slight dependence from the bulky atomic
environment.

The atomic impurity was located between the atoms Au; and Auy. This choice was made
because in the literature we found first principles calculations, similar to those performed
here, where the H and C were positioned at a similar place, as well as between the Au, and
Auj; atoms, with similar results (Novaes et al., 2003; Skorodumova et al., 2007). As it will be
found below, the present results agree with those where the impurity was located at another
sites of the chain.

Structure and energetics of pure and contaminated Au NWs. For all the systems we shall refer to
the equilibrium state as that where the derivative of the energy with respect to the elongation
is equal to zero (ie. the external force, or stress, acting on the system is null). The rupture
force will be considered to be the value of the force F, where it presents a maximum at long
elongations, being the force defined in Eq. 8 (da Silva et al., 2004; Jelinek et al., 2008; Novaes
et al., 2003; Novaes et al., 2006; Rubio-Bollinger et al., 2001; Vélez et al., 2005; Vélez et al.,
2008). Accordingly, we refer in the following to the “at rupture” state as that where the

coordinates of the atoms are such that oF, / 0Az =0 (maximum force). With this definition,

we are trying to address the status of the system just at the point where the NW is breaking
by further force application. The structural information at the equilibrium and “at rupture”
states of the NWs is summarized in Table 1 for the three systems types considered.

Considering the length difference between the “at rupture” and equilibrium states of the
different systems, it is found that the stretching lengths of the Au-p and Au-C systems are
19Aand 16 A respectively, while the elongation of the Au-H system is considerably larger
(2.6 A). This fact bears direct consequences for the force constant k,, as will be seen later on.
Inspecting Table 1 it becomes clear that the equilibrium geometries of the contaminated

Equilibrium geometries »At rupture” geometries

Au-p Au-H Au-C Au-p Au-H Au-C
LoorL'/ A 9.80 9.60 10.8 11.7 12.2 12.4
da2 /A 2.63 2.76 3.78 2.85 3.58 3.87
d@a) /A 2.64 2.62 2.59 2.95 2.75 2.67
d(34)/A 2.63 2.67 2.66 3.05 3.16 3.15
d@5) /A 2.63 2.61 2.62 2.85 2.71 2.71
o /° 139.5 149.6 161.8 179.3 178.6 178.5
o /° 125.2 108.6 116.5 179.7 177.0 176.5
os/° 139.7 157.4 136.0 179.9 178.5 178.2
ox /° - 102.5 168.5 -— 179.2 179.5

Table 1. Structural information of the pure Au (Au-p) and hydrogen (Au-H) or carbon
contaminated (Au-C) NWs at the equilibrium and close to rupture situations. In the first
row, L, is the equilibrium length of the NW, whereas L* corresponds to length just before
breakage occurs. Refer to Fig. 11 for an illustration of each of the geometries analyzed. The d
(1,2) bond distance and the ox bond angle of the impurity are in boldface.



18 Electrodeposited Nanowires and Their Applications
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Fig. 11. a) Equilibrium geometries for the pure gold NW (Au-p) and contaminated with H
(Au-H) and C (Au-C). b) Geometries just before rupture for stretched NWs. The arrows
indicate the bond at which the NW breaks.

systems are very different from each other. Close to equilibrium, the presence of the H atom
changes only slightly the d (1,2) bond distance, while the carbon atom inserts itself almost
completely in the middle of this bond. This fact can be appreciated in the characteristics of
the equilibrium configuration (see ax bond angle and d (1,2) bond distance).

At the situation of the rupture, all three systems present a linear configuration and the
distance of the Aus - Auy bond where it occurs is very similar (~3.1 A). The contaminated
systems arrive to the point of rupture with large Au - Au distances at the Au; - Auz bond;
3.58 A for the Au-H system and 3.87 A for the Au-C system. These figures indicate that our
results are in a very good agreement with the Au - Au separation distances found
experimentally (Kizuka, 2008; Kondo & Takayanagi, 2000; Legoas et al., 2002; Ohnishi et al.,
1998; Rodrigues et al., 2000; Yanson et al., 1998) and with the first-principles calculations
from other research groups (Novaes et al., 2003; Skorodumova et al., 2007).

Up to now, we have only explored the possibility of the incorporation of a single atomic
impurity. In relation to this, it must be recognized that the extremely large Au - Au
distances of 4 - 5 A (Legoas et al., 2002), as well as consecutive distances of 3.5 -4 A (Kondo
& Takayanagi, 2000; Ohnishi et al., 1998; Rodrigues & Ugarte, 2001a; Rodrigues et al., 2000)
cannot be reproduced by our calculations. To tackle this point, more impurities should be
considered, and probably other molecular species as proposed by other groups that
performed first-principles calculations (Bahn et al., 2002; Galvéo et al., 2004; Legoas et al.,
2002; Novaes et al.,, 2003; Skorodumova & Simak, 2003; Skorodumova & Simak, 2004).
However, the present approach is not devoted to predict all the Au - Au distances observed,
but to understand the effect that an atomic impurity produces on a monatomic Au NW from
energetic, geometrical, electronic and kinetic viewpoints.

Analysis of the time-stability of pure and contaminated NWs. In the following the kinetic aspects
of the rupture process for the Au-p, Au-H and Au-C systems are considered. Fig. 12a shows
the energy curves for the unbroken (u), broken (b) and activated (#) states as a function of the
elongation (Az) for Au-H. For Au-p the respective curves are similar to those shown in Fig. 6
for the 4-atom gold nanowire. The results obtained for Au-C have qualitatively the same
features as those obtained for Au-p.
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Fig. 12. a) Energy values corresponding to the unbroken state E,, broken state Ey, and activated
state E* of the system Au-H as a function of the elongation. b) Continuous curve: z
component of the force acting on the system, F,, calculated according to Eq. 8, as a function
of Az for Au-H. Broken line: Linear fit to F, between zero and the maximum force. The
maximum force F,max is indicated in normal typeset, while the force constant, k, (slope of the
broken lines), is denoted in italics.
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In order to find candidate configurations for the broken (final in TST jargon) state at each
elongation, molecular dynamics runs were performed at an elongation corresponding to the
“at-rupture” configuration. This led to structures that looked like those illustrated for Au-H
for the broken state configurations in Fig. 14 below.

We will perform a more detailed discussion of the reaction path for the rupture of the NWs
below. We first consider the behaviour of the forces along the stretching procedure, since
they are closely related to the energy curves of the unbroken state. In fact, the energy curves
for the unbroken states in Fig. 12a may be used to calculate the longitudinal force F, acting on
this system according to Eq. 8. In Fig. 6, it was found that the stability limit of a monoatomic
Au NW is reached at a force of 1.45 nN, which is close to the experimental value of 1.5 £ 0.3
nN (Kizuka, 2008; Rubio et al., 1996; Rubio-Bollinger et al., 2001). Fig. 12b shows F; for the
Au-H as a function of the elongation Az. The maximum force F,max is also reported there.
Table 2 compiles relevant information for this and the other systems under consideration in
this study (Au-p, Au-C). For the Au-p system, the maximum force is 1.57 nN, also in
agreement with the experiments and other theoretical values (da Silva et al., 2004; Rubio-
Bollinger et al., 2001; Vélez et al., 2008). In the case of the contaminated systems, this value is
somewhat lower (1.19 nN for Au-H and 1.14 nN for Au-C). First principles results from
literature show the same trend (Novaes et al., 2003; Skorodumova et al., 2007).
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Fmax, nN |k, N/m | AE#(Az), eV(A)
Au-p 157 9.1 099 (0.0)  [0.22(1.8)
Au-H 1.19 5.0 133 (0.0)  [1.02(2.7)
Au-C 1.14 8.2 112 (0.0)  [1.10(18)

Table 2. Maximum tensile force sustained before breakage (F,m2x, nN), force constant (k.,
N/m) and activation energy (AE?, eV) for the minimum energy path at the equilibrium and
“at-rupture” geometries, for the systems Au-p, Au-H and Au-C. The activation energy for
the rupture of the NW at each Az is calculated as AE* = E# - E,..

In their studies on the mechanic properties of monatomic Au NWs, (Rubio-Bollinger et al.,
2001) found that these chains are five times harder than the massive electrodes. They
evaluated from the experimental results the slopes of the force curves in the last stage of the
elastic deformation, before the rupture of the NW, from a set of 200 experiments. The
average value of the force constant for an average chain length was 8 N/m. The present
calculations show that the behaviour of the force curves of the Au-p, Au-H and Au-C
systems is quite elastic, as can be inferred from the linear fit of F, between zero and the
maximum force, shown in Fig. 12b for Au-H as a broken line. In the elastic deformation
region, the force F, may be written as:

F=k Az ©)

where k, is the force constant of the system. The value of k, found from the present
calculations for Au-p, 9.1 N/m, is in perfect agreement with the experimental value
reported in references (Rubio-Bollinger et al., 2001; Xu et al., 2003a). The contaminated
systems present a remarkably different behaviour when compared between each other. The
Au-C system has k; =8.1 N/m, a very similar value to that of Au-p, but 1.6 larger than the
value of this property for Au-H (k,=5.0 N/m). These are interesting predictions, since up to
date no measurements have been performed comparing pure and contaminated systems. A
suitable fitting of the experimental data of this property could help to shed light on the type
of impurity present when a NW exhibits large Au - Au separation distances.

Fig. 13 shows the energy of the system, E, as a function of the normalized reaction
coordinate (NRC) for the system Au-H for some sample elongations. The corresponding
configurations are presented in Fig. 14.

Fig. 13 shows that the Au-H system presents an energy curve along the minimum energy
path that is more complex than those for Au-p and Au-C (not shown here). The distinctive
feature for of Au-H is that at short elongations the energy curves present a minimum. This
behavior is related to the incorporation of the hydrogen atom into the wire that takes place
as the elongation proceeds. However, for the Au-C system, the C atom is incorporated into
the wire since the beginning of the elongation. The minimum in the minimum energy path
profile of the Au-H system disappears gradually with increasing elongation of the NW,
remaining a shoulder at long elongations (see Fig. 13b).

The images of monatomic Au chains showing long separation distances (3.6 - 4 A) were
obtained by TEM and HRTEM using electron beam lithography for the fabrication of the
NWs (Kizuka, 2008; Kondo & Takayanagi, 2000; Legoas et al., 2002; Ohnishi et al., 1998;
Rodrigues & Ugarte, 2001a; Rodrigues et al., 2000). Under these experimental conditions, the
elongation rate is not controlled and in principle not known. However, an estimation can be
made looking at the pictures provided in some of these publications, as the one illustrated in
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Fig. 13. System energy, E, as a function of the normalized reaction coordinate (NRC) along
the reaction path between unbroken (u) and broken (b) states for different elongations Az of
the NW. a), b) and c) correspond to the Au-p system, d), e) and f) to the Au-H system and
g), h) and i) to the Au-C system. In all cases the energy of the system is referred to the
energy of the unbroken state (u). The activation energies AEf and the corresponding
elongations are given for each case.
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Fig. 14. Configurations of the unbroken (u), activated (#) and broken (b) states of the NW for
each of the elongations Az whose energy curves along the reaction path are shown in Fig. 13
for Au-H.
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Fig. 2 (Rodrigues & Ugarte, 2001a), and is found to be very slow, of the order of 0.1 nm/s in
the final stage, allowing for a complete equilibration of the system at the atomic scale all
along the elongation process. Thus, the rupture of the NWs in these experiments takes place
in the timescale of a second, so that it can be inferred that the activation barriers must be
quite high. In the static limit, the lifetime 7" of a NW can be estimated from Eq 6. In this
equation, we have used v,(Az) = v, =3 x 1012 Hz and T = 300 K. Similar values were used in
references (Biirki et al., 2005; Rubio et al., 1996; Todorov et al., 2001; Vélez et al., 2008). Fig.
15 shows a plot of the decimal logarithm of the lifetime 7* of the NW, as a function of the
elongation force F, for the Au-p, Au-H and Au-C systems.

It becomes evident from this figure that the contaminated NWs live considerably longer
than Au-p NWs for all elongations. It is found that pure Au NW become unstable in the
experimental time scale from an elongation which corresponds to dayau = 2.74 A / atom on.
In fact, for larger F, (dauw-au), pure NWs should live less than 0.1 s. The remarkable behaviour
of the Au-H system is due to the shape of the activation energy, discussed above in Fig. 13.
Fig. 15 also supports the idea that impurities are responsible for the large Au - Au distances
observed experimentally. These impurities, as stated above, modify geometrically the
structure of the NWs, giving place to the occurrence of the anomalous large Au - Au
distances. Furthermore, they modify the NW chemically by charge transfer and
rearrangement, which in turn changes the potential energy surfaces so that for each
elongation the contaminated NWs present higher activation barriers for the rupture than the
pure NWs. Fig. 15 makes also plausible that stretched (contaminated) NWs may have
lifetimes of the order of the second, sometimes even of the order of minutes (Ohnishi et al.,
1998).
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Fig. 15. Decimal logarithm of the lifetimes of the NWs corresponding to the systems Au-p
(—), Au-H (---) and Au-C (* * * ) as a function of the elongation force F,, calculated
according to Eq. 6.
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5. Long term stability of molecular nanowires. Effect of substituents on the
Au - N nanojunction.

The formalism proposed in the previous sections could, in principle, be applied to study the
mechanical and kinetic stability of single molecule nanowires. To the best of our knowledge,
no such study has been yet attempted. One possible approximation to the long term stability
problem is to estimate the kinetic barrier for the rupture of the nanowire by means of the
binding energy of the system (Ep).

The mechanical properties of ortho substituted pyrazines bonded to planar gold clusters of 6
and 7 atoms have been studied using the same methodology described for the monatomic
metallic nanowires. In Table 3, we summarize the values obtained for the binding energies
(Ep) and rupture forces (Fr,p) for the substituted pyrazines bonded to the 6-atom (Aue) and
the 7-atom (Aus+1) gold clusters.

The systems studied are illustrated in Fig. 16. These systems are taken as a model for the last
stage in the stretching of a Au - bipyridine nanojunction, and allow an assessment of the
effect of a substituent in the molecule on the stability of the nanojunction.

The E;, values summarized in Table 3 were obtained as the energy difference between the
minimum energy structure for each system and the final broken structure after stretching
the nanojunction. In all cases the rupture occurred at the Au - N bond. F,;, values were

obtained using Eq. 8.
a) ‘ jH b) ° JIJ
Poss Pooil

Fig. 16. Illustration of the models adopted to study the effect of ortho substituents on the
mechanical stability of a Au - N nanojunction. a) Aug + X-pyrazine. b) Aus+; + X-pyrizane.

Aug + X-pyrazine Aug+ + X-pyrazine
X c Ey, eV Frup, nN Ey, eV Frup, NN
NH, -0.66 | 0.795 1.16 0.913 1.26
CH; -0.1710.731 1.07 0.828 1.13
H 0.00 |0.671 1.00 0.778 1.09
Cl 0.23 |0.5% 0.82 0.689 0.98
CONH, [ 0.36 | 0.549 0.77 -~ -~
CN 0.66 |0.497 0.77 0.605 0.88
NO> 0.78 10.409 0.48 0.560 0.73

Table 3. Hammett's o (values taken from (Hansch et al., 1991)), binding energies (Ey) and
rupture forces (Fryp) obtained from stretching experiments for Aus + X-pyrazines and Aus+
X-pyrazines.

Using the E;, values as a lower limit for the activation energy to break the nanojunction, and
using Eq. 6 with v, = 1012 Hz (a typical value for these systems as shown above), time
constant values, 1*, can be calculated for the different nanojunctions. The values for t so
obtained represent a lower limit for the lifetime of the nanojunctions. Interestingly, there is a
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an excellent correlation between the logarithmic lifetime and a pure empirical parameter
describing the electronic nature of the substituent such as Hammett’s ¢ (Hansch et al., 1991),
as illustrated in Fig. 17a.

Fig. 17b shows that a good correlation is also observed with respect to the calculated rupture
force for the nanojunction. This is interesting since F,, values can be obtained
experimentally.

Note that the electronic properties of the substituent has a marked effect on the lifetime of
the nanojunction, which ranges from 10-¢ seconds for X = NO> to about 103 seconds for NHo.
On the other hand, only a slight effect of the substituent was found on the experimentally
measured conductance of a structurally similar system (Venkataraman et al., 2007).

When the molecule binds to a less coordinated gold atom, such as in Aug+1 - X-pyrazine
systems, the strength of the nanojunction increases, as reflected by the higher values
obtained for both E, and F,,. This also causes an increase in the lifetime of the molecular
junction, as illustrated in Fig. 17.
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Fig. 17. Correlation between log t, calculated as the lower limit for the nanojunction’s
lifetime and a) Hammett's ¢ and b) calculated rupture force (Frp). In both plots, open circles
represent the Aug + X-pyrazine systems, whereas filled triangles are for the Aus+1 - X-
pyrazine systems.

6. Conclusions and perspectives

A comprehensive revision of the most recent advances with respect to the experimental
techniques and computational simulations focused on the stability and mechanical
properties of monatomic metallic and single molecule nanowires is presented.

We have established a simple model based on the Transition State Theory and using the
Minimum Energy Path to study the long-term stability of nanowires in a time scale
corresponding to that of the experimental observations. The utility of this model has been
demonstrated for the quantitative evaluation of the effect of impurities in gold nanowires, as
well as for a qualitative assessment of the effect exerted by a change in the electronic
properties of a molecule in the temporal stability of a metal - molecule junction.

Some of the future work within this topic includes the analysis of other systems, including
different metals and / or other chemical linkers for molecular nanowires. It would also be of
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great interest to evaluate, if there is any, the correlation between the stability of the
nanowire and its electronic properties, such as conductance.
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1. Introduction

During the last two decades, the study of the properties of nanowires has been one of the
keystones for the development of nanotechnology since these nanometric size objects exhibit
electrical and mechanical properties of interest in fundamental knowledge as well as for the
future development of technological applications. In particular, many experimental studies
have afforded the creation, stabilization and deformation of metallic nanowires in order to
describe their mechanical properties and their electronic transport quantum features
appearing due to electron transversal confinement (Serena & Garcia, 1997; Agrait et al.,
2003). The standard approximation for the experimental study of such metallic nanowires
includes the formation, elongation and breakage of ultranarrow nanocontacts, as for
instance, those formed between an STM tip and a metallic surface. Since the atomic
arrangement formed during every indentation-breakage cycle of the STM tip is different,
these experimental studies require the accumulation and analysis of a huge amount of data
to characterize the electron transport properties of the resulting nanocontacts.

With the advent of powerful computational resources and the achievement of realistic
descriptions of the atomic interactions, it has been possible to reproduce “in silicon” many
of such formation-breaking experiments. An important part of these simulation studies has
been done using Molecular Dynamics (MD) algorithms, allowing to elucidate how this
formation-elongation-breakage occurs. Furthermore, MD simulations allow the accurate
determination of the different structures that appear during the final stages of the breaking
process. Getting insight of such structures is a crucial matter since they control the electron
transport through the nanowire, allowing a comparison with the experimental data.
However, the comparison between experimental results and MD computational simulations
requires an extra ingredient: the use of statistics. In general, the study of nanoscale systems
demands a statistical approach. This becomes more evident in electron transport studies,
since little modifications of the atomic positions results in large conductance variations. It is



36 Electrodeposited Nanowires and Their Applications

necessary to statistically address the study of many nanowire breaking events, mimicking
the experimental indentation-retraction cycles. In these cases, semiclassical approximations
based in accurate interatomic potential are usually used since they are much less demanding
of computational resources than sophisticated but time consuming ab initio methods.

MD simulations have not only proved successful in accounting for complex properties of
many nanowires during the breaking process, allowing to detect the presence of
ultranarrow structures as monomer, dimers and long atomic chains (Bahn & Jacobsen, 2001)
that govern the electrical properties of the nanowire just before its breaking. MD techniques
have also used to demonstrate the formation of new non-crystalline structures, as helical or
weird structures (Giilseren et al., 1998), not corresponding to the initial FCC or BCC
crystallographic disposition of the metal under study. This is also the case of the icosahedral
or pentagonal nanowires formed by subsequent staggered parallel pentagonal rings (with a
relative rotation of m/5) connected with single atoms (Mehrez & Ciraci, 1997; Garcia-
Mochales et al., 2008a; Peldez et al., 2009), showing a characteristic -5-1-5-1 ordering that
have been confirmed experimentally for some metallic species (Gonzalez et al., 2004).

In this chapter we will describe how to simulate the breakage of nanowires using MD
techniques with Embedded Atom Method potentials, although the MD approach can be
used with any other semiclassical potential (Section 2). We will describe the methodology
used to extract different physical magnitudes of interest from the simulation, in particular
the minimum cross-section that allows monitor the evolution of the breaking nanowire
(Section 3). Also we shall describe the computational tools and algorithms applied to
identify and characterize the different atomic structures formed that are relevant to the
mechanical and transport properties of these nanocontacts: (i) monomers and dimers (and
their surrounding environments) just before the breakage occurs (Section 4); and (ii)
pentagonal nanowires formed during last stages of the elongation process (Section 5). We
will show the procedure to calculate the atomic stress and apply it to investigate the
pentagonal nanowires formed during the stretching process (Section 6).

Finally we will show how the statistical results corresponding to different stretching
directions can be merged in order to compare with experimental findings (Section 7). This
merging procedure is needed since experimental data usually correspond to the statistical
average of nanowire breaking events involving random stretching directions. Although the
method and a brief discussion will be given at Section 7, results expected for random
stretching orientations will be included in its corresponding figures throughout the chapter
for an easy comparison with those obtained for well determined stretching directions.

All these simulation and characterization methods will be focussed on the study of the
breaking mechanisms of nickel nanowires, as a study case. The study will account for three
stretching (crystallographic) directions, two initial sizes and a large range of temperatures.
The statistical MD approach will describe hundreds of breaking events. The dependence of
the breakage behaviour with several parameters (that can be controlled in experiments) will
permit to determinate the optimal conditions for the production of some specific structures
(monomer and dimer point-contacts, icosahedral nanowires) for this metallic species.

2. Computational methods

Our approach is based on the statistical study of the structural evolution of many nanowires
under stretching, using standard Molecular Dynamics (MD) simulations. Each breakage
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event, even starting from identical initial conditions, evolves showing its own features.
Therefore, the only possibility to carry out an accurate study of the mechanical and electrical
properties of the breakage process is performing a statistical analysis. We follow a similar
strategy to the experimental one, simulating hundreds of independent breaking events, in
order to determine the presence of preferred configurations. In particular, we have
developed a methodology (Hasmy et al. 2001; Medina et al.,, 2003; Hasmy et al., 2005;
Garcia-Mochales et al., 2005) able to generate hundreds of computational breaking events
and analyse them statistically to determine the different structures appearing at the breaking
processes. We will describe this methodology along next sections.

In general, there are many computational simulations focused on the description of single
nanowire breaking events, neglecting the study of statistical effects due to their high
computational cost (Olesen et al., 1994; Bratkovsky et al., 1995; Barnett & Landman, 1997;
Sgrensen et al., 1998; Ikeda et al., 1999; Branicio & Rino, 2000; Bahn and Jacobsen, 2001;
Heemskerk et al.,, 2003; Sutrakar & Mahapatra, 2009), but several MD studies have
statistically established that there exist a correlation between preferred atomic
configurations and experimental conductance histograms at different temperatures (Hasmy
et al. 2001; Medina et al., 2003; Hasmy et al., 2005; Garcia-Mochales et al., 2005; Pauly et al.,
2006; Garcia-Mochales et al., 2008a; Garcia-Mochales et al., 2008b).

Of course the price to pay for carrying out these statistical studies is the need to use “cheap”
computational potentials for describing the atomic interactions. In spite of their accuracy,
the large computational resources required by ab initio based methods make them
inappropriate to determine computationally statistical features of these systems. A high
computational effort is also required when other approaches are used, as tight-binding
molecular dynamics simulations (Gonzalez et al., 2004) or hybrid algorithms (Hasmy et al.,
2005; Pauly et al., 2006). This means that semiclassical potentials, due to their relatively low
resources requirements, are nowadays the most appropriate for statistical studies. On the
other hand, “cheap” not mean “unaccurate”, since we need to rely on obtained results of
breaking nanowires. In consequence, the chosen potential must be complex enough to
accurately reproduce low coordination situations as those appearing during the stretching
process and structures with high surface/volume ratios.

We have simulated the nanowire atoms evolution using a MD scheme where atomic
interaction is represented by Embedded Atom Method (EAM) potentials (Daw & Baskes,
1983; Foiles, 1985). On the EAM approach, the potential energy function for the system reads

E=2 o)+ X F(p) M)

where i and j run over the number of atoms. In the first term, ¢(r;)) corresponds to a pair
potential depending only on the distance r;; between every pair of “different” atoms i and j.
The second term is the so-called embedding energy, which depends on the mean electronic
density p, at atom i’s location. This electron density is approximated in EAM as the sum of
the contributions due to the surrounding atoms, p, = Z#]’ p(r;) - The embedding energy is
calculated by evaluating and summing the embedding function F(p) at each atom’s position.
Depending on the material and the specific physical properties to be studied, different pair
potential ¢(r;; ), embedding energy F(p), and density p(r;)) functions can be defined.

The computational technique here described is a general one and can be used with any other
semiclassical potential. However, in order to reach accurate results, it is important that the
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chosen one provides a good description of low dimensional situations (monomers, dimers,
chains, open surfaces, edges, regions with vacancies, etc). We have used the EAM
parameterization proposed by Mishin et al. (1999). This parameterization is a state-of-the-art
potential able to describe high and low coordinated systems as those found during the last
nanowire breaking stages. It has been constructed by fitting almost 30 different properties
obtained from experimental measurements or accurate ab initio calculations: bulk properties
as cohesive energy, lattice constants, elastic constants, phonon dispersion curves, vacancy
formation and migration energies, surface energies, ... This EAM potential has been used to
describe Niy=1,150 clusters (Grigoryan & Springborg, 2003) showing a good agreement with ab
initio calculations and experimental data. These small clusters contain configurations with
very different coordination numbers (ranging from 1 to 12), therefore including the typical
coordination numbers we have found during the nanowire breakage processes.

() (d) (e)
(b)
(a)
S,~8.3 Sii-1.9 $,=0
S,~35.5
t=0 -
ns t=0.25ns t=05ns t=0.64 ns t=0.7ns

S,~54.8

Fig. 1. Five different snapshots of a [111] Ni nanowire during stretching at T = 300 K from its
initial parallelepiped shape. Each snapshot includes information on the simulation time and
the minimum cross-section S,, at that time.

Nanowire dynamics has been studied at constant temperature T using a standard velocities
scaling algorithm at every MD step (Rapaport, 1995). Nine temperatures ranging from 4 to
865 K (half of the Ni bulk melting temperature) have been considered in this work in order
to describe the nanowire behaviour with the temperature. The time interval used for the
integration of atomic trajectories (MD time step) is At = 102 ps. Atomic trajectories and
velocities were determined using conventional Verlet velocity integration algorithms. We
have checked that results from this time step are equivalent to those obtained with shorter
time intervals, ensuring the quality of the results with the smallest computational cost.

The simulation of a single nanowire breaking event consists of three stages. The first stage
corresponds to the definition of the initial unrelaxed structure. We consider as initial
nanowire a bulk super-cell with parallelepiped shape, containing hundreds of atoms
ordered according to a FCC structure with bulk Ni lattice parameter (a = 3.52 A) The initial
parallelepiped height coincides with the stretching direction and is larger than the base
edges. We define the z axis as the stretching (pulling) direction. In these studies we have
considered three different stretching directions corresponding to the [100], [110] and [111]
crystalline directions and two different parallelepiped sizes (large and small) with similar
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aspect ratio for each direction. The initial sizes used were (layers x atoms per layer): for
[100] case, 21x49=1029 atoms and 12x16=192 atoms; for the [110] case, 29x35=1015 atoms
and 17x12=204 atoms; for the [111] case, 18x56=1008 atoms and 10x16=160 atoms. Fig. 1a
shows the initial configuration corresponding to a large-type [111] nanowire. At the
beginning of the simulation, each atom velocity is assigned at random according to the
Maxwellian distribution corresponding to the simulation temperature (Rapaport, 1995).

The second stage corresponds to the relaxation of the bulk-like initial structure. Firstly, we
define two supporting bilayers at the top and bottom of the supercell. Atomic x and y
coordinates within these bilayers will be kept frozen during the simulation. The nanowire
will remain attached to these two bulk-like supporting bilayers during the relaxation stage.
This stage lasts for 3000 MD steps in order to optimize the geometry of the isolated
parallelepiped-like nanowire. The role of these “frozen” bilayers is very important, since
they represent the connection with the macroscopic world. If free or periodic boundary
conditions were taken into consideration, the resulting nanowire evolution would present
different patterns, including phase transformations upon loading as it has been noticed for
narrow Ni nanowires (Liang & Zhou, 2006; 2007). During the third stage (stretching
process), the z coordinate of those atoms forming the top (down) frozen bilayer is forced to
increase (decrease) a quantity Az= 10+ A after every MD step. This incremental process
simulates the separation of the supporting bilayers in opposite directions at constant
velocity of 2 m/s, giving rise to the subsequent nanowire fracture. Those atoms located
between the frozen regions move following the forces derived from their EAM-like
interaction with the surrounding atoms. Notice that the stretching velocity is much larger
than that used in experiments. However, our computational description of the nanowire
breaking is comparable to that of actual experimental traces since the stretching velocity is
smaller than the sound speed in nickel. We consider that the nanowire breaking process is
completed when the minimum cross-section of the nanowire is zero (in the next section is
explained the way this magnitude is calculated).

In Fig. 1 we depict five snapshots corresponding to different stages of a representative
nanowire breaking process (a large nanowire stretched along the [111] orientation at 300K),
starting with the initial (unrelaxed) configuration and finishing with the configuration just
after the breakage. During stretching the nanowire shape develops through typical slip
processes leading to inelastic deformations. Notice that during the last stages of the breaking
process the nanowire structure evolves, forming a bipyramidal structure, each pyramid
formed by three energetically favourable (111) facets.

3. Characterization of breaking nanowires: Cross-section histogram

During the stretching stage, the accurate knowledge of the atomic coordinates and velocities
allows the full determination of the minimum cross-section S,. This quantity provides
relevant information on the favourable configurations appearing at the narrowest part of the
nanowire during its evolution under stretching. Furthermore, S,, provides a first-order
approximation of the conductance G (Sharvin, 1965). The minimum cross-section S, is
calculated in units of atoms following standard procedures that have been successfully used
in previous studies (Bratkovsky et al., 1995; Sgrensen et al., 1998). In our case, we define the
atomic radius ro to be equal to half the FCC (111) interplanar distance (1o = d111/2).

In order to calculate the cross-section S; at a given z; position, we firstly compute the total
atomic volume Vi, inside a “detecting cursor” width Az. We have used Az = di11. We assign
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Fig. 2. (a) Example of how cross-section S; is calculated along a [110] nanowire and its
minimum value S, (b) Evolution of the minimum cross-section S,, (measured in units of the
number of atoms) as a function of time for four [111] Ni nanowires during their breaking
process at two temperatures T =4 K and T = 300 K. Labels (a)-(e) pointing at the black line
correspond to the five different snapshots depicted in Fig 1.

a volume Vy = 4rg® /3 to each atom and, therefore, the quantity S; = Vo /Vo corresponds to
the nanowire section (in number of atoms) at the z; position. In Fig. 2a is depicted a cartoon
of the method used to measured S;. The detecting cursor moves along the z axis between the
two frozen bilayers, using a step equal to 0.1xdy11. This allows calculate the cross-section S;
along the nanowire. Finally, from the set of collected S; values, we determine the minimum
cross-section value S,. Note that the cursor size Az is kept fixed independently on the
nanowire crystalline direction along the z axis. This allows a true comparison between
histograms obtained for different orientations, especially at the last breaking stages. In our
study S, is calculated every 10 MD steps. In Fig. 2a we illustrate how the S; and S, are
calculated with an example obtained from a [110] Ni nanowire simulation at 4K.

The evolution of S,, versus time shows a typical staircase trace. In Fig. 2b some examples of
Su(t) illustrate this behaviour. S,(t) traces show a stepped profile with well-marked jumps
associated to atomic rearrangements that take place within the nanowire. We have verified
that these jumps are correlated with jumps in the force acting on the supporting slabs. In
general, S, decreases monotonically between two subsequent jumps reflecting the existence
of elastic stages. These elastic stages have been associated to the experimentally observed
conductance plateaus. As it is expected, the quantity S, presents larger fluctuations when
temperature increases, as it is shown when comparing the traces obtained at 4 and 300 K.
These behaviours have been observed for the three stretching orientations.

Following the same methodology used in experiments, we summarize the information of
many breaking events in histograms. In particular, the minimum cross-section histograms
H(S;) are built by accumulating S,,(f) traces acquired during the simulation of hundreds of
nanowire stretching processes. We have show that 100 independent nanowire breakages can
be enough to built a cross-section histogram, but more samples could be necessary for
performing the statistical analysis of other quantities (Garcia-Mochales et al., 2005).
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Fig. 3. Minimum cross-section histograms H(S,,) of large Ni nanowires at T=4, 160, 300, 465
and 550K along the [100], [110] and [111] crystallographic directions. Last row show the
expected results if nanowires would be stretched along random directions (see section 6).

In Figs. 3 and 4 (for large and small initial size nanowires, respectively) we show the
histograms H(S,,) for five temperatures (T=4, 160 300, 465 and 550 K), constructed with 300
independent breakages for the [100], [110] and [111] stretching directions. The different
histograms are depicted in the range 0 < 5,, < 8. A first inspection of these figures reveals the
existence of well-defined peaks associated to preferred nanowire configurations as it has
been shown in previous works (Hasmy et al. 2001; Medina et al., 2003; Hasmy et al., 2005;
Garcia-Mochales et al., 2005).

Our main finding is that H(S,,) histograms are very dependent on the stretching (i.e., the
nanowire axis) direction. The H(S,;) histograms associated to the [111] stretching direction
present a well-defined peaked structure for both sizes at the whole range of temperatures
depicted. The main difference we have found between both sizes corresponds to the small
increase of the peak located at S,, ~ 5 above room temperature (RT) that only occurs for large
size nanowires. For the [100] and [110] cases, very low temperature histograms present for
both sizes a noisy structure. As temperature increases, histograms peaks show rounded
shapes and the general structure presents less noise. The more prominent feature of [100]
and [110] H(S,,) histograms is the appearance and growth of a S,, ~ 5 peak as T increases
(especially for small initial size nanowires). We will discuss later how this protruding peak,
which is not developed at low temperatures and fade out at T > 650 K, is related with the
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existence of (non-crystalline) icosahedral nanowires and it became the dominant structure at
temperatures above RT. Apart the S,, ~ 5 peak, there are differences in the low S,, region
between the [111] histograms and [100] and [110] ones. The [111] direction provides
histograms with well-defined decreasing peaked structure whereas for [100] and [110]
directions H(S,,) presents a clear ‘depletion” in the S, < 2 region.

. aK 160K _ 300K _ 465K _ 550K
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[110j

[11]

0
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.
L c r ]
merged directions

2 4 6 0 2 4 6 0 2 4 6 0 2 4 6 0 2 4 &
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Fig. 4. Minimum cross-section histograms H(S,,) of small Ni nanowires at T=4, 160, 300, 465
and 550K. Different rows correspond to nanowires stretched along [100], [110], [111] and
random crystallographic directions.

The thermal evolution of histograms can be seen on the three nanowire orientations, but
they are more remarkable for [100] and [110] stretching directions. Small peaks at T=4K
correspond to metastable configurations with slightly higher cohesive energies with respect
to other metastable configurations. The increase of temperature allows the exploration of
more configurations during the stretching process, and, in this way, those metastable
configurations with local minimum energy are easily accessible, leading to a better
definition of their associated H(S,) peaks. For the three stretching directions, higher
temperatures than those showed in Figs. 3 and 4 present a progressive vanishing of the peak
structure. It is clear that at high temperatures the nanowire structures formation from
stretching competes against nanowire melting processes (taking place at smaller
temperatures than the bulk melting temperature). Nanowire atoms in a pre-melting state
made progressively more difficult the formation of any stable structure.
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Fig. 5. Examples illustrating the type of nanowire configurations just before breakage at 4K.
This classification scheme has been used for all the studied temperatures, since nanowire
always break following these evolution patterns.

4. Characterisation of the nanowire before the breakage

4.1 Identification of monomers and dimers

Lowest conductance peaks observed in conductance histograms are associated with those
configurations involving few atoms and appearing during the last breakage stages. We have
found that final stages can be classified according to three different categories: monomers,
dimers and "others" (as illustrated in Fig. 5). The monomer structure is characterized by a
central atom standing between two "pyramids". In the dimer structure, the apex atoms of
two opposite pyramidal configurations form a two atoms chain. Final configurations that do
not match these two categories, presenting more complex structures, have been labelled as
"others". As expected for Ni (Bahn & Jacobsen, 2001), we have not found any atomic chain
formed by three or more atoms for the three studied stretching directions.

Complex structures (those labelled as “others”) generally show an abrupt jump from S,, > 2
(i.e., structures formed by two or more atoms) to S,=0. This feature could be used as a
signature of such type of breaking pattern. On the other hand, monomers and dimers are
characterized by similar S,, values (S,,~1), being difficult to distinguish among them if we
only take into account the minimum cross-section value. We require an additional method
to discriminate between monomer and dimer structures.

The procedure used is based on the “burning” algorithm introduced by Herrmann &
Stanley (1984a; 1984b) to study the internal structure of percolating cluster at the percolation
threshold. A simple generalization of this algorithm to disordered lattices was made to solve
the problem that we are concerned. If an atom belonging to a monomer or dimer structure



44 Electrodeposited Nanowires and Their Applications

is suppressed from the nanocontact, no connection will be between both sides of the wire.
For this reason these objects (also called 'red” bonds) are the links in percolation theory. In a
nanowire configuration, two atoms are identified as neighbours (i.e., they are linked) if its
separation is smaller than a predefined distance dcond. This distance was chosen between the
first and second nearest FCC neighbours distance.

The steps of the actual algorithm are: (i) Two atoms from both frozen sides of the wire are
chosen. This atoms are called a and b. (ii) From atom a the structure is “burned” for the first
time. This means that atom a is labelled 1. All the neighbours of this atom are labelled 2.
Next, all the neighbours of atoms of type 2 are labelled 3 except atoms that were already
labelled. This procedure is followed until the atom b is labelled as n. (iii) From atom b the
structure is “burned” again. Atom b with label n and all its neighbours whose label is strictly
lower than the label of atom b are separated in a new object. The neighbours with label n-2
from these atoms with labels n-1 are added to the new object, and so on. The procedure
finish when atom a is added to the object. This object, called the elastic backbone, is the
union of all the minimal paths between atoms a and b. It contains all atoms belonged to
monomers and dimmers. (iv) To finally obtain monomers and dimmers, each atom for the
elastic backbone is temporally separated from it and a burning procedure is running on this
structure. This atom belongs to a monomer or a dimmer if no connection is observed. (v) In
order to understand the structure of monomers and dimers, we also identify the neighbour
atoms of those atoms forming the monomer or the dimer. To distinguish if they are
connected to a or b, burning procedures are used.

We consider that two atoms are connected when the distance between their centres is lower
than the distance dcona=3A. Results using distances closer to the Ni nearest neighbours
distance do not show relevant differences. Using this dcond, we have determined for each
stretching nanowire the type of breaking pattern and analysed the statistical weights of
monomers, dimers and complex structures appearing around the S,,~1 histogram peak for
different simulation parameters (temperature, stretching direction, and initial size). In Fig. 6
the fractions of monomers, dimers and complex structures found in the range 0.25 < §,, <
1.75 are depicted as function of the temperature for the two initial sizes of Ni nanowires.
These figures denote that the temperature have little influence on the production ratio of
final structures. The main change is a slight decrease of other structures fraction with the
temperature, especially for large size nanowires. Therefore, the decrease of S,~1 and S,~0.5
peaks with the temperature must be attributed to a decrease of the mean lifetime due to
instabilities of these structures at high temperatures. This lifetime shortening is more
remarkable for the dimer structure.

For the [111] stretching direction the joined proportion of monomer and dimers (~80%) is
larger than the fraction of other structures (~20%). This fraction seems to be rather
independent of the temperature as well as the nanowire size, except for small ones near the
nanowire melting temperature, where monomers fraction increases and dimers fraction
decreases. For the [100] and [110] cases, there is a large fraction of complex structures (30-
40%). The temperature behaviour of this fraction shows a dependence on the nanowire size:
it keeps constant for small size nanowires but decreases for the large size ones. The fraction
of monomers is of the same order but slightly lower than that found for the [111] case,
meanwhile the dimers fraction takes values below of the [111] case. On the contrary of the
[111] case, dimers fraction increases with temperature for the large size nanowires set,
especially if the stretching occurs along the [110] direction.
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Fig. 6. Fraction of monomers, dimers and more complex structures appearing during the Ni
nanowire breaking process as functions of the temperature for Ni nanowires of large (a) and
small (b) initial size. Different columns correspond to nanowires stretched along [100], [110],
[111] and random (merged) crystallographic directions.

Also the final structures of the nanowire at the breaking moment can be related with its
whole evolution and the full histogram H(S,;) building partial histogram that only include
traces that present monomer and dimer configurations (Garcia-Mochales et al., 2008). For
the [111] stretching direction, that monomer and dimer based partial histogram is similar to
the full histogram, indicating that the nanowire generally evolves from its initial structure to
a monomer and/or dimer configuration before the breakage. This breaking scheme seems to
be independent on the initial nanowire size and temperature. However, the behaviour of
partial histogram for the [100] and [110] stretching directions depend on the initial nanowire
size and temperature. For small nanowires with [100] and [110] orientation and at low
temperatures the breaking pattern obtained for the [111] case is recovered: most of the
nanowires present monomer or dimer configurations during the last stages of the elongation
process and full and partial histograms are quite similar. As the temperature increases (and
the S,~5 peak appears) the histograms start to differ although the general shape is
conserved. Nanowires forming monomers and dimers are responsible of the 0.25 < §5,, < 1.75
H(S,) region, but for larger sections they show a significantly lower contribution. For the
largest nanowire case for [100] and [110] orientations, independently of the temperature,
nanowires with monomer and dimer structures at the final breaking stage are solely
responsible of those smaller peaks at the low S,, region, but do not recover the full peaked
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structure appearing in H(S,). These divergences of the partial histogram from the full
histogram (at high temperature for small nanowires, at any temperature for the large one)
indicates that a relatively large proportion of nanowires do not break forming monomers
nor dimers, being larger their number as the difference grows. Therefore most of the [100]
and [110] large nanowires do not break forming monomers and dimers as final structure.

4.2 Local and non-local environment of monomer and dimer breaking configurations
Electron transport through a given breaking nanowire mainly depends on the size of the
narrowest nanocontact cross-section. However, the atomic structure of neighbouring regions
also plays a key role in the electronic conductance (Pauly et al., 2006; Hasmy et al., 2005).
The study of the electronic transport through monomer-like or dimer-like Ni nanocontact
has centred on static structures with surrounding configurations obtained from crystalline
structures (Sirvent et al., 1996; Jacob et al., 2005), proposing 3-1-3 and 4-1-4 as the most likely
monomer configurations. However, a visual inspection of monomers and dimers from our
MD simulations confirms that their environment does not follow such crystalline-like
pattern. The MD calculations allow us the accurate determination of the actual type of
neighbourhood formed around monomers and dimers and their relative probability of
appearance. In addition, this information could provide an estimation of the probability of
conductance associated to the lower peaks of the S,, histograms.

The electron transport through the nanowire also depends on more factors, including the
presence of disorder (defects, vacancies, impurities, dislocations ...) along the nanowire. Its
effect on the electrical conductance can be very important at the latest stages of the breaking
process: if the scattering due to the disorder becomes very large, the electron transport could
leave the ballistic regime and quantum diffusive transport features should appear.

Once the atom that forms the monomer is identify, it is trivial to determine its neighbour
atoms (those closer than the distance dcond) and classify them with respect to the monomer z
coordinate. This gives us a configuration of type “n-1-m”, i.e., a configuration where there
are n atoms at one side of the monomer and m atoms at the other side. For dimer structures
the procedure is similar, providing configurations of type “n-1-1-m".

In Fig. 7 we present the occurrence probability of different atomic configurations around
monomers and dimers, showing that the atomic structures (and its probability of
occurrence) around monomers and dimers are roughly the same regardless of the size of the
initial nanowire, the stretching direction or the temperature (although only T=4 and 300K
are showed). We notice that the most likely monomer structure presents the configuration 2-
1-3. Around 40% of the monomers exhibit this configuration. Besides, we found that 2-1-4, 3-
1-3, 3-1-4 and 2-1-2 configurations appear with a probability ranging between ~20% and
~10%. Some small deviations from this rule can be found for the [110] and small size
nanowires: at low temperature 2-1-2 configuration presents a probability larger than 30%
but 3-1-3 structure have less than a 5%, whereas at RT probability of the 3-1-3 configuration
is higher than the 20% (growing at the expense of the 2-1-3 structure). Comparing the actual
monomer surrounding structures with those proposed on previous works, the non-trivial 2-
1-3 structure (the most probable, as we found) was not even considered. Moreover, we have
not found evidences of the 4-1-4 crystalline-like configuration in our simulations.

In Figs. 7 the local environment for the dimer configurations show that the most common
structures are 3-1-1-4, 3-1-1-3 with occurrence probability between ~50% and ~20%. The
most likely configuration depends slightly on the temperature, size and stretching direction
of the nanowire. The 4-1-1-4 configuration has also a relative high probability (~10%-20%),
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Fig. 7. Probability of the occurrence of different atomic environments around a Ni monomer
and a Ni dimer for different stretching directions and temperature T=4 and 300K. A “m/n”
configuration means that the monomer (dimer) configuration is of the type “m-1-n" or “n-1-
m” (type “m-1-1-n" or “n-1-1-m”).

being for the [110] stretching direction, low temperature and large initial size nanowire
more probable (~30%) than the 3-1-1-4 configuration (that decreases below 20%). Other
configurations show probabilities lower than 5%, reflecting that each dimer atom has to be
connected with a stable base formed by 3 or 4 atoms.

As previously mentioned, the electron transport through the nanowire is also dependent on
the existence of disorder along the nanowire. To determine the existence of a long-range
structure (order) on the monomer configuration at T=4K, in Fig. 8 we plot the average number
of atoms (N(z)) located at a distance z from its position. This approximation will detect if the
atomic structure keeps its crystalline character as the z distance from the monomer (or dimer)
increases. We have calculated (N(z)) for the three stretching directions and two initial sizes.
There is not significant difference between the two sizes, both show similar (N(z)) values up to
8 A and the decrease observed from this distance for smaller nanowires is expected due to
their size. A similar behaviour is observed around dimers (not shown).

On one hand, for the [111] case, we note clear peaks separated a distance close to the typical
separation of the [111] planes d11=2.034, indicating that the system try to keep the same
crystallographic structure from both fixed slabs towards the monomer position. On the
other hand, for the [100] and [110] stretching directions, the situation is quite different, since
for increasing z we could not distinguish a well defined peaked structure. For these
orientations, the fixed slabs try to maintain the [100] or [110] structure but nanowires
present dislocations, disorder and the formation of large non-crystalline areas leading to
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Fig. 8. Average number of atoms (N(z)) at a distance z from the monomer position for the
[100], [110] and [111 directions at T=4K: large (a) and small (b) initial size nanowires.

amorphization of the nanowire. Similar behaviour has been previously noticed for infinite
nanowires under high strain rates (Branicio & Rino, 1999; Ikeda et al., 1999).

As pointed previously, the amorphization of the structure can be important in the electronic
transport during latest stages of the nanowire breakage: the presence of disorder on a large
nanowire region will lead to a conductance decrease. But in this case is especially important
because we could observe two transport behaviours depending on the stretching direction.
In the [111] case the electron moves inside a well ordered system (keeping the ballistic
transport features), meanwhile for the [100] and [110] orientations the electron suffers many
scattering events due to the disorder (leading to a diffusive transport regime).

5. Icosahedral or Pentagonal nanowires: Identification and characterisation

In previous subsections we showed that H(S,) presents a huge peak around S,,~5 for the
[100] and [110] cases and that the peak increases with the temperature. We have analyzed
the types of configurations which contribute to this peak. We have depicted in Fig. 9
different time snapshots of one of those structures, for a [110] nanowire at T=550K, showing
its formation, growth and breakage. It presents along its length pentagonal rings
(responsible for the S,~5 cross-section value) that name these structures: pentagonal
nanowires. We found that these structures (for the Ni case) are very common for the [100]
and [110] stretching directions, whereas they rarely occur for the [111] case.

Icosahedral or pentagonal nanowires are formed by subsequent staggered parallel
pentagonal rings (with a relative rotation of 1m/5) connected with single atoms, showing a
characteristic -5-1-5-1- ordering (see as example Fig. 9). The atomic sequence -5-1-5-1-
presents a fivefold symmetry with respect to the nanowire axis. This symmetry does not
correspond to any crystallographic FCC nor BCC structures. The -5-1-5-1- staggered
nanowire configuration may be understood in terms of a sequence of interpenetrated
icosahedra. This icosahedral symmetry is very common in very small systems due to the
large stability and high coordination characterizing such geometry (Bulienkov & Tytik,
2001). Contrary to monoatomic chains, pentagonal nanowires are rather robust structures at
relatively high temperatures and, therefore, they may consider as a promising candidate for
being used as nanodevice components.
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Fig. 9. (a-e) Formation, growth and breakage of an icosahedral nanowire from a small [110]
Ni nanowire at T=550K; (f) shows the cross-sectional perspective view as seen from the
position indicate on (d). Colours are used to identified the -5-1-5-1- structure.

Different computational works during the last decade have shown the formation of these
structures on different metallic species. The formation of staggered pentagonal
configurations during the stretching process has been already reported for Na (Barnet &
Landman, 1997) using first principles methods, and for Cu nanowires with different
Molecular Dynamic (MD) approaches (Mehrez & Ciraci, 1997; Giilseren et al., 1998;
Gonzalez et al., 2004; Sutrakar & Mahapatra, 2009). In particular the high stability of the Cu
nanowire was confirmed with ab-initio calculations. Pentagonal motives also appear in
infinite Al and Pb nanowires obtained from MD simulated annealing methods (Sen et al.,
2002). More recently we have reported such structures for stretched Ni nanowires with
different crystallographic orientations (Garcia-Mochales et al, 2008a; 2008b; 2008c), being
very stable and presenting a high plastic deformation under strain.

The formation of pentagonal nanowires can be seen in the curve S,, vs. time as a plateau
around S,,~5. Its large statistical occurrence is reflected in histograms of minimum cross-
section H(S,,) as a huge peak centred at S,,~5. These quantities (the length of those cross-
section plateaus, the relative height or area of that peak) were proposed as parameters to
classify the conditions and probability of formation of the icosahedral nanowires. But these
magnitudes provide little information about the actual lengths and the length distribution of
such pentagonal chains and cannot determine either the number of pentagonal rings that
form the tubular structure. To overcome these limitations, we developed an algorithm that
identifies the pentagonal structures that form the icosahedral nanowire (Pelaez et al., 2009).
This algorithm also allows us to define its length L, as the distance between the outermost
pentagonal rings and to count the number of pentagonal rings 1, that form: it.
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The algorithm is based in the determination of the angular distribution of the nearest
neighbour atoms and provides a parameter ((z)) which compares the angular distribution
of the projected nanowire atomic coordinates with that corresponding to a perfect
pentagonal nanowire. For a given z coordinate we consider a slice perpendicular to the z
(stretching) direction with a thickness of 2 A and centred on the z value. The N; atoms inside
such slice are projected onto the xy plane, each one getting new 2D coordinate 7; ; then the

centroid of this structure is calculated 7j, = Zi 7, / N, . The angular distribution is calculated

from the angles ;; between the pairs of vectors 7;' and 7,' defining the projected atomic

coordinates with respect to the centroid (7j,' =7}, —7j, ). The parameter « is calculated as

2 & |9.'.—mt90|
N e @

a ij 0
where N, is the number of pair of atoms considered, 8p=11/5 is the reference angle of a
perfect staggered pentagonal structure and m is the integer that minimizes the expression
|8 -m Bo|. To avoid spurious contributions from atoms near the centroid, only vectors

satisfying ‘ﬁ ; " >a /4 are considered, i.e., centre atoms are excluded from the calculation of

a. This algorithm is applied along the z-coordinate of the nanowire, displacing the
imaginary slab 6z=0.1 A at a time. This results in a ¢(z) profile of the nanowire, showing
where pentagonal structures appear.

In order to minimize artifacts, the a(z) curve is softened over a Az interval. This softened
curve < (z) is defined as

_ 1 pz+az/2 , .

<a>(z)—A—Z e a(z')dz (3)
where a value of Az=1A has been found appropriate. This average of a (<o) over a 1A
interval provides a quantity that distinguishes between pentagonal and non-pentagonal
structures through the nanowire. We have observed that if the parameter < (z) < 0.5, the set
of atoms around z forms a structure similar to that of a pentagonal ring. On the contrary, if
<ar(z) > 0.5 the set of atoms presents another structure (bulk like -FCC-, helical or
disordered).
The ability of the algorithm to discriminate between different structures was checked using
different test structures (square, pentagonal, hexagonal and heptagonal nanowires) with
increasing amount of disorder (Pelédez et al., 2009).
In order to further check the ability of the algorithm to identify pentagonal regions, we
tested its performance over simulated nanowires showing icosahedral structure. Fig. 9
shows several snapshots of a nanowire breaking process where an icosahedral structure is
observed. For these snapshots, Fig. 10 shows the < (z) profile curves, as well as the radial
and angular distribution functions g(r) and g(0) through different sections of the nanowire at
snapshot (b). As illustrated in the figure, the algorithm returns value near to 1 when is
applied to the ordered regions of the nanowire, and values below 1 for the pentagonal
region. Minima of «a correspond to the position of the pentagonal rings; as they are not
perfect ordered structures (though still can be recognized as pentagons) their <« values are
a bit greater than zero. We have chosen the value of «<»=0.5 as the limit value to recognize a
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pentagonal structure. This value <»=0.5 discriminates between pentagonal and non-
pentagonal structures. We define the pentagonal nanotube length L,(t), observed during
stretching at a given time t, as the distance between the maximum and minimum z
coordinates with «@»=0.5. We also define 1, as the number of pentagonal rings forming the
icosahedral nanowire at its late stage (equivalent to the number of <o minima below 0.5).
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Fig. 10. a) Average a-parameter <o (z) along the Ni [110] simulated nanowire showed in Fig.
9 before breakage. Minimum values of <> below 0.5 correspond to the position of
pentagonal rings forming the icosahedral nanowire. b-c) Distance g(r) and radial g(0)
distributions for the three marked region of the nanowire labelled as (b).

In Fig. 10 we have also divided the nanowire in three regions that seem to have different
structures from visual inspection. For each one of these three regions we show the radial
and angular distribution functions g(r) and g(6). We can see that the outermost regions
exhibit a mostly FCC structure, with the FCC typical interatomic distances and angles. The
central region corresponds to the pentagonal structure according to both visual inspection
and the < profile. Inspecting the angular distribution function in this region we can see
how the central peak of the FCC structure has disappeared and the peak at the right has
displaced a bit towards the left. This is the typical structure of the pentagonal angular
distribution function. Regarding the interatomic distances, not a big change is appreciated in
this region from the radial distribution function. As it can be seen, the parameter <> proves
to be a very efficient parameter to identify the pentagonal regions in a breaking nanowire.

We use this algorithm as the standard tool to characterize the pentagonal nanowires
produced during the stretching simulations and extract information about probabilities of
formation of such structures, distributions of their maximum lengths L, (the length L, of
icosahedral nanowire just before its breakage) and the number of pentagonal rings 7, on the
nanotube just before breaking. Since our simulation were carry out over a broad range of
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Fig. 11. Distribution function D(L,™) for the maximum pentagonal nanowire length L, and
(as insets) distribution function D(1,) for the maximum number of pentagonal rings 1, for
the two initial size nanowires at T=300 and 550K for [100], [110], [111] and random
stretching directions.

temperatures, this studies will give the optimal temperature Top: required for maximizing
the occurrence probability and/or length distribution of pentagonal nanowires.

In Fig. 11, for the three orientations and two sizes of nanowire considered, we have plotted
the probability distribution D(L,") of obtaining a pentagonal nanowire of maximum length
Lym. Also it is depicted, as insets, the probability distributions D(1,) of the maximum number
of pentagonal rings. We only show results for two temperatures (T=300 and 550K).
Distributions of L, present a clearly peaked shape. It indicates that pentagonal chains have
well defined favourable lengths. The peaks are separated approximately by integer values of
the distance d55=2.22 A, the calculated equilibrium separation between successive staggered
pentagonal rings (Garcia-Mochales et al, 2008b; 2008c).

The distribution value for L,#=0 corresponds to those cases where the nanowire does not
form any pentagonal structure (1,=0). Those cases with 0 < L, < 2 A correspond to
nanowires showing a unique pentagonal ring (1,=1). We have considered that an
icosahedral wire is formed only if the chain satisfies 1, 2 2. The shortest pentagonal chain
(n,=2) presents a unique icosahedron in its structure. The L, distributions of T=300 and
550K shown on Fig. 11 exhibit large tails corresponding to those pentagonal nanowires
including a large number of pentagonal rings. Distributions from low temperatures (not
presented here) show also a peaked structure, but they have a shorter tail and larger
probability on the L,m < 2 A region (Pel4ez et al., 2009). The same behaviour is observed for
very high temperatures (as it approximates to the nanowire melting temperature).
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Fig. 12. Temperature dependence for the two initial sizes of the probability p; of finding
pentagonal chains (with number of pentagonal rings 1,22) and mean number of pentagonal
rings (1,") and mean length (L") of such icosahedra chains detected.

D(np) distributions are shown in Fig.11 for the same simulations sets. Usually D(n,) presents
two maxima. The first one at 1,=0 identifies the breakages that do not produce icosahedral
chains. It is the most probable case at all temperatures. The second maximum in a zone with
1, > 2 indicates that, once a seed is produced to nucleate a pentagonal wire, it will grow
with high probability. This two-peak feature of the distribution occurs at any temperature
except at very low or high temperatures. The position of the second maximum depends on
breakage simulation set parameters (temperature, size, orientation), but it is correlated with
the probability of formation of an icosahedral nanowire. And, as it is expected, the length of
the D(n,) tail goes along with the D(L,") tail. Ideally every structure with n, > 2 would give a
sharp peak in the D(L,) distribution. Since real structures show tilted pentagonal rings,
there is not perfect alignment with z-axis and the pentagonal rings separation is longer than
that of the equilibrium, producing broad peaks in the D(L,™) figure.

D(ny) determines the pentagonal wires production efficiency using the percentage p; of

breakages that produce an icosahedral chain, ie, p, :Z D(n,), elucidating which

p=2
conditions favour the appearance of icosahedral nanowires. This is shown in left panels of
Fig. 12 as function of the temperature for the three stretching directions and the two sizes.
For same temperature and stretching orientation, it is easier to form a pentagonal tube if we
start with a small size nanowire. The probability of getting icosahedral chains is much lower
when breaking along the [111] direction than from the [100] or [110] directions. For the [111]
breaking orientation this probability is below the 20% of the simulations, while for the other
orientations the probability can be even over 80% for the small initial size nanowires.

In central and right panels of Fig. 12 are represented respectively the average number of
pentagonal rings (1,") and the average icosahedral tube length (L") of those simulations
that present a pentagonal nanowire during their stretching (i.e., the average is performed
only over simulations with n, > 2). Again the [111] orientation produces pentagonal
nanowires of average length lower that those produced on the [100] and [110] orientation.
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But in this case there are differences between the two initial nanowire sizes. For the small
size, in average, the [111] orientation produces pentagonal tubes of bit more than 2
pentagonal ring while the other orientations produce much longer nanowires. For large size
nanowires, average lengths of all orientations are more similar: (n,") and (L") of the [111]
orientation grows with respect of the small size, and concurrently these quantities for the
[100] and [110] directions decreases. Combining the information of these lengths with the
information of the probability p;, it can be seen that for small size nanowires it is highly
probable to form an icosahedral nanowire for the [100] and [110] orientation and it would
have a relative large length. For large nanowires these orientation would produce
pentagonal nanowires at a quite good ratio, but their average size will be smaller. For the
[111] orientation, both sizes would produce pentagonal chains at a low proportion, but if a
large size initial nanowire is used, the length of the few created chains should be
comparable with those produced from the [100] and [110] orientations.

Finally, from curves depicted in Fig. 12 we can extract information about the optimal
temperature of creation of icosahedral nanowires. Maxima of these quantities indicate the
optimal temperatures Top. For each simulation set parameters (size and orientation) there
can be two possible values of Top: depending on whether we are looking for the maximum
probability of nanowire formation or the highest length of the pentagonal tube. Although
slightly differences on the simulation parameters and the chosen criterion, Top: is around
550 K for parameters investigated. As it can be seen in Fig. 11, in this Top: temperature
D(Lym) and D(n,) show also the broadest distributions.

6. Atomic stress calculations

One of the advantages of the MD methodology is the possibility of analyzing mechanical
properties of the systems. I.e., we are able to monitor the time evolution of the tensile atomic
stress along the stretching direction of the nanowires. This measurement gives us
information about the stress distribution on the nanowire at every stage of the breaking
process. Fig. 13 shows an example of the time evolution of the atomic stress. When a
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Fig. 13. Snapshots of the breaking process of a Ni nanowire that forms a pentagonal
structure. Colours account for the atomic tensile stress.
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simulation starts, the nanowire shape is that of a parallelepiped (snapshot I of Fig. 13). In
these conditions those atoms at the edges of the structure are in a more stressed situation
than those on the surfaces. And these atoms on the surfaces are more stressed than bulk
ones. This stress distribution is related to the atomic coordination. Atoms at low
coordination situations feel more stressed and unstable, while high coordination atoms are
in a more comfortable condition.
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Fig. 14. Time evolution of several quantities from the simulation shown in Fig. 13: force F.
on the extremes of the nanowire; atomic stress o, is shown here multiplied by the system
volume Q (constant during the simulation); minimum cross-section S,,; the pentagonal
length L,(t) and the number of pentagonal rings 1,(t) that form the pentagonal structure
starting at ¢ ~26ns. Vertical arrows indicate the time position of snapshots shown in Fig. 13.

It is well known that icosahedral is one of the preferred structures for small clusters and
icosahedral arrangements are quite robust (Bulienkov & Tytik, 2001). However, the stability
of pentagonal nanowires has not been studied so far. There is a large difference in the
atomic coordination between those atoms in the core of the pentagonal nanowire and those
on the surface. So we are interested in analyzing how the stress is distributed along this
icosahedral configuration (within and around the pentagonal structure) during its
formation, growth and breakage as the stretching process occurs.

As it can be seen in Fig. 13, an interesting behaviour of the atomic tensile stress is observed
in the narrowest region of the nanowire (the central region) as the stretching process goes
on. Since snapshot III, a clear distinction can be made between surface and core atoms.
Atoms in the surface are much more stressed than core atoms. This means that surface
atoms fell strained (they are bluer), while core atoms feel compressed (they are redder)
compared to those atoms (green) out of the pentagonal structure. This can be understood
the following way: the system tends to keep a uniform overall stress along all the regions of
the nanowire. In the central region this means that the sum of the surface and core atoms
tensile stress (weighted by the number of atoms of each kind) should be approximately
equal to the overall average tensile stress of the nanowire. In this central region most of the
atoms are on the surface. Having so few core atoms makes in compensation their
compressive stress much stronger than the strained stress of surface atoms.
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The uniaxial tensile stress 0., of the nanowire showed on Fig. 13 is depicted in Fig. 14. It is
calculated from the virial theorem for static systems using the formula (Tsai, 1979)

1y (-n)
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2z ZV z if r
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where V is the whole volume of the nanowire, F;; is the force exerted by atom j over atom i,
r;j is the distance between them and r;; is the z-coordinate of atom i.

Fig. 14 shows the time evolution of 0.(f) and the force F.(f) on the frozen slabs of the
nanowire. Both curves exhibit a sawtooth structure, with a similar behaviour. A linear
increase with time is associated to an elastic strain, while an abrupt drop is related to plastic
atomic rearrangements to release the elastic energy. Some of these F, or stress drops
coincide with a drop in the minimum cross section S,,, also shown in Fig. 14. In these cases
the atomic rearrangements have driven the system to have a thinner cross section in its
narrowest region. Notice, nonetheless, the particular case of the abrupt increase of S,
between snapshots IV and V. Fig. 13 shows that at snapshot IV the section where the central
region and the bottom reservoir join is formed by a thin 4-atom structure. At snapshot V,
however, this region has a more robust pentagonal structure that increases the cross section
and relaxes the tensile stress.

Starting from snapshot III, our algorithm for detection of pentagonal structures shows the
presence of pentagonal rings. In Fig. 14 we also plot the length of this pentagonal structure
and the number of pentagonal rings detected. We can see that the path from having 2 to 3
pentagonal rings is accompanied by a drop in the tensile stress and the force F.. Similar
drops in S;; and F; are observed when the system changes from 3 to 5 pentagonal rings. The
variable L,, also plotted in Fig. 14, illustrates how the pentagonal region elongates until a
plastic rearrangement takes place and a new pentagonal ring is formed.

7. Comparing with experimental results

In previous sections of this chapter we have showed how, using powerful computational
resources and accurate description of the atomic interactions, it is possible to reproduce
many of the formation-breaking experiments “in silicon”. And indeed, that it is possible to
analyse situations and structures that experimentally are difficult to study. We have stressed
the importance of statistical studies of these phenomena because, given a particular initial
geometrical configuration and temperature, each breakage event evolves differently. Of
course this is the standard approximation for the experimental study of metallic nanowires,
where statistical data is accumulated during many indentation-retraction cycles.

However, the comparison between experimental results and the numerical simulations (as
they have been presented up to here) requires an additional element. Experimental data
usually correspond to the statistical average of nanowire breaking events involving random
stretching directions. In a standard experiment there is no reason that indicates that any
particular orientation would be preferred during the nanowire formation and breakage.
Therefore, to accomplish a complete statistical analysis equivalent to the experimental one,
computational calculations must simulate breaking events on random stretching directions.
This could be a potential problem since it is not easy to perform simulations with arbitrary
(random) initial stretching directions. Fortunately, it is not necessary to compute “every”
stretching orientation to get the statistical behaviour of the breaking nanowires.
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In an experiment, the final stages and behaviour of a nanowire during its breakage are
leaded by the type of crystalline structure closest to its elongation direction. So it should be
in simulations. Therefore, we need only to analyse main crystalline orientations, those that
show different structural type, and average their results according to their occurrences. Le.,
to achieve orientation statistics in computational simulations, results from the main
crystalline directions have to be merged with the appropriate weights. These weights will be
proportional to the zone axis multiplicity (Gonzalez et al., 2004). Of course, each main
direction must have an accurate statistics to guarantee the correctness of the global results.
Nickel has a FCC crystalline structure. In Fig. 15 we show FCC main crystalline directions
([100], [110] and [111]) and their multiplicities (3, 6 and 4 respectively). Their relative
occurrence at random stretching orientation should be 3/13, 6/13 and 4/13. These are the
weights we have used to merge the statistical results from the three main directions and
obtain the average statistical results that can be compared with the experimental ones.

In figures showed in previous sections we have included these results corresponding to this
weighted average. In Figs. 2 and 3, expected minimum cross-sections histograms for
random stretching orientation are shown for large and small nanowires. Merged histograms
conserve main features of [111] direction (well defined peaks for low S,, values) and [100]
and [110] directions (huge peak at S,,~5 that increases with the temperature).

The merged results for the monomer and dimer production are shown in Fig. 6. For small
sizes the proportion of monomer (~45%), dimers (~25%) and more complex structures
(~30%) is constant with the temperature; for large systems, monomer ratio keeps constant
(~45%) but that of dimers increases (~25 to ~30%) slightly with temperature. Their
surrounding structures (Fig. 7, bottom panels) show the main characteristics already
described. For monomer, the 2-1-3 structure is the most probable (~50%) followed by 2-1-4,
2-1-2, 3-1-3 and 3-1-4, independently of the temperature. No signal found from a 4-1-4
structure. For the dimer structure, the 3-1-1-4 configuration is the most probable one
followed by the 3-1-1-3 and 4-1-1-4; their relative probabilities depend on the nanowire size
and the temperature. With respect the non local environment, two different behaviours (that
will be mixed in standard experiments) are expected if stretching occurs along the [111]
direction (ordered structure from the monomer/dimer) or along the [100] and [110]
orientations (amorphization around the monomer/dimer). This can lead to a mix of two
transport regimes (ballistic and diffusive) in experiments were the conductance is measured.
The pentagonal nanowires production for the [100] and [110] directions is much higher than
for the [111]. When results from the three directions are merged (Fig. 12), probabilities of
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production of icosahedral chains are still quite high (~60% at the Top: for small size
nanowires; ~30% for large ones) as well as their average length and number of pentagonal
rings. Experiments between T=450 and 650 K will likely obtain icosahedral nanowires; even
at RT it is relatively probable to produce such structures, although shorter ones.
Summarizing and putting into relation all this results, for conductance experiments of
breakage of nanowires without orientation control, it is expected to observe quantum
transport features at S,, < 1 associate with monomer and dimers and a characteristic signal
associated with pentagonal nanowires (S,~5). System just before breakage will show
ballistic or diffusive electron transport characteristics depending on the random direction,
producing probably broad and not well defined peaks at low values of the conductance
histogram. To identify the formation of icosahedral nanowires, they should produce a broad
peak at relative high conductance value, easily seen at temperatures above RT.

8. Conclusions and future work

In this chapter we have described the huge potential and reliability of MD techniques within
the EAM framework as a tool for the description of the mechanical properties and atomic
configurations of metallic nanowires. In particular, we apply this methodology to the study
of nanowires subjected to a tensile stress leading to fracture, and studied the final stages of
the breaking events when the nanowire narrowest region is formed by low coordination
configurations. This computational approach goes beyond the description of isolated single
breaking events and it is able to provide a statistical view of a large set of breaking events,
mimicking the methods established in the laboratories long time ago.

We have presented several techniques to analyse the average behaviour of different physical
magnitudes of interest provide by the simulation, as the minimum cross-section, the tensile
stress, the local and non-local geometry of formed monomers, dimers and pentagonal
chains. In particular we have introduced a procedure to merge results obtained from
simulations with well defined stretching direction in order to reproduce more realistic
experimental conditions where geometry of stretched nanowire is not so well defined.

The statistical approach and the analysis techniques has been used to compute and analyse
hundreds of breaking events of Ni nanowires taking into account several parameters as the
nanowire size, temperature, and crystallographic stretching direction. Results cover by this
large set of variables would help to the interpretation of the experimental findings.

This powerful tool provides a new approach to understand many physical problems related
with the behaviour of metallic nanowires. In particular, future work will address the study
of formation of monomer, dimer, monoatomic chain and icosahedral structures for different
metallic species. However, more open questions must be addressed, as the role of the initial
nanowire shape and size especially if the initial cross-section shape corresponds to a magic
number configuration. Or the responsibility of indentation-retraction processes in the
formation of histograms: histograms presented in this chapter are formed by adding
independent breaking events whereas in the experimental situation is slightly different,
since all the contacts are formed in the same region. The technique should also be useful to
determinate the optimal condition and procedures to produce nanostructures of interest as
the pentagonal nanowires. These are few examples that indicate that our methodology will
be intensively exploited in future studies for answering the interesting questions raised in
the fascinating and useful domain of the nanowires.
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1. Introduction

The array of numerous metallic nanowires with straight shape has much attention due to
their shape anisotropy and extremely large surface area. This unique structure can be
applied to develop the novel functional nano-materials such as electronic, magnetic and
optical nano-scale devices. Metallic nanowires can be fabricated by manipulating metallic
atoms one by one using a scanning tunneling microscope (STM) probe, while they can be
also prepared by electrochemically depositing metallic atoms into a nanoporous template
with numerous cylindrical nanopores. In a fabrication technique using electrodeposition of
nanowires, nanoporous templates such as anodized aluminum oxide films with high
density of nanopores (about 108~1010 pores ®cm-2) have been used so far.

In 1975, using an anodic oxide coating film on aluminum, magnetic properties of
electrodeposited Co nanowires and Co-Ni alloy nanowires were investigated (Kawai &
Ueda, 1975). In 1986, as an application to perpendicular magnetic recording medium,
alumite films containing Fe nanowires were fabricated (Tsuya et al., 1986). In 1988,
magnetization curling process in perpendicular direction was studied using Fe nanowire
arrays in alumite media (Huysmans et al., 1988). In 1990, influence of the packing density on
the magnetic behaviour was investigated using alumite media containg magnetic nanowires
(Zhang et al., 1990).

On the other hand, in 1991, using the polymer membrane template with numerous
nanopores, polymeric and metal microtubules were synthesized (Martin, 1991). In 1993,
arrays of Ni and Co nanowires were electrodeposited in polymer templates with the
nanometer-sized pores prepared by nuclear track etching technique (Whitney et al., 1993).
They found that the preferred magnetization direction is perpendicular to the film plane
and enhanced coercivities as high as 680 Oe. Remnant magnetization of the nanowires up to
90% had been reported. In 1994, a membrane-based synthetic approach to obtain nano-
materials was introduced to materials science field (Martin, 1994). He suggested that the
template synthesis method is useful to prepare polymers, metals, semiconductors, and other
materials on a nano-scopic scale.

In 1994, giant magnetoresistance (GMR) properties were found in Co/Cu multilayered
nanowires electrodeposited in nanoporous polymer template (Piraux et al., 1994). In the
report, magnetoresistance measurements with the current perpendicular to the layers were
performed on the array of parallel nanowires. They observed that the 15% of GMR at room
temperature on Co/Cu multilayered nanowires. In the almost same time, GMR of
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nanowires with Co/Cu and Ni-Fe/Cu multilayers was demonstrated (Blondel et al., 1994).
They made the multilayered nanowires with 6 pm long, 80 nm in diameter and each layer
thickness of 5-10 nm in nanoporous polymer template. At ambient temperature, GMR of
14% for Co/Cu and of 10% for Ni-Fe/Cu was demonstrated in the current perpendicular to
the layers.

On the contrary, in 2000, current perpendicular to plane giant magnetoresistance (CPP-
GMR) was found using the multilayered nanowires electrodeposited in a commercially
available anodic aluminum oxide membrane filter (Evans et al., 2000). In the report, Co-Ni-
Cu/Cu multilayered nanowires were synthesized and extremely large values (55% at room
temperature and 115% at 77 K) of CPP-GMR were demonstrated. In 2003, Co/Cu
multilayered nanowires with spin-valve effect and GMR response were synthesized in self-
organized anodized aluminum oxide nanopores grown at the surface of bulk aluminum
(Ohgai et al., 2003). In the report, the aluminum oxide template with pore-length as short as
2000 nm was used and the pore bottom oxide layer was removed by a chemical etching
technique. 20% of GMR was demonstrated in Co/Cu multilayered nanowires at room
temperature, while the typical resistance switching of spin-valves was observed in
Co/Cu/Co tri-layered nanowires.

Compound semiconductor nanowires were also fabricated as well as ferromagnetic metal
nanowires using an electrodeposition technique. Bi»Te; nanowires (Wang et al., 2004), CdTe
nanowires (Ohgai et al., 2005), InSb nanowires (Zhang et al., 2005) and ZnSe nanowires
(Katkar & Tait, 2007) have been synthesized so far. They reported that these semiconductor
nanowires can be applied to light emission diodes, photovoltaic devices, solar cells and
thermovoltaic devices.

If the template synthesis technique on the basis of fabricating nanopores and
electrodepositing nanowires as mentioned above is applied to produce micro- and nano-
scale devices in ultra large scale integration (ULSI), position of each nanopore, inter-pore
distance, pore diameter and pore shape should be controlled precisely. To fabricate novel
electronic devices in ULS], lithographic galvanoforming (LIGA) process using laser, UV, X-
ray, electrons and ions can be used.

In this chapter, fabrication process such as electrodeposition behavior, morphology, crystal
structure and magnetic properties (magnetization and magnetoresistance) of metallic
nanowires such as Ni, Co, Fe (in section 2), Ni-Fe alloy (in section 3) and Co/Cu multilayer
(in section 4) were discussed for the application to novel functional micro- and nano-scale
devices.

2. Ni, Co and Fe nanowires

2.1 Electrodeposition process of Ni, Co and Fe nanowires

Ion track-etched polycarbonate membrane filters with pore-diameter of 40, 80, 160 and 300
nm, pore-length of 6000 nm and pore-density of 108 pore*cm2 were used as a template for
growing metallic nanowires as shown in Fig.1. On a surface of the membrane filter, a gold
layer was sputter-deposited to cover the pores and make a cathode. Aqueous solution
containing metal sulfate was used as electrolyte.

To determine the optimum deposition potential for growing nanowires, cathodic
polarizarion behavior was investigated in a wide range of cathode potential. Figure 2 shows
cathodic polarization curves obtained from the solutions containing each iron-group metal
ions (Ni2*, Co2* or Fe2+).
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Fig. 1. Experimental apparatus for electrodepositing metallic nanowires in polycarbonate
membrane filter with numerous cylindrical nanochannels.

The cathodic current begins to occur at ca. 0 V vs.Ag/AgCl, which is more-noble than the
equilibrium potential of iron-group metals. It is well known that the standard electrode
potentials for Ni, Co and Fe are -0.46, -0.48 and -0.64 V vs.Ag/AgCl. Therefore, this cathodic
current is presumed to be reduction current of H* ions. With increasing the cathodic current,
at around 10-3 A, the potential polarizes to be around -0.8 V due to the diffusion limit of H*
ions.

At around -0.8 V, the cathodic current increases again. It is also well known that the
electrodeposition of iron-group metals proceeds accompanying some over potential.
Therefore, this increase in cathodic current is mainly caused by an increase in deposition
current of iron-group metal ions. At the potential region less than -1.2 V, with increasing
cathodic current, the potential polarizes significantly to be less-noble region due to the
diffusion limit of iron-group metal ions.

Consequently, the optimum cathode potential region for growing iron-group metal
nanowires is determined to be from -0.9 to -1.2 V according to the cathodic polarization
curves as shown in Fig.2.

To investigate the growing process of nanowires, time dependence of cathodic current was
monitored during the electrodeposition. Ni, Co and Fe nanowires were potentio-statically
electrodeposited at room temperature. Figure 3 shows the effect of cathode potential on the
time-dependence of cathodic current in the solution containing Ni2* ions. During the
electrodepostion of Ni, cathode potentials were fixed to -0.9, -1.0, -1.1 and -1.2 V. If the
potential was kept to -1.0 V, the cathodic current reached up to ca. 1 mA at the beginning of
electrolysis within several tens minutes. Then, the current rapidly decresed to be ca. 0.4 mA
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Fig. 2. Cathodic polarization curves for electrodeposition of Ni, Co and Fe on Cu sheet from
aqueous solutions containing Ni2* or Co2* or Fe2* ions.

and kept the magnitude until around 1000 sec. During this process, electrodeposition of Ni
proceeds in the nanopores.

At the initial stages of the electrodepostion, large cathodic current was observed in every
cathode potential. The concentration of metal ions in the nanopores will decrease with
increasing electrodeposition time due to the cathodic reduction, while the metal ions will be
provided from the bulk solution to the nanopore, where the metal ions are consumed by the
electrodeposition.

Finally, as shown in Fig.3, the cathodic current rapidly increases at the deposition time more
than 1000 sec. At this stage, electrodeposited nanowires reach the surface of the membranes
and large hemispheric Ni deposits are formed. Growth rate of Ni nanowires can be
estimated as ca. 6 nmesec-! at the cathode potential of -1.0 V. Time-dependence of cathodic
current for Co and Fe deposition also showed similar behavior as well as Ni deposition.
Growth rate of the nanowires increases up to around 30 nmesec! with increasing cathode
potential up to-1.2 V.

2.2 Crystal structure of Ni, Co and Fe nanowires

After the growing nanowires, polycarbonate membrane filters were dissolved in organic
solvent (dichloromethane and chloroform) and the remains consisted of nanowires and a
gold layer was served as a sample for scanning electron microscope (SEM) observation. On
the other hand, using ion-milling technique, as-deposited nanowires in a membrane filter
were thinned and a cross-sectional area of the nanowires was observed using transmission
electron microscope (TEM).

Figure 4 shows SEM images of Co nanowires separated from the polycarbonate templates.
Diameter (40, 80, 160 and 300 nm) and length (6000 nm) of the nanowires corresponds well
to that of nanopores and the cylindrical shape was precisely transferred from the nanopores
to the nanowires. Aspect ratio of the nanowires reaches up to around 150.
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Fig. 3. Effect of cathode potential on the time-dependence of cathodic current during
electrodeposition of Ni nanowires.
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Fig. 4. SEM images of electrodeposited Co nanowires separated from polycarbonate
membrane filters.

TEM bright images and diffraction patterns of electrodeposited Ni, Co and Fe nanowires
were also investigated as shown in Fig.5. According to TEM bright images, cross-sectional
area of the nanowire was almost to be round shape, while the diffraction patterns are
composed of spots, which means a nanowire consists of a single crystal domain.
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Fig. 5. Cross-sectional TEM images of Ni, Co and Fe nanowires electrodeposited in
polycarbonate membrane filter.

2.3 Magnetic properties of Ni, Co and Fe nanowires

Magnetic hysteresis loops of electrodeposited nanowires were obtained using vibrating
sample magnetometer (VSM) with increasing the magnetic field up to 10 kOe. Figure 6
shows the magnetic hysteresis loops of Ni, Co and Fe nanowires electrodeposited into
polycarbonate templates with pore-diameter of 80, 160 and 300 nm. Magnetic field was
applied to perpendicular directions to the film plan, which corresponds to the parallel
direction to the long axis of nanowires. Coercive force of the nanowires was increased in
decreasing the pore-diameter. Figure 7 shows the magnetic hysteresis loops of Ni, Co and Fe
nanowires electrodeposited into polycarbonate templates with pore-diameter of 40 nm. As
shown in these figures, magnetization switching was observed at around 1 kOe and residual
magnetization was almost equal to the saturated magnetization. The coercive force of Co
nanowires reaches up to 1084 Oe and the magnetic hysteresis loop shows typical
perpendicular magnetization behavior. This is resulting from the uni-axial magnetic
anisotropy and single magnetic domain structure of the nanowires with large aspect ratio.

3. Ni-Fe alloy nanowires

3.1 Electrodeposition process of Ni-Fe alloy nanowires

Ion track-etched polycarbonate membrane filters with pore-diameter of 80, 160, 300 and 800
nm, pore-length of 6000 nm and pore-density of 108 pore*cm2 were used as a template for
growing metallic nanowires while copper foils were used as a cathode for electrodepositing
metallic films. On a surface of the membrane filter, a gold layer was sputter-deposited to
cover the pores and make a cathode. Aqueous solution containing metal sulfate was used as
electrolyte. The solution compositions are shown in Table 1.

To determine the optimum deposition potential for growing nanowires, cathodic
polarizarion behavior was investigated in a wide range of cathode potential. Ni and Ni-Fe
alloy nanowires were potentio-statically electrodeposited at 313 K. Figure 8 shows cathodic
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polarization curves for the electrodeposition of Ni and Ni-Fe alloy. For the Ni-Fe alloy
deposition, the solutions containing 1.5 % of Fe2* jons concentration ratio (RF¢#th=1.5%) was

used as shown in Table 1.
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Fig. 6. Magnetic hysteresis loops of Ni, Co and Fe nanowires electrodeposited into
polycarbonate templates with channel-diameter of 80, 160 and 300 nm.
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Fig. 7. Magnetic hysteresis loops of Ni, Co and Fe nanowires electrodeposited into
polycarbonate templates with channel-diameter of 40 nm.
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NiSO,-7H,0 | FeS0,-7TH,0 | H,BO, | [Fe2*l/([Fe2*]+Niz*])
(mol /L) (mol/L) (mol/L) (%)

) 0.4950 0.0050 0.75 1.0

@ 0.4925 0.0075 0.75 1.5

€) 0.4900 0.0100 0.75 2.0

@ 0.4850 0.0150 0.75 3.0

® 0.4350 0.0650 0.75 13.0

Table 1. Electrolytic solution composition for electrodeposition of Ni-Fe alloys.

The cathodic current begins to occur at ca. 0 V vs.Ag/AgCl, which is more-noble than the
equilibrium potential of Ni and Fe. Therefore, this cathodic current is presumed to be
reduction current of H* ions. With increasing the cathodic current, at around 103 A, the
potential polarizes to be around -0.7 V due to the diffusion limit of H* ions. At around -0.7
V, the cathodic current for Ni deposition increases again, while the cathodic current for Ni-
Fe alloy deposition increases at around -0.8 V. This increase in cathodic current is mainly
caused by an increase in deposition current of Ni and Ni-Fe. At the potential region less
than -1.2 V, with increasing cathodic current, the potential polarizes significantly to be less-
noble region due to the diffusion limit of Ni2* and Fe2* ions.

Consequently, the optimum cathode potential for electrodeposition of Ni and Ni-Fe alloys is
determined to be -1.0 V.

1

101+

10-2}- Ni deposition

103

AN

104+ Ni-Fe alloy deposition

Cathodic Current / A

105

10_5 O | | I |
0.5 0 -0.5 -1.0 -1.5 -20 -25

Cathode Potential / V vs.Ag/AgCl

Fig. 8. Cathodic polarization curves for the electrodeposition of Ni and Ni-Fe alloy on Cu
sheet from aqueous solutions containing Ni2* and Fe2* ions.

To investigate the relationship between Fe2+ concentration ratio
(RFemath=[Fe2+] / ([Fe2*]+[Ni2*])) in baths and Fe content (RFedevo =[Fe]/([Fe]+[Ni])) in Ni-Fe
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alloy deposits, the composition of electrodeposits were determined using EDX analysis.
Figure 9 shows the relationship between Fe2* concentration ratio (RF¢#h) in baths and Fe
content (RF#epo) in Ni-Fe alloy deposits. With increase in RF<bath, RFe/depo also increases. In the
figure, composition reference line (C.R.L) means RF</#o corresponds to RFetath, In this study,
less-noble Fe preferentially electrodeposited rather than Ni. For example, Ni-22at.%Fe alloy
deposit (RFe/epo=22%) was obtained from the solution containing 1.5 % of Fe2* ions
(RFe/tath=1.5%). Fe ratio in deposit was condensed ca. 10 times higher than Fe?* ratio in bath.
This result can be explained by the anomalous codeposition mechanism due to the
formation and adhesion of Fe(OH); on cathode. In this mechanism, Fe(OH): on cathode
would suppress and inhibit the electrodeposition of Ni.

100

Qo
o

Ni-Fe alloy deposition

Fe content in deposits / %

0 5 10 15 20
Fe2t concentration ratio in baths / %

Fig. 9. Relationship between Fe2* concentration ratio ([Fe2*]/([Fe2*]+[Ni2*])) in baths and Fe
content in Ni-Fe alloy deposits.

Fig. 10. SEM image of electrodeposited Ni-22at.%Fe alloy nanowires separated from
polycarbonate membrane filter.
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3.2 Crystal structure of Ni-Fe alloy nanowires

After the growing nanowires, polycarbonate membrane filters were dissolved in organic
solvent (dichloromethane and chloroform) and the remains consisted of nanowires and a
gold layer was served as a sample for SEM observation. Figure 10 shows SEM image of Ni-
22at.%Fe alloy nanowires separated from polycarbonate template. Diameter and length of
the nanowires corresponds well to that of nanochannels and the cylindrical shape was
precisely transferred from the nanochannels to the nanowires as well as the case of pure Ni
and pure Fe nanowires as shown in Fig.4.

3.3 Magnetic properties of Ni-Fe alloy nanowires

Magnetic hysteresis loops of electrodeposited films and nanowires were obtained using
VSM with increasing the magnetic field up to 10 kOe. Figure 11 shows the magnetic
hysteresis loops of Ni film and Ni-22at.%Fe alloy film electrodeposited on a copper foil.
Magnetic field was applied to in-plan direction (red line) and perpendicular direction (blue
line) to the film plan. As shown in these figures, in perpendicular direction, the films were
hardly magnetized. On the other hand, in-plan direction, the films were easily magnetized
and the magnetization reached to saturation at less than 1 kOe. Coercive force of Ni-22at.Fe
alloy film was only ca. 1 Oe, which is quite smaller than that of Ni film (ca. 110 Oe). This is
resulting from decreasing the magnetic anisotropy constant and magnetostriction constant
of Ni with increase in Fe content in Ni-Fe alloy.

Ni I Ni-Ee # [
film N film ~ N

Magnetization / a.u.

. . .
0 2 4 -4 -2 O 2 4
Magnetic Field / kOe

Fig. 11. Magnetic hysteresis loops of Ni film and Ni-22at.%Fe alloy film electrodeposited
from aqueous solutions. Magnetic field was applied to in-plan direction (red line) and
perpendicular direction (blue line) to the film plan.

|
Y

|
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Figure 12 shows the relationship between Fe content in Ni-Fe alloy deposits (RF¢#pe) and the
coercive force obtained from magnetic hysteresis loops with the applied magnetic field of in-
plan direction. With increase in Fe content in deposits, the coercive force decreased down to
ca. several Oe level. It is well known that coercive force, H. is expressed by the following
equation if the rotation process is dominant in magnetization.

H. = 2K/M; @

Here, K and M mean magnetic anisotropy constant and saturated magnetization. Magnetic
anisotropy constants of Ni and Fe are followings. Ky = -4.5 k] /m3 (-562.5 kGOe) and Kre =
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+48 kJ /m3 (+6000 kGOe). Saturated magnetization of Ni and Fe are followings. Mn; = 0.61 T
(6100 G) and Mg. = 2.16 T (21600 G). Therefore, the theoretical coercive force of Ni, Hy; is
estimated to be around 184 Oe, which is larger than the value (ca. 110 Oe) obtained in this
study. If the magnetic anisotropy constant and saturated magnetization of Ni-Fe alloy can
be expressed by the following equation,

Knire = Kni X (1- RFE/dL’p") + Kpe X RFe/depo (2)

Mni-re = Mn; X (1- RFe#epo) + Mpe X RFe/depo ®G)

The theoretical coercive force of Ni-Fe alloy, Hnire will be expressed by the following
equation,

Hni-Ffe = 2KNi-Fe/ MNi-Fe )

In this theory, Ni-9at.%Fe alloy will show minimum coercive force, which is almost zero.
On the other hand, if the domain wall process is dominant in magnetization, H. is expressed
by the following equation.

H. 9 Ao/M; @)

Magnetostriction constant of Ni and Fe are followings. Axi = -2.0X 105 and Age = +2.0X10-.
In this theory, Ni-50at.%Fe alloy will show minimum coercive force, which is almost zero. In
this study, as shown in Figure 4, the Ni-Fe alloy films with low coercive force were obtained
over the wide range of Fe content from 20 % to 60 %.
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Fig. 12. Relationship between Fe content in Ni-Fe alloy deposits and the coercive force
obtained from magnetic hysteresis loops of the alloy.
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Figure 13 shows the magnetic hysteresis loops of Ni and Ni-22at.%Fe alloy nanowires
electrodeposited into polycarbonate templates with channel-diameter of 160 nm. Magnetic
field was applied to in-plan direction (red line) and perpendicular direction (blue line) to the
membrane film plan. The perpendicular direction to the membrane film plan corresponds to
the parallel direction to the long axis of nanowires.

As shown in these figures, in-plan direction, the nanowires were hardly magnetized. On the
other hand, in perpendicular direction, the nanowires were easily magnetized and the
magnetization reached to saturation at less than 2 kOe. Coercive force of Ni-22at.Fe alloy
nanowires was ca. 100 Oe, which is almost half value of Ni nanowires (ca. 200 Oe) and the
magnetic hysteresis loops show unique soft magnetic behavior. This is resulting from
decreasing the uni-axial magnetic anisotropy due to the alloying effect of Fe. According to
the equation (2), Knire will decrease with increasing the content of Fe. On the other hand,
due to the equation (3), Mni.re will increase with increasing the content of Fe. Consequently,
Hnire will decrease with increasing the content of Fe according to the equation (4).

Figure 14 shows the magnetic hysteresis loops of Ni nanowires and Ni-22at.%Fe alloy
nanowires electrodeposited into polycarbonate templates with channel-diameter of 80, 160,
300 and 800 nm. Magnetic field was applied to perpendicular directions to the film plan,
which corresponds to the parallel direction to the long axis of nanowires.

According to the figures, coercive force of Ni-22at.%Fe alloy nanowires was decreased with
increasing the channel-diameter as well as the case of Ni nanowires. The coercive force of
Ni-22at.%Fe alloy nanowires with channel-diameter of 800 nm reached down to 58 Oe. The
magnetic hysteresis loop of the alloy nanowires shows unique linear dependence over the
wide range of magnetic field.
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Fig. 13. Magnetic hysteresis loops of Ni nanowires and Ni-22at.%Fe alloy nanowires
electrodeposited into polycarbonate templates with channel-diameter of 160 nm. Magnetic
field was applied to in-plan direction (red line) and perpendicular direction (blue line) to the
membrane film plan. The perpendicular direction to the membrane film plan corresponds to
the parallel direction to the long axis of nanowires.
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corresponds to the parallel direction to the long axis of nanowires.
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4. Co/Cu multilayered nanowires

4.1 Electrodeposition process of Co/Cu multilayered nanowires

Figure 15 illustrates the fabrication process of Co/Cu multilayered nanowires
electrodeposited in nanochannels obtained by the heavy-ion track etching technique applied
in this study: (a) recording of heavy ion tracks, (b) etching of tracks, (c) formation of
electrodes, (d) electrodeposition of Co/Cu nanowires.

First, by irradiating the sample with an ion beam from a linear accelerator, straight ion
tracks with a density of 108 tracks cm?2 were created perpendicular to the film surface as
shown in Fig.15-(a). The tracks were selectively etched in a 6 M aqueous solution of NaOH
to produce cylindrical nanochannels as depicted in Fig.15-(b). The etching process following
the irradiation was optimized to produce a uniform cross section all along the channel with
very small roughness.

A copper layer of thickness 1 pm, which acts as cathode for the nanowire growth, was
electrodeposited on a gold layer of thickness 100 nm sputtered on the membrane as shown
in Fig.15-(c). An aqueous electrolytic solution was synthesized from CoSO,*7H,O 120 g L1,
CuSO4*5H0 1.6 g L1 and H3BO3 45 g L1 for electrodeposition of Co-Cu alloy nanowires
and Co/Cu multilayered nanowires as shown in Fig.15-(d).
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Fig. 15. Schematic of fabrication process of Co/Cu multilayered nanowires electrodeposited
in nanochannels obtained by heavy-ion-track etching: (a) preparing latent tracks using
heavy-ion beams, (b) etching of latent tracks leading to channels, (c) sputtering a gold layer
on both sides of the surface and electrodeposition of Cu layer on the sputtered gold layer,
(d) electrodeposition of Co/Cu nanowires in the channels.
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A cathodic polarization curve was measured over a wide range of cathode potential to
determine the optimum potential for Cu and Co deposition.

Figure 16 shows a cathodic polarization curve of polycarbonate template with channel
length 30 um and diameter 200 nm. The equilibrium potentials of Cu and Co are estimated
to be around +0.05 V and -0.48 V (vs.Ag/AgCl) on the basis of the Nernst equation as
follows.

Eer = E0 + RT (nF)-1 InCy 6)

Here, EV is the standard electrode potential, and Cy denotes the concentration of metal ions
(Cuz* or Co?¥).

The cathodic current occurs at the potential region close to the equilibrium potential of Cu
as shown in Fig.16. It is well-known that Cu2* ions begin to electrodeposit without an
accompanying overpotential from the aqueous solution. Therefore, this cathodic current
corresponds to the deposition current of Cu. With increasing cathodic current, at around 10-
5A, the potential significantly polarizes to the less-noble region. This phenomenon seems to
be caused by the diffusion control of Cu2* ions. In the potential region less-noble than the
equilibrium potential of Co, the cathodic current increases again at circa -0.8 V. It is also
well-known that the electrodeposition of iron-group metals such as Ni, Co, and Fe is
accompanied by the overpotential due to the rate determining multi-step reduction
mechanism. Therefore, this increase in cathodic current is mainly caused by the deposition
current of Co. It is well known that the potential dependence of growth rate for the
nanowires corresponds well to the polarization curve for Cu and Co deposition.
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Fig. 16. Cathodic polarization curves for Cu (blue line), Co (red line) and Co-Cu alloy (black

line) nanowires, both as a function of applied cathode potential during electrodeposition in
a polycarbonate template with channel length 30 pm and diameter 200 nm.
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Growth rates of nanowires were estimated by the channel filling time, which was
determined from the time - dependence of deposition current at each potential.

Figure 17 shows the effect of the cathode potential on the time-dependence of the cathodic
current during Co-Cu alloy nanowire deposition in the polycarbonate template with
channel length 30 um and diameter 200 nm. The cathode potentials were fixed to -0.7, -0.9, -
1.1, and -1.3 V. To determine the wire growth rate, the channel-filling time was estimated by
monitoring the deposition current. When the wires reach the membrane surface, the current
will increase drastically due to the formation of hemispherical caps. If the radius of a
hemispherical cap increases linearly with increase in deposition time, the current increases
in proportion to the square of deposition time because the current linearly depends on the
surface area of a hemispherical cap. Deposition rates were estimated by dividing channel
length by channel-filling time. At -0.7 V, this time is around 600 s and the deposition rate is
estimated to be about 50 nm s, while the filling time is close to 60 s at -1.3 V and the
deposition rate is estimated to be around 500 nm s-1.
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Fig. 17. Effect of cathode potential on measured current during Co-Cu alloy nanowire
deposition in a polycarbonate template with channel length 30 pm and diameter 200 nm.
The cathode potentials were -0.7, -0.9, -1.1, and -1.3 V.

On the basis of the results shown in Fig.16 and Fig.17, the optimum deposition potentials of
Cu and Co are determined to be about -0.3 and -1.0 V (vs. Ag/AgCl), that is, at potentials
nobler than the diffusion limit region of each metal ion. Typical deposition rates of Cu and
Co were roughly 10 nm s (at -0.3 V) and 200 nm s (at -1.0 V).
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Co/Cu multilayered nanowires were electrodeposited by alternatingly changing the
cathode potential from -0.3 V vs. Ag/AgCl (for Cu layer) to -1.0 V (for Co layer) as shown in
Fig.18. According to this figure, when the potential is switched from -1.0 V to -0.3 V, anodic
current is observed. This is resulting from the dissolution of electrodeposited Co, because -
0.3V is more noble than the equilibrium potential of Co. At this potential, it is estimated that
the Cu deposition and Co dissolution will proceed simultaneously.
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Fig. 18. Time dependence of observed-current and applied cathode potential during
electrodeposition of Co/Cu multilayered nanowires.

4.2 Crystal structure of Co/Cu multilayered nanowires

To determine the alloy composition of the wires, a sample was prepared as follows. First,
nanowires were electrodeposited at constant cathode potential in polycarbonate channels
with length 6 um and diameter 40 nm. Then, the polycarbonate was dissolved in an organic
solvent to expose the wires. Finally, the wire composition was determined by EDX. Co-Cu
alloy nanowires electrodeposited at -1.0 V contained 81%-Co and 19%-Cu.

Figure 19 shows the SEM image and EDX profiles of electrodeposited Co/Cu multilayered
nanowires with the diameter of 40 nm and the each layer thickness of 30nm. According to
the SEM image, multilayered structure is clearly observed and periodical EDX profiles also
well correspond to the multilayered structure of the nanowires.
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Fig. 19. SEM image and EDX profiles of electrodeposited Co/Cu multilayered nanowires
with the diameter of 40 nm and the each layer thickness of 30nm.

4.3 Magnetic properties of Co/Cu multilayered nanowires

To measure the wire resistance the wires were in-situ contacted with a gold layer during the
electrodeposition process as illustrated in Fig.15-(d). Magneto-resistance curves were
measured at room temperature applying a direct current of 10 pA and changing the
magnetic field up to 10 kOe.

Figure 20 exhibits the magnetoresistive hysteresis of Co-Cu alloy nanowires and Co/Cu
multilayered nanowires electrodeposited in a polycarbonate template with channel length
30 um and diameter 200 nm. Here, 6 is defined as the angle between the magnetic field and
the nanowire axis (current direction). The MR ratio is defined by the following equation

MR ratio (%) = 100(Ro - R10)/ R0 )

Here, Ry and Ry are the resistance of zero field and 10 kOe, respectively. AMR curves of Co-
Cu alloy nanowires show the usual dependence on the direction of the applied magnetic
field. In the direction parallel to the wire (0 deg), the effect of magnetic field on the
resistance was very small and the MR ratio was almost zero, while in the direction
perpendicular to the wire (90 deg), the MR effect was maximum. An AMR ratio of 0.6 % was
observed for Cog;Cuys alloy wires, which is typical of this system.

The structure of Co/Cu nanowires electrodeposited in polymer templates is illustrated
schematically in Fig.20. The layer thickness of Co and Cu is around to 10 nm. GMR strongly
depends on Co and Cu layer thickness, and a maximum effect could be observed at about 10
nm. Therefore, a thickness of 10 nm was realized for each layer by controlling the deposition
time. The GMR curves of Co/Cu multilayered nanowires possess only a small angular
dependence, and the MR ratio reaches up to 8.0 %. For these samples, the saturation field
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seems to be around 5 kOe, which is much smaller than the field from which the AMR curves
of Co-Cu alloy nanowires result. We have already reported that in porous alumina
membranes Co/Cu nanowires containing 100 and 300 bi-layers showed 20% and 12% of
GMR ratio, respectively, while the Co/Cu nanowires containing 1,500 bi-layers showed
8.0% in this study. It is not surprising that the GMR ratio of Co/Cu nanowires will decrease
when increasing the number of bi-layers. For example, this GMR decrease could be caused
by the enhancement of Co/Cu interfacial roughness with increasing the number of bi-layers.
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Fig. 20. Magnetoresistance of Co-Cu alloy nanowires and Co/Cu multilayered nanowires

with length 30 um and diameter 200 nm electrodeposited in polycarbonate nanochannels.
The layer thickness of Co and Cu is 10 nm.

Figure 21 shows the magnetoresistance of Co/Cu multilayered nanowires with length 6 pm
and diameter 60 nm electrodeposited in polycarbonate nanochannels. The each layer
thickness of Co and Cu is adjusted to 10 nm. The GMR curves of Co/Cu multilayered
nanowires with length of 6 um possess only a small angular dependence as well as the case
of multilayered nanowires with length of 30 pm as shown in Fig.20. MR ratio of
multilayered nanowires with length of 6 pm reaches up to 12 % as shown in Fig.21, which is
much larger than that of multilayered nanowires with length of 30 um. This is resulting
from the difference of layered structure in nanowires. Layered structure will depend on the
number of layers. With increasing number of layers, interlayer structure will be disappeared
and each layer will form alloy. Therefore, GMR of multilayered nanowires with short length
would show larger value than that of the multilayered nanowires with long length.
Furthermore, GMR value will also depend on the magnetic domain structure in nanowires.
It is well known that the magnetic domain structure depends on the diameter size of
nanowires. With decreasing the diameter, the domain structure will be changed from multi-
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domain to single domain. The domain wall in ferromagnetic layer will decrease GMR value.
The domain wall area of nanowires with diameter 60 nm is smaller than that of nanowires
with diameter 200 nm. Consequently, GMR of multilayered nanowires with short diameter
would show larger value than that of the multilayered nanowires with long diameter.
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Fig. 21. Magnetoresistance of Co/Cu multilayered nanowires with length 6 um and
diameter 60 nm electrodeposited in polycarbonate nanochannels. The layer thickness of Co
and Cu is 10 nm. Magnetic field was applied to in-plan direction (blue line) and
perpendicular direction (red line) to the membrane film plan. The perpendicular direction to
the membrane film plan corresponds to the parallel direction to the long axis of nanowires.

5. Summary

5.1 Ni, Co and Fe nanowires

Optimum deposition potential region for growing Ni, Co and Fe nanowires was determined
to be the range from -0.9 to -1.2 V. Growth rate of Ni nanowires was ca. 6 nme®sec? at the
cathode potential of -1.0 V. Growth rate of nanowires was increased up to around 30
nmesec! with increasing cathode potential up to-1.2 V.

The cylindrical shape was precisely transferred from the nanochannels to the nanowires and
the aspect ratio reached up to ca. 150. The each nanowire was consisted of single crystalline
domain. Basis on the uni-axial magnetic anisotropy and single magnetic domain structure of
the ferromagnetic metal nanowires, the magnetic hysteresis loops showed typical
perpendicular magnetization behavior and the coercive force reached up to around 1 kOe.

5.2 Ni-Fe alloy nanowires

Optimum deposition potential for electrodeposition of Ni-Fe alloy is determined to be ca. -
1.0 V. Fe ratio in deposit was condensed more than 10 times higher than Fe?* ratio in bath.
This phenomena was explained by the anomalous codeposition mechanism due to the
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formation and adhesion of Fe(OH), on cathode. According to the mechanism, Fe(OH); on
cathode would suppress and inhibit the electrodeposition of Ni.

Coercive force of Ni-22at.Fe alloy film was ca. 1 Oe, which is quite smaller than that of Ni
film (ca. 110 Oe). Ni-Fe alloy films with low coercive force were obtained over the wide
range of Fe content from 20 % to 60 %.

Growth rate of Ni and Ni-Fe alloy nanowires was ca. 6 nme®sec at the cathode potential of -
1.0 V. The cylindrical shape was precisely transferred from the nanochannels to the
nanowires as well as the case of pure Ni and pure Fe nanowires.

Coercive force of Ni-22at.Fe alloy nanowires was ca. 100 Oe, which is almost half value of Ni
nanowires (ca. 200 Oe). Magnetic hysteresis loops show unique soft magnetic behavior due
to decreasing the uni-axial magnetic anisotropy resulting from the alloying effect of Fe.

5.3 Co/Cu multilayered nanowires

Optimum deposition potentials of Cu and Co are determined to be about -0.3 and -1.0 V
(vs. Ag/AgC(l), that is, at potentials nobler than the diffusion limit region of each metal ion.
Typical deposition rates of Cu and Co were roughly 10 nm s (at -0.3 V) and 200 nm s-! (at -
1.0 V). Co/Cu multilayered nanowires were electrodeposited by alternatingly changing the
cathode potential from -0.3 V vs. Ag/AgCl (for Cu layer) to -1.0 V (for Co layer). Co-rich
alloy electrodeposited at -1.0V consisted of 81%-Co and 19%-Cu.

GMR ratio of Co/Cu multilayered nanowires with length 6 pm, diameter 60 nm and layer-
thickness 10 nm reaches up to 12 %. GMR curves of the Co/Cu multilayered nanowires
showed only a small angular dependence. It was suggested that the interlayer structure will
be disappeared and each layer will form alloy with increasing number of layers. Co/Cu
multilayered nanowires with short length and short diameter would show larger GMR
value than that of the multilayered nanowires with long length and long diameter due to the
magnetic domain structure.
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1. Introduction

Alumina template synthesis is a simple and cheap method for preparing arrays of
nanostructural materials, such as wires, fibrils, tubes, which entails the synthesis of desired
material within the cylindrically shaped pores by the respective method. To date various
materials  possessing  anisotropic, tunneling, and giant magnetoresistance,
superconductivity, semiconductivity, unusual non-linear optics, surface enhanced Raman
scattering, and enhanced catalytic properties have been loaded inside the alumina pores and
applied in practice. Currently the advancement of nm-scaled materials technology has
prompted investigations devoted to their stability during storage in air, exploitation,
irradiation, and heat-treatments under various environments. Furthermore, the heat
treatment of some materials such as iron oxyhydroxides deposited inside the alumina pores
seems still probably the most appropriate route to fabricate prospective magnetic nanowire
arrays. The knowledge of semiconducting nanospecies thermal behavior is also crucial in
their successful use to destroy selectively the tumor cells.

This paper presents our recent progress in transformation, design, characterization and
potential applications of nanowired materials encased within the alumina pores upon heat
treatment in air. Unexpected behavior of some metal nanowires loaded inside the alumina
pores, such as iron and tin, upon heat treatment in air is presented here for the first time. As
will be shown below, the heating of such arrays at proper conditions results in the formation
of spinel-type FeAl,O4 films and SnO/SnO, barbed-shaped nanowire arrays. Also, the
transformations of some semiconducting nanowires, particular FeO(OH), CusSe; and Cus-
xSe, upon heating are also presented herein. Finally, new fields of prospective applications
of annealed nanowire arrays owing to gained magnetic and non-linear optical properties are
discussed.

The paper is organized as follows: In the next subsection, the formation, structure and
composition of most popular porous alumina templates are briefly presented. In subsection
2.2, a short overview of annealing effects, which have been reported to date for nanowire
arrays loaded inside the alumina pores, is given. Our results obtained by heat treatment of
nanowires of metallic iron, tin and semiconducting iron oxyhydroxide, FeO(OH),
encapsulated within the alumina pores, are presented in section 3, while section 4 is devoted
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to annealing effects of copper selenide nanowire arrays. Finally, section 5 presents a short
summary and conclusions.

2.1 Porous alumina

Porous oxide films (alumina) prepared via anodization of highly pure and smooth
aluminum surface in an aqueous solution of sulfuric, oxalic, and o-phosphoric acid at
proper concentration, temperature, and voltage are typical templates for fabrication of
arrays of various nanowires in a quite uniform diameter and spacing with well-defined
product dimensions at a packing density of 10° - 101! species/cm?2. Recently, highly-ordered
structure alumina with a broad range of pore diameters as large as 300 nm (Quin et al. 2005)
and as small as 5 nm can be fabricated in an unlimited size area. The pore diameter, cell size,
and barrier layer thickness positioned at the bottom of alumina pores (Fig. 1) are all linearly
dependent on the anodizing voltage with some exceptions (Jagminas et al. 2001), while the
depth of pores is simply controlled by anodizing time (Metzger et al. 2000). According to the
final applications the thickness of alumina templates is usually limited to 20-30 pm, but
much thicker templates (Romer & Steinem 2004), as well as very thin ( Kokonou et al. 2007),
are sometimes required.
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Fig. 1. A typical top-side (A) and cross-sectional (B) SEM view of porous alumina templates.
(C) demonstrates variations of alumina cell size on the anodizing voltage for various
electrolytes.
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The chemical composition of alumina films differs depending on the composition of
anodizing solution as well as anodizing conditions due to incorporation of acid anions and
water molecules into the outer part of alumina cells. For example, the sulfuric acid alumina
films contain high amounts of anionic species (12-14 wt.% sulfate), while the phosphate and
oxalate contents in corresponding alumina films are respectively 6-8 and 2-4 wt.%
(Thompson 1997). Note that incorporated anion species produce a negative surface charge of
the pore walls influencing the pore filling process by one or another material. Therefore, the
hydrophobic/hydrophilic pore wall properties play a significant role for nanowire
(nanotube) growth in the precursor solution. We suggest that the wetability of pore walls
could also influence the nanowire behavior during their storage in the matrix and
subsequent treatments, such as annealing (see further).

2.2 Annealing effects in nanowires

Highly-ordered porous aluminas possess quite uniform and parallel nanochannel structure
(Fig.1). Therefore, the nanowires loaded within the alumina pores usually possess almost
the same diameter as the diameter of pores. The exception here demonstrates nanowires
deposited by the pulse current where various diameters of Bi nanowires were obtained via
variation of the pulse duration (Li et al. 2005). However, in the case of complete filling of the
alumina pores, the pore walls that separate the nanowires prevent nanowire diameter
variation during high temperature measurements because the thermal expansion coefficient
of alumina films is significantly lower (~8.8 x 10-¢ K-1) than that of the metals: Cu (~2.1 x 105
K1), Ag (~1.7 x 10 K1), Ni (~1.7 x 10 K1), Bi (~1.4 x 105 K-). Thus, at higher heating
temperatures the alumina cell walls might produce a radial pressure on the nanowire. As
reported (Cai et al. 2008), the radial pressure can be relaxed by the axial expansion if the
deposited nanowires are single crystalline demonstrating the complex thermal behavior
during annealing in vacuum. In contrast, in the case of polycrystalline nanowires, there are
enough of liquid-like spaces between nanocrystallites (Gleiter 2000) to release the stress
from the lattice expansion and, thus, the thermal expansion coefficients of such nanowires
are almost the same as that of the corresponding bulk.

Wang et al. (2004) claimed that copper nanowires in alumina templates have a thermal
expansion coefficient close to zero and this is attributed to the diffusion of vacancy defects
from the body to the nanowire surface. The thermal expansion coefficient of Ni nanowires
grown within the alumina pores (Jpore ~60 nm) at -2.0 V by direct current deposition was
also studied in situ by specimen heating up to 600 °C in vacuum (Cai et al. 2008). These
nanowires after deposition were found to be in the polycrystalline state with
nanocrystallites up to 40 nm in size. The thermal expansion coefficient of Ni nanocrystallites
in the polycrystalline Ni nanowires was estimated to be 1.7 x 105 K- as in the bulk Ni,
enabling to conclude that there is, as well as in bulk Ni, enough space between
nanocrystallites to release the stress from the lattice expansion during heat treatment.

The thermal expansion of single crystalline Ag nanowires with the axis direction along the
[220] crystallographic direction deposited within the alumina pores (Jpore ~55 nm) was
studied by determining the axial lattice parameter and the state of vacancies in nanowires
for the first and repeated annealing in vacuum (Xu et al. 2006). In this study it was shown
that the plots of variation of axial lattice parameter for as-grown and annealed silver
nanowires can be divided into two regions. When the temperature is bellow 650 °C for as-
grown and 350 °C for annealed specimen, the axial lattice parameter of silver nanowires
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keeps nearly constant, but has a slight increase above the indicated temperatures. Thus, the
authors concluded that the thermal expansion coefficient of the single crystalline nanowires
is determined by two factors: the axial expansion resulted from the radial contraction, which
was induced by the surface pressure, and the contraction caused by vacancies. It has also
been postulated that after annealing in vacuum the contribution of vacancies to the axial
expansion in Ag nanowires decrease due to their congregation into larger voids.

The annealing in vacuum of alumina template, encased with metal alloy nanowire arrays,
such as Ag/Cu assembled by nanoparticles of copper and silver, results in the formation of
solid solution Ag(Cu) nanowires (Xu et al. 2008). Furthermore, the surface plasmon
resonance of Ag nanowires in an average diameter of about 25 nm centered at 410 nm (3.02
eV) red shifted after annealing to ~495 nm (2.50 eV) when the molar ratio of copper to silver
increased up to ~40 %.

3. Annealing in air

The heating of alumina templates with nanowires, such as Fe, Cu, FeO(OH) in air can lead
to the formation of thermodynamically more stable nanowired metal oxides sometimes
demonstrating unique magnetic or optical properties. Also, the annealing procedure has
been successfully used for clustering of magnetite, Fe30s, nanoparticles, encased in the
alumina template pores by vacuum suction, into nanowires achieving a dramatic effect on
their magnetic properties: the coercitivity of these arrays at cryogenic temperature increased
from 350 to 8000 Oe (Choi et al. 2007).

3.1 Fe nanowire arrays

During recent two decades several works have been reported regarding the electrochemical
synthesis of iron nanowires within the alumina pores and their size-dependent magnetic
properties (AlMawlawi et al. 1991; Sun et al. 2001; Qin et al. 2005) and corrosion behavior
(Jagminas et al. 2008). However, there has been no study trying to fabricate Fe,Oy nanowire
arrays by thermal annealing of embedded iron nanowires within the alumina pores or
clarify their transformations during annealing. Thus, in this study we investigated these
phenomena as a function of annealing conditions and the size of Fe nanowires by the SEM,
XRD and Mossbauer spectroscopies in more detail. In contrast to earlier studies where for
electrochemical deposition of iron an aqueous solution composed mainly of iron (II)
sulphate and boric acid has been applied, we used a solution of iron (II) sulphate,
magnesium sulphate, MgSO,, and citric acid. We have found that the growth of iron
nanowires in this solution under the alternating current mode at a constant average current
strength proceeds faster (Fig. 2a) and uniformly (Fig. 2b). The prolonged deposition leads to
complete filling of alumina pores and the powdered iron layer formation onto the template
surface. X-ray diffraction measurements show only two diffraction peaks for as-deposited
material, e.g. a strong peak at 2@ 44.67° and a week one at 2@ close to 65°. In agreement
with the data of the polycrystalline bulk Fe (PDF: No 006-0696), these peaks indicate the
formation of metallic a-Fe nanowires with a preferrential growth in direction [110] along the
crystallographic axes. The decrease in the diameter of alumina pores, Jpore, results in the
broadening of diffraction peaks, as expected, without any obvious changes in the growth
direction of Fe nanowires (Fig. 3).



Annealing Effects on the Metal and Semiconductor Nanowires Loaded Inside the Alumina Pores 89

35 .
3,00
2,51
2,0r
L5¢
1,0¢
0,5+

Fe' Nw length, pm

0

‘
0 10 2 30 40 -
N: e EHT = 500 kv Signal A=RBSD  Date :28 Apr 2008
Time 155538

I . . 123
deposition time, min Mag= 5000kX  f————]  WD= {omm

Fig. 2. (a):Variation of average height of Fe nanowires in alumina template pores (Jpore ~15
nm) during alternating current (50 Hz) deposition at a constant current density of 0. 25
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FeSO4+ 0.7 H3BOs + 0.0085 ascorbic acid (B). (b): A typical cross-sectional FESEM view of
alumina template (Jpore ~28 nm) encased with Fe nanowires by deposition from (A)
solution.
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Fig. 3. XRD patterns of alumina films varying the diameter of pores following iron
deposition by alternating current in an aqueous solution of 0.1 FeSO,, 0.025 MgSO, and 0.1

M citric acid (pH 2.95) at 0.3 A -dm2 and 17 °C for 20-30 min.

The Mossbauer spectra recorded in the conversion electron registration mode from the top
and the back-side of alumina matrix, encased with Fe nanowires, after several days storage
of not sealed specimen under ambient conditions are shown in Figure 4. As can be seen,
these spectra are quite different. A back-side alumina Mdssbauer spectrum (Fig. 4b) can be
simply fitted using the sextet assignable to ferromagnetic iron, o-Fe. According to
(Kuzmann et al. 2003), the ratio of intensities of lines in the Mdssbauer spectra sextet is given

as:



90 Electrodeposited Nanowires and Their Applications

3. 4sin®0 . 4sin’0
"1+cos?80  1+cos?d’

1)

where 0 is the angle between the direction of y rays and magnetic moments in an iron atom.
We have found that for all cases the relative intensities of the second and fifth lines in MS of
as-grown Fe nanowires are close to zero, implying that the magnetic moments of the Fe
nanowires are along their growth direction. On the contrary, the top-side Mossbauer
spectrum recorded for not sealed specimen after several days storage in air demonstrates
additionally a typical doublet with the Mossbauer parameters: the isomer shift respectively
to a-Fe § = 0.36 mm s and the quadrupole splitting A = 0.74 mm s assignable to Fe(III).
The doublet could arise due to the corrosion and formation of Fe(OH)s or Fe(OH)s nH>O
phases. Furthermore, we have determined that the sealing of alumina matrix just after
deposition of iron in boiling water protects the Fe nanowires from corrosion during storage
of samples under ambient conditions.
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Fig. 4. Mossbauer spectra of alumina template encased with a Fe nanowire array (Jpore 15
nm, hige ~ 7 pm), taken under the conversion electrons mode from the top (a) and back (b)
side of the matrix, indicate that the acmes of iron nanowires corroded forming Fe(OH); or
Fe(OH)3 nH>O if alumina after depositions remained unsealed.

Figure 5 shows the XRD spectra of alumina templates with the diameter Dpore of 15 nm filled
with Fe nanowires after annealing. Note that in this experiment the initial weight of analyte
and the content of deposited iron were close. As can be seen, the increase in annealing
temperature results in the lowering of the content of metallic iron remained after processing.
In the case of annealing of the specimens at 450 °C for 1.5 hour (curve 3), the peaks of
metallic iron in the XRD spectrum of the resulting product disappeared.
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Fig. 5. The XRD patterns of alumina template with encapsulated Fe nanowires by alternating
current deposition (Jporel5 nm) following template sealing in boiling water for 30 min (1)
and annealing at 300 (2) and 450 °C (3) for 1.5 hour.

The effects of thermal annealing in air on the composition of as-grown Fe? nanowires in
sealed alumina pores of a different diameter Jpore are shown in Figures 6 and 7. All
Mossbauer spectra were analyzed by the least squares fitting using the required subspectra
and determining the hyperfine parameters, i.e. the isomer shift, §, the quadrupole splitting,
A, and the hyperfine field, B. It has been assumed that a relative area of the subspectrum is
proportional to the amount of Fe in different compounds. Figure 6a shows a typical
Mossbauer spectrum of alumina specimens with a pore diameter of 30 nm after deposition
of Fe nanowires and alumina sealing. This spectrum, recorded in the transmission geometry,
is of ferromagnetic iron a-Fe fitted using a sextet which has appropriate hyperfine
parameters. For Fe nanowires, the parameters were found to be the same as for bulk a-Fe, i.e.
the isomer shift 6 = 0 £ 0.01 mm s, the quadrupole splitting A = 0 + 0.01 mm s, the
hyperfine field B = 33.1% 0.1 T and the line width I' = 0.28 + 0.02 mm 1. No considerable
variation in the hyperfine parameters for different Fe nanowire diameters in the 8 to 30 nm
range was obtained.

The annealing of specimens results in the complication of Mgssbauer spectra due to
transformations of the Fe nanowires composition. These transformations were found to be
dependent on the annealing temperature, Tann, and the diameter of pores, Jpore (Jagminas et
al. 2009).

In the case of annealing the Fel nanowires encased in alumina pores with the diameter Dpore
of 30 nm at 300 < Tann < 600 °C, for example at 400 °C (Fig. 6b), the Mossbauer spectra were
fitted with three components, i.e. a sextet demonstrating the presence of ferromagnetic a-Fe
and additionally two doublets. These doublets had characteristic Mdssbauer spectra
hyperfine parameters which can be summarized as follows for all samples: for the first one,
the isomer shift § = (0.9 - 1.1) + 0.1 mm s, the quadrupole splitting A = (1.9 - 2.3) + 0.1 mm s
1 and a line width I' = (0.3 - 0.7) £ 0.1 mm s and, for the second one, § = (0.3 - 0.5) £ 0.1
mm s, A=(08-11)£0.1mms?and I' = (0.6-0.8) + 0.1 mm s}, respectively. On the basis
of Mossbauer spectra parameters the first doublet should be attributed to Fe(II)
paramagnetic compound, and can be most probably assigned to the spinel-type FeAL,Oy
compound (Botta et al., 2003). Moreover, from the large line width of this doublet peaks it
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Fig. 6. The Mossbauer spectra recorded in the transmission mode for the Fe nanowires array
synthesized within the alumina pores (Jpore30 nm) by alternating current deposition and
template sealing in boiling water (a) and annealing at 400 (b) and 600 °C (c) for 1.5 hour.

can be concluded that thermally formed FeAl,O4 should be nonstoichiometric. We assigned
a second doublet, typical of Fe(Ill) paramagnetic compounds, to a-(Fe Ali.x)>Os which is
obtained when iron incorporates into alumina. As for this component only a paramagnetic
doublet is observed, and there are no traces of sextets of iron oxides, x should be below 0.1
(Kuzmann et al. 2003).

The annealing of the Fe nanowire array, encased in the alumina matrix, at Tann = 600 °C
results in some fading of the black color of alumina. With a further increase in Tann these
changes intensified. A typical Mossbauer spectrum of the specimen with the 30 nm diameter
after annealing at 600 °C is shown in Figure 6c. In this case, the fitting results revealed a
complete transformation of ferromagnetic iron into two components, e.g. FeALO; and
(FexAl1+)203 with a similar content.

Similar variations in the composition of Fe nanowires upon annealing were determined for
iron nanowires encapsulated within the alumina pores with the 15 nm diameter. However,
in this case the ferromagnetic component disappeared at about 450 °C as a result of full
transformations into paramagnetic Fe(I) and Fe(IIl) components with a somewhat higher
amount of Fe(Ill). It is noteworthy that with a further increase in Tann the ratio between
Fe(Ill) and Fe(Il) components changes significantly. For example, after annealing at 600 °C
the resultant products contain ~ 80 % of Fe(IIl) and only about 20 % of Fe(II).

The compositional investigations of Fe nanowires encased within the alumina template
pores with the 13 nm diameter, produced by alternating current deposition under the



Annealing Effects on the Metal and Semiconductor Nanowires Loaded Inside the Alumina Pores 93

1,002 ————————————————
1,000 ‘
0,098 |
09% |
1,000
0,998.

0,996

Relative transmission

0,994
1,000 il

0,998
0,996

0,994

0,992 I 1 " 1 " 1 " 1 " 1 " 1 " 1 ]

-1
v, mm-s

Fig. 7. The Mossbauer spectra recorded in the transmission mode for the Fe nanowires array
in the alumina template with an average pore diameter of 8 nm after sealing (a) and
annealing at 400 (b) and 510 °C (c) for 1.5 hours. To increase sensitivity of measurements, the
deposition solution additionally contained 0.5 g dm-3 of 57Fe.

conditions of this study, revealed two additional features (see Fig. 8c). Firstly, some part of
deposited iron within the alumina pores even before annealing was found to be in the form
of paramagnetic Fe(IIl) implying that the formation of (Fe\Ali.)2O;3 is possible as a result of
the alumina template sealing in boiling water. Secondly, in the case of the 13 nm diameter
template, a ferromagnetic component disappeared in the vicinity of 400 °C Dbeing
transformed fully into paramagnetic Fe(IlI) and Fe(II) components in proportions similar to
a case of 15 nm diameter template annealed at 600 °C.

The Mossbauer spectrum of alumina template with an average diameter of 8 nm filled with
iron nanowires even after the sealing (Fig. 7a) was found to be more complicated and
composed of three components similar to those following the annealing of specimens with
Opore 215 nm. The quantities of paramagnetic Fe(Ill) and Fe(II) components were found to
be larger making up together more than 40 % of the total amount of deposited iron (Fig. 8d).
Moreover, annealing of these specimens results in more rapid transitions of ferromagnetic
Fe(0) to paramagnetic Fe(III) and Fe(II) compounds at obviously lower temperatures with
prevailing Fe(III) formation.

The results obtained indicate that the diameter of primary iron nanowires is a key parameter
which determines the transformations when annealing at the same temperature. These
transformations became especially obvious even at ~100 °C if the nanowires diameter is in
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Fig. 8. Dependences of the amount of iron phases formed within the alumina template pores
via alternating current deposition and annealing on the annealing temperature and the
average pore diameter (in nm): (a) 30; (b) 15; (c) 13 and (d) 8.

the order of the Debye length. We suggest that this effect is linked to the increase in a free
surface energy impact of thin nanowires modifying the temperature of thermal diffusion of
material molecules into alumina bulk.

3.2 Sn nanowire arrays

Due to chemical stability and a wide band gap at room temperature [3.6-4.0 eV (Ji et al.,
2004)] SnO; thin films are promising materials for solar cells (Fererre et al. 1997), short
wavelength optoelectronic (Song et al.,, 2004), and blue photoluminescence (Presley et al.
2004) devices. Besides, tin-based oxides are promising candidates to replace the carbon-
based anode materials because of their large capacity for lithium insertion by the formation
of Lisz4Sn alloy (Wang et al. 2005). During the recent decade SnO, nanotubes (Qin et al.
2008), nanoparticles and nanorods (Firooz et al. 2008), and nanobelts (Fujihara et al. 2004)
have been fabricated by different methods such as sol-gel process (Gu et al. 2003),
hydrothermal synthesis (Firooz et al. 2008; Fujihara et al. 2004), chemical vapour deposition
(CVD) (Kong et al. 2003; Sundqvist et al. 2006), metalorganic chemical vapour deposition
(MOCVD) (Feng et al. 2008), and etching of tin foils in alkaline solution (Peng et al. 2008).
Despite these proposals there is a great need to develop reliable and cheap synthesis
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methods for fabrication of densely-packed, uniform-shaped tin oxide nanowire arrays for
practical applications.

Here we report the way for fabrication arrays of the core (SnO)/shell (SnO,) barbed-shaped
nanowires via electrochemical formation of densely-packed tin nanowires inside the
alumina pores and their subsequent heat treatment in air at a proper protocol. The
morphology of Sn nanowire arrays fabricated within alumina pores was investigated before
and after heat treatments using field emission scanning electron (FESEM) and transmission
electron (TEM) microscopy in alumina cross-sections followed by a complete template
dissolution. Mdssbauer spectra were recorded in a constant acceleration mode using a
spectrometer Wissenschaftliche Elektronik GMBH and an 19CaSnO; source. The velocity
scale was calibrated relative to CaSnOs. All experimental spectra were fitted to Lorentzian
lines using a least-squares fitting algorithm.

Good uniformity and completeness of alumina pores filling by tin nanowires in the solution
containing SnSO,, tartaric acid, C4O¢Hs, hydrazine sulphate, and H>SO, by alternating
current deposition can be evidenced from the FESEM images of alumina templates in their
cross-sections (Fig. 9A) and after the following template etching (Fig. 9B). We found that
annealing of these specimens results in the change of alumina black colour towards puce
and gold tints, as well as the decrease in Sn0 diffraction peaks and the appearance and
growth of new ones with increase in annealing temperature, Tann. The first diffraction peaks
of SnO; appeared for samples annealed at 400 °C. Note that all peaks attributable to metallic
tin disappeared only for Tann = 500 °C, e.g. at a temperature much higher than the melting
point of bulk tin (231.9 °C). In this case, the diffraction lines at 2@ = 26.58, 33.87, 51.76° can
be assigned to tetragonal rutile-type crystalline phase of tin(IV) oxide, SnO; (PDF file no. 41-
1445).

Sample 44 "w EHT = 5.00kV. i = Date :23 Dec 2008
T

g~ 20.00KX | WD= 9mm  FieN: 1t Time 18:02:07

Fig. 9. A typical cross-sectional (A) and in-plane (B) FESEM view of alumina templates
encased with tin nanowires by alternating current deposition from the solution (in M): 0.05
SnSOy, 0.03 tartaric acid, 0.015 hydrazine sulfate and sulfuric acid (pH = 1.15) at a constant
average current density of 2.75 mA cm2 for 30 min. Pore diameters are 15 (A) and 28 nm (B).
The alumina in (B) is partially dissolved.

In the case of a 2 hour long annealing at 500 °C of the templates with pore diameters of 15
nm, the crystallite size of SnO, particles calculated from the XRD line broadening using
TOPAS software, based on the Rietveld structure refinement Scherer equation, is about 9.7 +
1.5 nm. It is worth noticing that the XRD pattern of specimens treated at 450 °C, except the
diffraction lines attributable to SnO», contained additional lines whose positions depend on
the annealing time, zunn. These lines could be assigned to the crystalline phase of Sn(ll)
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oxide, SnO (PDF file no. 06-0395) (Fig. 10). Nevertheless, the peak positions of these lines
were found to be slightly shifted towards lower values of diffraction angles, indicating the
distortion of crystalline lattice, since a = 3.802 and ¢ = 4.900 A instead of a = 3.802 and ¢ =
4.836 A.
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Fig. 10. X-ray diffraction pattern of alumina template encased with tin nanowires (Js, ~15
nm) by deposition from the solution as in Fig. 9 at the average current density (50 Hz) of
2.75 mA cm2 for 30 min after annealing at 450 °C for 3 hours.

To qualitatively and quantitatively further assess the effect of annealing on the
transformation of Sn® nanowires, encased within the alumina pores by electrodeposition,
Mossbauer spectroscopy was performed and a typical Mossbauer spectrum of the annealed
products is presented in Figure 11a. In the case of as-deposited nanowired material, a singlet
line in Mdssbauer spectrum with the isomer shift, , equal to 2.49 + 0.02 mm/s, attributable
to £#Sn, can be only observed.

Our investigations revealed that after alumina template sealing in boiling water and
annealing the Mossbauer spectrum of Sn nanowires loaded inside alumina pores changes
drastically. In the case of annealing the specimen at Tann = 450 °C, the resulting Méssbauer
spectrum is composed of two broadening doublets characteristic of SnO and SnO; (Fig. 11a).
The quadrupole splitting (A) and isomer shift (6) values for Sn2* and Sn#* states in annealed
specimens are presented in Table 1. However, the magnitude of these parameters coincides
with the well known ones only for the crystalline SnO; (Collins, et al. 1979). For SnO, in all
annealed specimens both A and § values obtained are larger than those for stable tetragonal
(black) SnO powder, as can be seen in Fig. 11 and Table 1. We suppose that differences in
SnO parameters are due to the formation of nanocrystalline nonstoichiometric form of
tetragonal SnO with possible contribution of amorphous SnO as an intermediate oxide
phase through the sequence of reactions: Sn% = Sn%q = SNOamorph(SNOayst) = SnO»,
Notably, an increase in Tann up to 550 °C results in a decrease in the SnO content. For
example, in the case of annealing at 450 °C, the content of remained SnO was 1.75 times
larger than that at 500 °C.

Typical transmission electron microscopy images on SnO/SnO; blend are depicted in Fig.
12. First, we see that Sn® rod-shaped nanowires transform into barbed-type nanowire
products upon heat treatment. We also see that the barbed nanowires are 2 or 3 times
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Fig. 11. Room temperature 119S5n Mossbauer effect spectrum of Sn® nanowires array
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fabricated in the pores of alumina template by electrodeposition as in Fig. 10 after 2 hours
annealing at 450 °C (a) and the same spectrum for commercial SnO powder (b).

ASn SnO SnO;
S 8 I g 4 r g 4 I
ample
mm s mm s- mm s mm s mm s mm 's- mm s mm s
1 1 1 1 1 1 1 1
As- 249 0.94
deposited. +0.02  £0.05 N N N N N N
Annealed 450 2.88 2.02 0.86 -0.05 0.3 1.0
°C, 2 h. - - +0.04  +0.07 +0.04  +0.03 +0.2 +0.2
Annealed at 2.87 2.08 0.86 0.02 0.62 0.88
500 °C 2h - - +0.05 +0.09  fixed +0.01  +0.02  +0.05
?()%ﬂ‘glgiat B B 3.18 2.38 0.95 0.09 0.69 0.87
(160 K M9) +0.05 +0.09 +0.17  +0.02  +0.03  +0.06
Tetr. SnO 2.60 1.34 1.06 0.02 0.5 0.83
sample B B +0.01 001  #0.01 004 01  #0.15

Table 1. The parameters of Mossbauer spectra for Sn® nanowire arrays annealed at indicated
temperatures when the template pore diameter is 15 nm.
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Fig. 12. Typical TEM images of SnO/SnO; barber-shaped nanowires released from the
support. Gpore = 28 nm. SnP nanowire array in a sealed alumina template was heat treated at
500 °C in air for 2 hours.

thicker at the thorn sites. To the best of our knowledge, such a previously unthinkable
architecture of nanowires has never been seen in nanotechnology. Especially interesting is
the formation of numerous mechanically quite stable thorns. It is assumed that these thorns
of up to 25 nm height (for 28 nm pore template) are composed of crystalline SnO, as more
energetically favourable. We suggest that these thorns grow up through the all-out thermal
and pressure induced diffusion of molten tin inside the walls of alumina nanochannels and
that oxygen-bandings result in strong compression and distortion of the matrix cells,
thereby destroying the matrix due to increase in size and shape of a novel nanowired
product.

3.3 a- and y-Fe;03 composite nanowire arrays via electrodeposition and thermal
decomposition of lepidocrocite, y-FeOOH

Highly-ordered, uniform and densely-packed arrays of iron oxide nm-scaled architectures,
such as nanowires and nanotubes, receive considerable attention due to their prospective
use in solar cells, gas sensing and super-high-density recording devices. Magnetite, Fe;O,,
maghemite, y-Fe;Os, and hematite, a-Fe;Os, are the crystallographic materials of iron oxides
differing in structure and properties. Magnetite and maghemite are ferromagnetics while
bulk hematite is anti ferromagnetic material with the Neal temperature 950 K and Morin
transition temperature 263 K (Cornell & Schwertmann 1996). Note that composites from
mixed iron oxides due to magnetic exchange coupling between magnetic particles
frequently demonstrate a shift of hystereses and coercitivity (Christensen et al.,, 1982)
currently paving a way to their relevant applications in catalysis, high density recording
contours, and biomedical diagnostics (Blanc-Beguin et al. 2009).

Bulk ferromagnetic maghemite is a form of iron oxide that can be obtained by thermal
decomposition of lepidocrocite, y-FeOOH (Ozdemir & Dunlop 1993). y-Fe;Os is a transition
form, and upon further heating undergoes a sequence of phase transformations up to
hematite, a-Fe;O; (Gehring & Hofmeister 1994). On the whole, the temperature at which
dehydroxilation reaction begins depends on the preparation and heating conditions of bulk
lepidocrocite crystals (Morales 1998). Thus, the activation energy of this reaction varies from
13.1 to 26.7 kcal mol-, depending on the crystallinity of y-FeOOH.

The thermal decomposition of iron oxyhydroxide polymorphs, such as goethite, a-FeOOH,
akaganeite, f-FeOOH, lepidocrocite, and amorphous FeOOH - nH>O has always been an
interesting subject seeking to form Fe;Oy4 and a-, y-, or e-Fe>O3; materials and their composites.
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Fig. 13. Cross-sectional FESEM view of alumina templates loaded with lepidocrocite
nanowires by alternating current (50 Hz) deposition from 0.022 M Fe(NH,4)3(C204)3 and
0.011 M 57Fe(C2O4)3 kept at pH 5. 75. Dpore: (a) 45 nm, (b) 150 nm.

However, to date only akaganeite nanowires have been successfully encased within the
alumina pores by electrodeposition (Gao et al. 2002; Zhang et al. 2007) transforming them
later to hematite nanowires by heat treatment in air at Tann = 500 °C. Recently we have
developed a route for uniform synthesis of amorphous lepidocrocite nanowires within the
alumina pores using an alternating current mode (50 Hz) and an aqueous solution of
iron(Ill) ammonium oxalate friendly to alumina matrices (Jagminas et al. 2009b). A nice
filling of alumina pores with lepidocrocite nanowires in this solution by deposition through
the barrier layer at a constant alternating current density of 0.35 A dm2 was evidenced here
both for 45 and 150 nm Dpore templates looking at the parts (a) and (b) of Fig. 13, which
show the FESEM images taken from the template cross-sections. This is also evidenced by
uniform colouring of alumina matrices in deep orange tints. Again, the growth of
lepidocrocite nanowires was determined here using the Mossbauer spectra at cryogenic
temperatures (Fig.14) and 57Fe(C;O4)3 precursor.

The set of Mdssbauer spectra for y-FeOOH nanowires encased in the alumina template with
Dpore ~ 45 nm and heat-treated at temperatures from 150 to 650 °C for 3 hours (0T/0t = 10
°/min) is shown in Fig. 15. There the group of spectra recorded at room temperature is
labeled by (a) while (b) shows a similar spectra recorded at a low temperature. The first
clear feature from Fig. 15 is that lepidocrocite nanowires remain quite stable up to 400 °C
although the color tint of alumina templates after annealing at Tann > 150 °C changes
evidently. In line of these observations it has been found that quadrupole splitting of
Mossbauer spectra doublet, attributable to y-FeOOH, increases with annealing temperature
likely due to elimination of the absorbed and of the molecular water as in the case of
akaganeite (B-FeOOH) calcination (Gao et al. 2002).

Noteworthy that the sextets, attributable to Fe;O3 phases appear only for specimens heat-
treated at Tann = 500 °C. In fact, the heat treatment at 500 °C results in the largest Mossbauer
spectra changes of the product deposited in alumina pores; with a further temperature
increase these changes become less pronounced. Thus, in the next setup we analyzed the
composition of the specimen calcinated at 500 °C in more detail using both room and low
temperature Mossbauer spectra. The results obtained are presented in Fig. 16. To fit these
spectra, we used up to two sextets and one-two doublets. The sextets were ascribed to the
hematite with a hyperfine field of ~50.1 T at room temperature and to Fe;O3; with hyperfine
field of ~47.9 T. Again, doublets were ascribed to the species in a superparamagnetic state
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Fig. 14. The transmission Mossbauer spectra taken at indicated temperatures show the
magnetic transition below 35 K for as-deposited FeOOH nanowires inside the alumina pores
(B,C) implying the formation of quite pure y-FeOOH phase. The right side in (A) shows the
hyperfine fields distribution for description of the spectra.

and/or to paramagnetic irons. The refined spectral parameters are listed in Table 2. From
the analysis of these data the presence of hematite phase in the annealed specimen is clear.
Furthermore, the low temperature measurement in Fig. 15 proved that a part of the doublets
correspond to superparamagnetic particles of y-Fe;O; whereas the rest can be assigned to
the paramagnetic phase of maghemite, y-FeOs. Note that formation of superparamagnetic
species demonstrates the increase of the central part in the low temperature Mossbauer
spectra. This increase can be due to the existence of small species of hematite as well as due
to maghemite. Two subspectra in the low temperature spectrum split part are characteristic
by different quadrupols. Without any doubt one of them (A = 0.37 mm/s), typical at a
temperature lower than Morin temperature, Ty, is related by the presence of hematite. The
second one with A = 0.04 mm/s, as an intermediate value close to zero, could be attributed
either to y-Fe;Os or to very small particles of hematite in which the Morin transformation
effect, similar to that as in the case of (Schroeer & Nininger 1967), might take place.

By the analogy with the thermal decomposition of lepidocrocite in a colloidal state (Gendler
et al., 2005), it is thought that the transformation reaction -FeOOH = »-Fe;O3 = a-Fe>O; in
nanowired amorphous lepidocrocite, -FeOOH - nH,O, proceeds via a sequence of several
steps. The first one, associated with desorption of physisorbed molecular water, takes place
even at Tann around 150 °C, because the color and optical properties of alumina templates
loaded with lepidocrocite nanowires evidently change under these conditions. This
observation is in line with the indication (Gehring & Hofmeister, 1994) that, on the
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Fig. 15. The transmission Mossbauer spectra taken at room (a, ¢) and 140 K (b) temperatures
for lepidocrocite, y-FeOOH, nanowire arrays heat treated at indicated temperatures for 3
hours. Dpore: (a, b) 45 nm, (c) 150 nm.

molecular level, the removal of OH groups in the lepidocrocite begins at 142-155 °C. Based
on the results obtained here by Mdssbauer transmission spectroscopy and Raman scattering
(not shown here) it seems likely that the second step, corresponding to the dehydroxylation
of iron oxyhydroxide nanowires to j~ and a-Fe;O;, completely proceeds in the vicinity of
500 °C although from literature data (Bernal et al. 1957) the rhombic structure of synthetic
lepidocrocite reconstructs to cubic maghemite in the 230-250 °C region which at 375 °C is
transported completely to hematite with a hexagonal structure, e.g. at much lower
temperatures.

4. Annealing effects of copper selenide nanowire arrays

The formation of copper selenide nanowire arrays, in particular those of Cu,..Se and CuzSe,
within alumina pores has been demonstrated by us in an aqueous solution of CuSO,, MgSO,
and H>SeOs at proper concentrations and pH by alternating current deposition (Jagminas et
al. 2006). However, only an almost pure phase of Cuy7sSe showing both a direct energy
bandgap, Eggir, of about 2.3 eV and a defect related optical absorption band close to 1.1 eV,
has been deposited using sulfuric acid alumina templates with an average pore diameter,
Dpore, of 15 nm. One should note that such values are close to those reported for Cuy gsSe thin
films where Eggip= 2.2 eV and Ege= 1.4 eV (Herman & Fabrick 1983). Very recently, the
optimal composition for the deposition of a quite pure phase CusSe; nanowires inside the
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Fig. 16. The transmission Mtssbauer spectra recorded at 140 K (a) and room (b)
temperatures for lepidocrocite nanowire arrays loaded inside the alumina matrix (Jpore 45
nm) after heat treatment at 500 °C in air for 2 hours.

S, % 5, mm/s 4, mm/s B, T A23
Room 1 37 0.37+0.01 -0.22+0.01 50.1+0.1 2.83+0.06
temperature | 2 19 0.36+0.01 -0.21+0.02 47.940.2 2.45+0.18
T=140 K 1 39 0.47+0.01 0.37+0.01 53.7+0.1 2.81+0.06
2| 37 0.49+0.01 0.04+0.01 52.8+0.1 3.13+0.07

Table 2. Calculated parameters of Mdssbauer spectra sextets (Fig. 16) for 45 nm diameter
lepidocrocite nanowire array heat treated at 500 °C for 2 hours.

alumina pores has also been reported (Jagminas et al. 2009c). Furthermore, it has been
demonstrated that nm-sized crystals and nanowires of Cui755e and CusSe; encased in the
transparent alumina template demonstrate nonlinear absorption features at 1.06 pm
(Statkute et al. 2008; Juska, et al. 2009a). We have found that CusSe,/alumina greenish tints,
characteristic of these films, upon its annealing in ambient atmosphere even at a moderate
temperature of 150 °C became yellow. Upon further increase in annealing temperature,
these changes became more obvious.

Figure 17 presents the XRD profiles of the alumina templates filled by CusSe; nanowires
before and after annealing for three hours at various temperatures. An as-deposited material
pattern shows twelve well-defined peaks with relative intensities completely consistent with
those of crystalline tetragonal CusSe; [a = 4.27 A and c = 640 A (PDF 47-1745), umangite].
The thermal treatment in air of a CuszSe; nanowire-shaped material results in decomposition



Annealing Effects on the Metal and Semiconductor Nanowires Loaded Inside the Alumina Pores 103

g
! o Cu,, Se PDF 6-680 ((ﬁ))))
% Cu,Se, PDF 47-1745
] / 0
5 . A/ AN N A NN A AN
@ | 250°C g ‘ A o
~ Y ~ PN
> |200%c | ~L Nrmrnn ?:J»O c
- | b \~ ﬂ/\\‘\ WA~ AN\
@ | 15807 = AN
g Mapant”| @ | N 200°C
= las deposizedj“wh- \f o) 2% : NN
£ e €
"
20 25 26 27 28 29 30

20

Fig. 17. (a) XRD patterns of alumina matrices encased with copper selenide by alternating
current deposition in the solution (in M): 0.03 CuSOs, 0.015 H;SeOs, 0.03 Alx(SO4)3, 0.005
triethanolamine, and H,SO4 (pH = 1.15) at 0.5 A dm2 for 45 min before and after annealing
in air for one hour. (b) XRD pattern fragments within a 25 to 30° 20 range for the same as in
(a) CusSez/alumina specimen annealed at 200, 250 and 300 °C.

of copper selenide depending on Tann. At Tann = 200 °C a part of CusSe; transforms into Cuy-
xSe. With further increase in the annealing temperature the amount of Cu,.,Se component
increases becoming dominant at ~ 300 °C. The most significant fact is the stoichiometry of
Cuz..Se phase found to be also dependent on Tan, as judged from the diffraction peak
position in the XRD pattern fragment within the range of 2@ from 26.5 to 27.5¢ (Fig. 17b). We
have found that annealing of nanowire-shaped CusSe; at 250 °C results in formation of
Cuys55e, while annealing at lower, e.g. 200 °C, or higher, e.g. 300 °C, temperatures yields
Cuz.Se with x>0.15 and x <0.15, respectively. This effect possibly originates from the
diffusion of selenium into the alumina bulk upon heating.

Transmission spectra of alumina templates encased with almost pure CuzSe, nanowires
before and after annealing at various temperatures were recorded for wavelengths ranged
from 190 to 3125 nm (Fig. 18a). It is obvious that the shape of absorption spectrum for as-
deposited CuzSe; nanowires array (curve 1) differs from the ones annealed (curves 2-5). The
main feature of the first is a wide absorption band in the visible and near infrared starting
just below the edge of a fundamental band gap and covering almost the whole dip of the
spectra. Analysis performed on this part of absorption spectra (see Figure 18b) revealed two
Loretzians {w/ (4(hv-hv)2+w?)} superimposed, each of them with peaks at energy hw, = 1.14
and 1.65 eV with FWHM - w =0.58 and 1.48 eV, respectively. These results suggest that
along with CusSe; another selenide, like Cu,.,Se in the amounts undetectable for XRD, takes
part in the absorption.

Band gap energy (Eg) values of deposited and annealed products were calculated using;:
a(hv) = A(hv - Eg)v/2, where a is the absorption coefficient, A is a constant, Eg is the band gap
value, hv is the photon energy and n is dependent on the nature of transition: 1 or 3 for
direct and 4 or 6 for indirect transitions. This estimation gives that direct band gap values
(Egair) for as-grown and annealed specimens increase with annealing temperature from
~2.16 eV (before annealing) to 2.44 eV (Tann = 300 °C).

Optical nonlinearities of as-grown and thermally treated specimens were studied in the
experimental set-up based on the mode-locked Nd:glass laser (the wavelength of 1053 nm,
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Fig. 18. (a) Variations of the absorption coefficient with photon energy (hv) for nanowired
CusSe; arrays in the alumina template pores before (1) and after (2-5) annealing for 90 min.
The average diameter, spacing and height of species were 45 nm, 108 nm and approx.

0.5 pm, respectively. (b) Decompositional analysis of absorption spectra for as-deposited
CusSe; nanowired products. The calculated curves are Lorentzian’s [~(w/ (4(hv-hv)2+w?),
where w =~ 0.58 eV (FWHM), centered at 1.14 eV] for (1) and [~(w/ (4(hv-hv)?2+w?), where

w ~1.48 eV (FWHM), centered at 1.65 eV] (2), respectively. Curve (3) represents
superposition of curves 1 and 2.

pulse duration of 2 ps, and the pulse repetition rate of 0.66 pJ). A Gaussian laser beam was
focused with a 15 cm focal length lens to beam waist diameter of ~ 100 pm. A total power of
the beam transmitted through the sample was measured in the field as a function of the
sample position along the beam axis Z. This measurement corresponded to the standard
open-aperture Z-scan procedure (Sheik-Banae et al. 1990). For the dynamic characterization
of the optical nonlinearities, the laser beam was divided into two cross-polarized beams by a
thin-film polarizer (Pacebutas et al. 2006). Using half-wave/polarizer pairs, beam intensities
were changed independently; one of the beams was delayed in an optical delay line. The
intensity of the probe beam was 30 times lower than that of the pump beam.

The results of a single-beam Z-scan measurement are presented in Figure 19. As seen from
this Figure, the increase in intensity of the beam transmitted through copper selenide
nanowires array at sample positions corresponding to the highest beam intensities can be
evidenced for all the samples investigated. As the laser wavelength is within the defect
absorption band of the samples, it could be assumed that this effect is caused by the
bleaching of the defect-to-band transitions of the electrons. The density of defects
participating in this transition can be estimated from the onset energy of the bleaching effect
as ~ 1020 cm3. The increase in the transmittance is especially pronounced for the specimens
annealed at 150 and 200 °C (see curve 2). It correlates with the observed narrowing of the
absorption peak in the range from 1 to 1.3 eV, and supports the idea of more homogeneous
defect distribution obtained after annealing of the samples.

The dynamics of photoinduced transmission change in as-grown and annealed CusSe>
nanowire arrays studied by means of the pump-probe technique is presented in Figure 20.
Relatively long photoexcited carrier lifetimes for all thermally treated specimens were
obtained, indicating that this material system can be prospective for the manufacture of
various optoelectronic devices, e.g. photovoltaic solar cells.
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Fig. 19. Open-aperture Z-scan experimental data for CusSe; nanowire arrays encased in
alumina template by alternating current deposition before (1) and after (2-4) annealing at
200 (2), 250 (3) and 300 °C (4) for an hour. (pulse energy - 0.66 p1], pulse duration - 2 ps).
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Fig. 20. Photoinduced transmission kinetics measured for CuszSe; nanowire arrays encased in

alumina template by alternating current deposition in the solution as in Fig. 17 at 0.5 A dm=2
for 6 min after thermal treatment at 200 (a) and 250 °C (b). Pulse characteristics are the same

as in Fig. 19.

A traditional femtosecond two-beam pump-probe spectroscopy technique was employed to
study the kinetics of ultrafast non equilibrium charge carrier relaxation in copper selenide
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nanowire arrays entrapped in alumina templates depending on the nanowires diameter,
composition and excitation energy (Juska et al. 2009 a,b). The experimental results
demonstrate that the transient absorption kinetics is almost independent of the excitation
and probe wavelength and show a biexponential charge carrier recombination with the
excitation intensity dependent decay rates. The initial ultrafast relaxation, which gets slower
at higher excitation intensities, is followed by the slower decay component emerging at high
intensities. These relaxation peculiarities were described by a theoretical model of two
concurrent relaxation channels involving deep and shallow impurity levels (Fig. 21).
Occupation of the valence band and shallow trapping levels leads to the absorption
bleaching, which competes with the induced absorption due to transitions from these
energy levels to higher energy states. The combined result of these competing optical effects
is the bleaching of the impurity absorption band and the induced absorption at higher
energies (Fig. 22).

We have found that the transient absorption properties are almost independent of the
diameter of copper selenide nanowires within the range of 8 to 25 nm implying that low
dimension effects such as spatial confinement and surface processes are of minor
importance to relaxation processes. Recently we have also found that steady-state
absorption spectra of copper selenide differing in the length of nanowires clearly differ.
However, nonlinear optical effects in these arrays follow a very similar tendency, e.g.
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Fig. 21. Energetic diagram of Cux.«Se nanowires. Solid arrows indicate steady state
absorption and excited state relaxation transitions. Dashed lines demonstrate induced
absorption transitions.
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Fig. 22. Transient absorption spectra of the alumina matrix encased with Cu>..Se nanowire
(D 13 nm) recorded at different delay times under 1.55 eV photon energy excitation with
pulse intensity of 23 mJ/cm?2 (A) and under 3.1 eV excitation with pulse intensity of 13
m]J/cm? (B). Thick lines show the optical density of the sample. Spectra modulations are due
to interference effects.

induced absorption dominates in the visible light spectra region while the bleaching band
appears in IR. In contrast, the composition of copper selenide nanowires, changing upon
annealing (see Fig. 18), is crucial for absorption peculiarities. In the case of nearly pure
CusSe; nanowire arrays, the initial relaxation is more expressed and leads to the formation
of additional middle-gap states resulting in the rise of absorption bleaching in the visible
light spectrum range. Furthermore, a higher concentration of defect states in CusSe; and
Cu».,Se mixture nanowires leads to an ultrafast and nearly complete recovery of temporal
optical features.

The ability to adjust nonlinear optical features in copper selenide nanowires is very
attractive for applications. As-formed and not annealed copper selenide nanostructures
might be of a particular interest for nonlinear optical elements that require a fast optical
response and a nearly complete recovery of bleaching. Annealed samples with a lower
density of defects and local states can be used for devices that require longer lifetimes of
nonequilibrium carriers.

5. Conclusion

A brief overview of the effect of heat treatments of some metallic (Fe, Sn) and
semiconducting [FeO(OH), CusSe;, Cuz.Se] nanowire arrays loaded inside the alumina
template pores is presented herein for our recent research. Original results have been
obtained for annealing of iron nanowire arrays eventually forming FeAlL,O, films. We
suspect that annealing of some other metal nanowires, such as nickel and cobalt,
encapsulated inside the alumina template pores and capable of forming spinel-type
structures, can also result in the formation of MeAl,O, films. These materials, demonstrating
the new properties, are the focus of ongoing research in the field of spintronics. In contrast,
the heating of nanowired metals, like tin, which can not form spinel-type materials results in
the formation of metal oxide nanowire arrays. In this manner it is possible to fabricate
nanowire arrays of novel barbed-shaped design due to diffusion of metal atoms into the
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alumina cell walls robbing the oxygen from Al;O; and destroying the matrix. These
nanowires stand out for their extremely high surface area and core/shell morphology.
Therefore, they can found interesting applications in catalysis.

With formation a new highly-ordered systems of nanowired arrays of Cu,Se; and Cuz.,Se in
alumina matrices we are observing new non-linear optical behaviour of these
semiconducting nanowire arrays that we are just beginning to interpret in terms of
bleaching of the defect-to-band transitions of electrons in nanowires. Other semiconducting
materials, such as iron oxyhydroxide, y-FeO(OH) (lepidocrocite) are being deposited inside
the alumina pores and explored upon the heating. It should be noted that by this way, we
are able to form nanowired arrays of maghemite/hematite heterostructures, which have
prospective applications in magnetic storage devices.

I hope that the idea of heat treatment of nanowired materials, encapsulated in alumina
matrices, creates a simple and cheap route to manipulate their composition and properties,
gaining a novel prospective functionalities and applications. This approach, although being
still in a very early stages of development, is expected be of fundamental interest for future
nanotechnologies.
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1. Introduction

At present, there is a huge anticipation that the realm of nanotechnology will soon be
realized, and the life will become easier and more enjoyable - thanks to numerous new
products and apparatus that will be operating on ‘nano-facts’ and nano-sized objects.
Material properties and functionalities of the bulk tend to differ when one or more of its
dimensions are reduced down to between 100 to 1 nm, the so called ‘nanosize regime’. Thin
films (two dimensional, or 2D), nanowires/nanotubes (one dimensional, or 1D), and
nanoparticles/quantum dots (zero dimensional, or 0D) constitute the basic classes of
nanomaterials. Among these, particularly the 1D-materials are highly desirable, as their
geometric shape and high surface area impart high functionally. For example, metal
nanowires (MNWs) are likely to become an integral part of future nanodevices, at least as
the elements interconnecting the functional components such as ‘nano’-transistors.
Additional to the provision of electrical connection to nano-circuits, the MNWs are expected
to be utilized as the functional components in various applications ranging from high
density perpendicular data storage to nano-sensors, from high-sensitivity nano-electrodes to
meta-materials, and so on. In this chapter, we shall focus on the potential applications of
MNWs that are synthesized via the template fabrication method.

Template synthesis of MNWs arrays comprises the electrochemical reduction of the ions of
one/more desirable metals inside the nano-pore channels of an insulating membrane
fabricated via self-assembly. Owing to its cost effectiveness, versatility and high throughput
the template fabrication, being a bottom up synthesis method, offers significant promise for
the production of versatile, tailor-made MNWs.

For most end applications, it is desirable to have MNWs with high aspect ratio (ratio of wire
length to diameter) and/or specific surface area, production reproducibility as well as
uniformity in wire size and shape in conjunction with high spatial ordering. Thus, the self-
organized porous anodic aluminium oxide (AAO) membrane, displaying most of the
desirable template properties, has become the centre of focus for MNWs synthesis.
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In what follows we shall first examine the fabrication and properties of the AAO template.
Next, the electrochemical template synthesis of both single-component and multilayered/
superlattice MNWs will be described. Finally, major applications of these MNWs will be
presented.

2. Preparation and properties of anodic aluminum oxide templates

2.1 History and background

Formation of porous as well as barrier-like alumina films by aluminium anodization is a
well known procedure which has been studied since 1950s [Keller et al., 1953]. Today it has
found its way to aviation industry [Avcorp Inc., 2009], and even to our everyday life, e.g.
through kitchen utensils, where an industrial scale hard-anodization is performed to give
the aluminium a protective finish rendering it thermally and mechanically resistant and non
sticky.

Anodization of aluminium usually takes place in a suitable acidic solution comprising of
chromic/ phosphoric/sulphuric/oxalic/malonic acid in water at a fixed current density
(galvanostatic) or, more commonly, at a fixed bias (potentiostatic). In the case of porous
films, the pore and cell dimensions as well as pore regularity are strong functions of the
applied potential. For example, the established growth rate for the cell size, or the pore
(center-to-center) distance, is 2.5 nm/V [O’Sullivan & Wood, 1970]. Steady-state porous film
formation is maintained by the equilibrium between Al oxidation and oxide-dissolution at
the pore base. Since oxygen is incorporated in the anodic film (in the form of ALOj3), the
volume (thickness) of the formed film is higher than that of the consumed Al. Optimal
conditions for the self assembly of highly ordered pore arrangements were discovered only
after 1995 [Masuda & Fukuda, 1995; Li et al., 1998]. Today, such ordered porous films are
widely employed as mass fabrication tools, i.e. ‘templates’, for a myriad of 1D and
composite nanomaterials in the name of fundamental and/or technological interests
[Martin, (1994); Wade & Wegrowe, (2005)]. The template synthetic method is so versatile
[Hurst et al., 2006; Das, B. & Singaraju, P. (2005); Liang et al., (2002)] that its applications are
as vast as the imagination!

2.2 Ordered porous aluminum oxide films by double-anodization

Pore formation in aluminium oxide films initiates at random locations on the aluminium
surface, and as the anodization progress a self organisation process takes place, which
dictates termination/merging of ‘bad’ pores, resulting in an ordered 2D hexagonal
arrangement (Fig. 1a). This principle forms the basis idea in the formation of highly ordered
AAO templates via the ‘double-anodization” method [Masuda & Fukuda, 1995]. In this
method, the initially formed porous oxide film, with rather less organised top layers, is
removed and the anodization is repeated under similar conditions. As the pores reaching at
the aluminium surface have tube-end-like shapes, removal of the first oxide film leaves the
aluminium surface with highly ordered semi-spherical etch pits (Figs. 1b, 2a), which
thereupon act as seeds for the ordered pore formation via the second anodization,
resulting in non-intersecting, uniform pore channels running straight through the AAO film
(Figs. 1c, 2b).

For template synthesis applications, double-anodized AAO templates are highly preferable
over single-anodized or commercially available AAO membranes (e.g. Whatman Anodisc™
filters) as the latter lacks uniformity in pore size and shape and has little or no long-range
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pore ordering. Further, often the quoted (nominal) average pore size in commercial
specimens shows strong deviations throughout the film.

AAD 0
M - W -

@) (b) ©
Fig. 1. Schematic representation of ordered AAO formation via double-anodization: (a) first
anodization, (b) removal of the first (disordered) oxide, and (c) second anodization.

EHT = 2.00kV Signal A = InLens Date :16 Oct 2008
WD= Smm Photo No. = 5081 Time :10:59:56

Fig. 2. SEM image of (a) the Al surface upon removal of the first anodic oxide film, and (b)
the second anodic oxide film (insets: close-up view of the pore channels). Anodization was
performed in 0.3M oxalic acid, at 40V and 15 °C (24h first anodization).

Commercial templates are typically prepared and lifted off from the supporting aluminium
substrate using a single anodization procedure employing a step-wise voltage reduction
method [Furneaux & Rigby, 1989]. In this process, the anodization voltage is gradually
reduced near the end to about 0V, causing pore splitting, i.e. by formation of cracks in the
alumina “barrier layer” at the pore bottoms, followed by the detachment of the entire AAO
film (owing to its diminished bonding to the Al substrate). Consequently, pores are much
smaller and disordered at membrane surfaces compared to the film interior, albeit it is
typically the surface porosity that is quoted in product descriptions as these membranes are
usually produced for filtration applications. Figs. 3a and 3b compares tilted cross-sections of
an AAO Anodisc™ membrane having nominal pore size of 200 nm with an AAO film
double-anodized in 0.3M oxalic acid at 40V (to enhance imaging pores in AAO film were
enlarged using an isotropic chemical etching following the second anodization). The
contrast in the pore uniformity between these templates is further highlighted in Figs. 3c
and 3d where mechanical polishing is applied subsequent to metal-pore filling by
electroplating (see Section 3 for details on electrochemical template synthesis).

Detailed structural characterizations performed by transmission electron microscopy (TEM)
analysis on AAO films anodized under different conditions reveal that porous alumina
necessitates a porosity of about 10% to be self ordered [Nielsch et al., 2002]. There are three
well-established anodizing regimes that yield in AAO films of this type (Table 1) [Li et al.,
1998]. As the pH of solution is lowered the dissolution rate at the pore base increases, and
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500 nm

Fig. 3. Cross sectional view of (a) Anodisc™ AAQO (quoted pore size 200 nm) and (b)
doubleanodized AAO (0.3M oxalic acid, 40V). (c, d) Topographic view of the same
templates upon pore filling and subsequent mechanical polishing (bright features
correspond to metal nanowires; dark regions correspond to AAO pore walls).

. Interpore Pore density
Electrolyte Bias (V) distance (nm) (per cm?)
H>SO4 (sulphuric acid) 25 63 ~1011
C,H,04 (oxalic acid) 40 105 ~1010
H3PO4 (phosphoric acid) 195 500 ~109

Table 1. The three well-established anodization conditions that lead to self-ordered porous
AAO films.

thus, lower potentials are favored for the self-sustainable growth of ordered AAO films.
Therefore, different self ordering voltages exist for different acid types. As pointed out earlier,
the interpore distance, or the cell size, (L) is defined by the applied potential with a
proportionally constant of 2.5 nm/V [O’Sullivan & Wood, 1970]. In accord, commonly
observed values for self ordered AAO films, if obtained in the above regimes, are L ~ 63, 105
and 500 nm, respectively (Table 1). Outside the optimal range of the anodization potential the
porosity can be remarkably different. For example, reducing the potential from 195 to 160 V in
phosphoric acid increases the film porosity to about 40% [Nielsch et al., 2002]. Increasing the
potential from 40 to 120-150V in oxalic acid (under extreme cooling of the Al/electrolyte
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interface) decreases the porosity to about 3% [Lee et al., 2006]. The electrolyte temperature and
concentration, on the other hand, have only minor effects on template parameters and are
usually set to 0-20 °C and 0.1-0.4 M, respectively. For example, increasing the concentration of
sulphuric acid from 1 to 10 wt %, i.e. from about 0.1 to 1 M, results in a mere 20% reduction in
the cell parameter [Nielsch et al., 2002]. Volume expansion factor (R = Vapos/Vai) of ordered
AAOQO having 10% porosity is determined to be about 1.2 [Jessensky et al., 1998].

In fact, additional to double-anodization strategy outlined above there are other factors used
to improve the template parameters, e.g. the ordered pore domain size. Firstly, Al has to be
annealed for 1-4 h in a non-oxidizing atmosphere, such as that of Ar or Ny, close to the
melting temperature of Al (typically between 400-500 °C). Secondly, the Al surface has to be
de-greased by an ultrasonic treatment in acetone, and then, electro-polished to a mirror
finish in a perchloric acid/ethanol electrolyte, typically of 1:5 vol. ratio, at a bias of 15-25V
for 15-60s (in this process, too, Al is connected as the anode). Finally, the initially non-
circular pore channels can be rounded up, as well as intentionally widened, using post-
anodization chemical etch, e.g. in dilute phosphoric acid at 30-35 °C for 5-15 min.

2.3 Highly ordered porous aluminum oxide films by aluminum pre-texturing
Size of the ordered pore domains in double-anodized AAO extends to a maximum of about
5 um; large numbers of pore defects are still observed at the domain boundaries. In order to
obtain ideally ordered films surface pre-texturing of aluminum has to be realized. Several
methods have been tested for this purpose, and formation of even mono-domain AAO films
has been demonstrated. As it can be predicted, despite its costliness and additional
complexities, lithography aided Al pre-texturing does away the need to perform
double/multiple anodizations since high pore ordering is readily obtained through a single
anodization process. The following are the major routes taken to achieve ideal pore
arrangements in anodic alumina:

- Imprint lithography (pattern transfer via embossing with a SiC mold [Masuda et al.,
1997], SiN mold [Choi et al., 2003], commercial grating [Mikulskas et al., 2001], etc.),

- Focused ion-beam lithography (direct writing on Al [Peng et al., 2005; Robinson et al.,
2007] or via photoresist patterning [Liu et al., 2003]),

- Interference/holographic lithography (laser interference [Sun & Kim, 2002; Krishnan &
Thompson, 2007]),

- Pattern transfer via nano-sphere lithography (self assembly of colloidal particles
followed by embossing [Fournier-Bidoz et al., 2004] or reactive-ion etching [Kim et al.,
2007]), and

- Pattern transfer via (Al) deposition on nano-structured substrates [Nishio et al., 2008].

Each of these approaches has its own advantages and disadvantages. For example, the

molds, i.e. nano-patterned masters, used for embossing of Al have to be custom built for

each application as they must contain nanoscale features that are compatible with the
anodization conditions that lead to self assembly (see Table 1). Despite its cost efficiency and
simplicity nano-sphere lithography cannot yield in mono-domains that extend over large
scales since the self organisation of colloidal particles is inherently limited in perfection.

Nevertheless, depending on the nature of the aimed end-product or the application, a

particular method may stand out due to considerations related to the device geometry,

functionality and/or financial issues. Fig. 4 presents two examples of ideally ordered AAO
films obtained through Al pre-texturing.
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Fig. 4. Fabrication of ideally ordered porous alumina films using Al pre-texturing processes:
Laser interference lithography (a, b) [Krishnan & Thompson, 2007. Copyright Wiley-VCH
Verlag GmbH & Co. KGaA. Reproduced with permission.] and imprint lithography (c)
(Reprinted with permission from [Masuda et al., 1997]. Copyright [1997], American Institute
of Physics.). (a) Surface of an Al thin film (deposited on oxidized Si substrate) is patterned
using interference lithography and wet-etching techniques, (b) pre-patterned Al film is
anodized (at 86V in 5% H3;POysolution), and (c) single-anodized (at 60V in 0.3M C;H>O4
solution) Al foil surface without (left) and with (right) pre-texturing via imprint lithography.

3. Electrochemical synthesis of metal nanowires in anodic alumina templates

Electrochemical synthesis into anodic alumina pore channels can be realized once a
conductive path is formed through the pore channels between the electrolyte (containing
metal ions) and the deposition electrode at the bottom of the pores. This proves to be
particularly difficult for anodic alumina films grown on Al foils as these films inherently
have a thick (several tens of nm), insulating oxide (alumina) barrier layer that separates the
pores from the Al metal.

3.1 Deposition into free-standing membranes

In order to circumvent the above problem there are two classical approaches one can follow.
In the first case, first a sufficiently thick alumina film is formed on Al foil and then released
to obtain a self-standing membrane with through pores using sequential chemical etching of
the nonoxidized Al (Fig. 5a) and the alumina barrier layer (Fig. 5b). Physical vapour
deposition of a thin metal film on one of the membrane surfaces (Fig. 5c) completes the
process of obtaining the desired sample geometry to begin electro-deposition process. (This
is also the geometry attained when using other free-standing membranes, such as
commercial polycarbonate filters [Schonenberger et al., 1997; Whitney et al, 2003], i.e. prior
to electro-deposition). Electrodeposition of MNWs can then be performed using either two-
or three-electrodes conventional direct-current (DC) plating (Fig. 5d). The MNWs grow from
the bottom electrode in a bottom-up fashion. Thus, the length of wires can be controlled at
will simply via changing the deposition time, or more correctly, the charge density. The
process is governed by the Faraday equation, which takes into account the template
parameters (pore size, pore density, porosity, etc.) as well as filling efficiency
[Schonenberger et al., 1997].
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Fig. 5. Fabrication of MNWs via free-standing AAO membranes: a) dissolution of non-
oxidized Al, b) removal of alumina barrier layer, c) metallization, and d) DC electroplating.
Al can be selectively dissolved in an aqueous solution of HgCl,, or CuCl,:HCl, or SnCl, at

the room temperature or under cooling. Barrier layer can be removed (and the pores
rounded) by chemical etching in dilute (~5 wt. %) H3PO4at 30-35 °C.

Using the free-standing AAO membranes, it is possible to substantially widen the pores by
chemical etching, which in turn provides more flexibility in the tuning of nanowires’
diameter and their associated physical properties. These membranes are resistant to heat
treatments up to ~400 °C, after which they start to crystallize and, more importantly,
become distorted via curling up. Furthermore, since it is difficult to obtain thick, self-
standing AAO films with small pores this method is not suitable for the synthesis of MNWs
having small diameters, i.e. <20 nm.

3.2 Deposition into on-substrate anodic alumina/Al templates

In the second case, the AAO layer is kept on the Al substrate while the barrier layer is
thinned/cracked (Fig. 6a), using in-situ voltage reduction method and/or ex-situ (post-
anodization) chemical etching, so as to facilitate its electrical conductivity. Nevertheless, as
the barrier layer cannot be eliminated completely (to preserve the structural integrity of the
AAO/Al pair), electrical conduction remains limited and hence it is necessary to use
alternating-current (AC), rather than DC, deposition (Fig. 6b) employing a high voltage
(~10-25V) and a high frequency (several hundred Hz) [Yin et al., 2001; Metzger et al., 2000].

Fig. 6. Fabrication of MNWs via on-substrate AAO/ Al template: a) barrier layer thinning,
and b) AC electro-deposition.

As an advantage of this method, both thin and thick on-substrate AAO/ Al templates can be
used to prepare MNWs, thus permitting access to the sub-20 nm (pore/wire diameter)
range. The process is relatively simpler compared to that utilizes free-standing membranes.
However, the synthesized MNWSs are often porous and polycrystalline, and are not well
bonded to the Al electrode, which hinder the electrical characterization and electrical
properties of the as-synthesized MNWs. Additionally, due to the existence of the thin ‘in-
between’ alumina layer, it is not feasible to obtain self-standing MNW arrays on the (Al)
substrate by the removal of the AAO template. Another disadvantage of this method is that
the pores cannot be widened to relatively large values, as otherwise delamination of the
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AAO film from the Al surface takes place [Nielsch et al., 2000]. Further, superlattice-type
multilayer MNWs (see Section 3.4) cannot be prepared using the AC deposition method.
The filling efficiency, i.e. percentage of filled pores, is largely dependent on the spatial
uniformity of the method followed to thin down/crack the barrier layer. Finally, ex-situ
heating experiments on the MNWs can be performed, in principle, only up to the melting
temperature of Al (650 °C).

3.3 Deposition into supported thin film anodic alumina/metal/substrate templates

As for AAO films obtained through anodization of thin (~0.5-1 um) Al films deposited on
conductive or metal-coated substrates, often realized is the unique, bridge-like shape and
thinness of the barrier layer [Crouse et al., 2005; Foong et al., 2009]. It is thus relatively easy
to open the pore bottoms to the (conducting) substrate via a brief chemical etching (Fig. 7a).
The MNWs can then be grown in the conventional bottom-up manner using DC
electroplating (Fig. 7b).

Fig. 7. Fabrication of MNWs via supported AAO film: a) removal of bridge-like barrier
layer, and b) DC electro-deposition.

Major benefits this method are that it allows ex-situ annealing temperatures up to 1000 °C
[Mallet et al., 2005] and that robust free-standing MNW arrays can be obtained by etching of
the thin film template [Matefi-Tempfli et al., 2009]. One of its drawbacks is that high
vacuum deposition is required for the growth of Al films as well as several metallic
interfacial layers, which typically entails an inert (Au or Pt) film (bottom electrode for
electrodeposition) and a buffer layer(s), such as Ti, Nb, etc., used for adhesion and
prevention of substrate oxidation via the anodization process. Moreover, the degree of pore
ordering remains relatively poor, even if double-anodization is applied, because of the
limited thickness of the starting Al film. Thus, for cases where pore/wire ordering is of
crucial importance the Al pre-texturing method appears to be the most viable option.

3.4 Deposition of multilayer metal nanowires

Simple multilayered MNWs can be produced by changing the electrolyte and deposition
bias for each component at a time. More complicated multilayer designs, such as the
A/B/A/B/... type superlattice [Piraux et al., 1994], on the other hand, can be synthesized
from a single bath by alternating the deposition voltage, albeit one of the layers always
turning slightly impure (due to doping with other metals in the bath). In this process, the
ionic concentration of the metal that can be reduced at lower (over)potentials is kept
relatively very low (~1:100). At low potential pulse only these ions are deposited in layer A,
whereas at higher potential pulse more than one type of ions is reduced in layer B.
However, as there is a marked difference in ionic concentrations layer B is considered as
nearly pure in the more concentric metal. Galvanostatic pulses can also be used to form
multilayer MNWs. Fig. 8 illustrates close-up view of a Fe/ Au (magnetic/optical) multilayer
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nanowire obtained via galvanostatic pulses in an Anodisc™ AAO membrane with ~200 nm
pores. Such MNWs combine useful properties of the respective components, offering
enhanced functionalities with respect to those of the individual layers.

Fig. 8. Transmission electron micrograph and energy-dispersive X-ray elemental line
scanning result (blue/light Fe, red/dark Au) of a superlattice nanowire obtained using 10
mA cm?2 (for Fe) and 0.5 mA cm2 (for Au) pulses from an electrolyte containing FeSO,,
KAu(CN)y, and H3BO3 with pH~3.5 [Lee et al., 2007. Copyright Wiley-VCH Verlag GmbH &
Co. KGaA. Reproduced with permission.].

4. Applications of metal nanowires

4.1 Perpendicular magnetic data storage media

Recent roadmaps and reviews on hard disc drives indicate that a transition from
longitudinal to perpendicular magnetic recording is taking place in these years, which may
lead the storage density to increase to the 1 Tbit/in2 levels [Kaitsu et al., 2006; Richter et al,
2007]. To realize perpendicular recording, it is necessary to have thin films containing high
density of single-domain hard magnetic grains, or nano-particles, with out-of-plane
anisotropy. In other words, magnetization easy axis of the individual recording elements
(bits) must be aligned in the out-of-plane direction. Such anisotropy can be imposed, for
example, by controlling either or both of the magneto-crystalline (via crystal orientation)
and shape anisotropies of the magnetic particles. In this context, high aspect ratio
nanoparticles or appropriately textured grains are desirable.

Due to the shape anisotropy effect, it is much easier to magnetize a 1D ferromagnet to its
saturation using a longitudinal field. As depicted in Fig. 9a, for ferromagnetic nanowires
below a critical diameter the single-domain state can be attained if the applied magnetic
field is aligned parallel to the wire axis. On the other hand, multi-domain state results in if
the field is applied in transverse direction (Fig. 9b). Compact nanowire arrays are, therefore,
among the candidates for perpendicular storage applications. However, as for any magnetic
system, the overall (effective) anisotropy of the nanowire array, and hence its suitability for
these applications would be determined by many factors via the equation
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Hef = Hshp + Hcrys + Heps + Hy (1)

where H,y is the effective anisotropy field, Hgy, the shape anisotropy field, Hcys the
magnetocrystalline anisotropy field, Heis the magneto-elastic (or strain related) anisotropy
field, and H, represents other fields present, e.g. the external field, magnetostatic (inter-
particle) interaction fields, etc. Nanowire arrays embedded in ordered nano-templates thus
represent a test-bed for the observation and investigation of these individual anisotropies.
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Fig. 9. Domain-imaging of a single 35 nm Co nanowire by magnetic force microscopy after
saturation in a magnetic field applied (a) parallel and (b) perpendicular to wire axis
(Reprinted with permission from [Ebels et al., 2000]. Copyright (2000) by the American
Physical Society.). (For Co wires with aspect ratio of 10, the critical diameter is 140 nm.)

Ordered and high pore density AAO templates offer an opportunity to study the role of
magnetostatic interactions [Clime et al., 2006; Fodor et al., 2008] as well as other anisotropies
[Kumar et al., 2006] in determining the magnetic behaviour of densely packed ferromagnetic
nanowire array films. Recently, size effects were investigated in uniform Co wires
embedded in double-anodized oxalic acid AAO templates [Kartopu et al., 2008a]. Fig. 10
shows that the templates and arrays are well ordered. Magnetization data (Fig. 11) indicate
that the axial hysteresis loops are sheared, that is quite large fields are required to saturate
these arrays, due to strong magnetostatic (wire-wire) interactions. Effective anisotropy is
determined by the interplay between the shape anisotropy and magnetostatic fields. As the
wire diameter is increased magnetization easy-axis rotates from out-of-plane to in-plane
direction. Further, as opposed to dipolar approximation, which suggests a continuous
increase in interaction field with particle volume (length) [Grimsditch, 1998; Rivas et al.,
2002], interestingly the H,y or magnetostatic fields first tend to increase with wire length, i.e.
the aspect ratio (7) and then saturates. This behaviour is satisfactorily predicted by
calculating the interaction energy for a pair of cylindrical ferromagnetic wires with high
aspect ratio (7> 2) [Clime et al., 2006; Beleggia, 2004].

4.2 Giant-magnetoresistive multilayer nanowires

One of the early applications of template synthesized nanowires involved the use of
magnetic/non-magnetic superlattice MNWs in realization of the giant magnetoresistance
(GMR) effect in the current-perpendicular-to-plane (CPP) mode [Piraux et al., 1994]. The
GMR effect, discovered in vacuum deposited (Fe/Cr) multilayer thin films by the late 1980s
[Baibisch et al., 1988; Binasch et al., 1988] and commercialized in the late 1990s [Gochowski
et al., 2003], has brought the 2007 Nobel Prize in Physics to its discoverers (Griinberg & Fert)
[The Nobel Foundation, 2007]. High sensitivity of the GMR magnetic sensors (‘readout
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Fig. 10. Typical SEM image of (a) a double-anodized oxalic acid AAO film (~40 nm pore
size), (b) topographic and (c) cross-sectional view of Co wire arrays deposited inside AAO
pore channels (Reprinted with permission from [Kartopu et al., 2008a]. Copyright [2008],
American Institute of Physics.).
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Fig. 11. Magnetization (M-H) curves as functions of (a) wire diameter (40-70 nm), and (b)
wire length (0.2-10 pm) for Co nanowires in AAO templates collected parallel (dashed) and
perpendicular (line) to wire axis. In (a) wire lengths are min. 4 um; in (b), the wire diameter
is fixed to about 40 nm. Insets in (a) show cross-sectional SEM images of the AAO templates
used (dark lines correspond to pores). (c) Slope at zero field (dM/dH) and the effective
anisotropy field (Hep) calculated using the M-H curves in (b). Also shown (top panel) is the
calculated magnetostatic interaction energy (Eix) for two axially magnetized intreracting
wires with inverse distance of p(r/d) = 0.4 and 7> 2 (Reprinted with permission from
[Kartopu et al., 2008a]. Copyright [2008], American Institute of Physics.).

heads’) enabled the enhancement of hard disc storage density. When the spins in the
magnetic layers are aligned (e.g. upon application of an external field), resistance of the
structure is reduced with respect to the initial ‘random’ spin state. In all-metal based thin
film structures the GMR effect can practically be observed only when the flow of current is
in the film plane (CIP mode) since the film resistances, and so the resulting GMR signal
(fractional change in film resistance under applied field), are too low in the CPP
configuration due to the insufficient film thickness (~1 um). This is a drawback considered
larger GMR values are expected in the CPP geometry [Pratt et al, 1991; Valet & Fert, 1993].
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However, this is not the case for high aspect ratio MNWs in which the current naturally
flows through the wire. Further, due to the fact that the relevant scaling lengths are the
electron mean free path (4.5) for the CIP geometry and the spin diffusion length (A1) for the
CPP geometry and that Aq>>A5 the 1D wire-like structure tolerates thicker layers. This, in
turn, is beneficial to maintain a layer thickness uniformity and reproducibility from the
production point of view.

Fig. 12 presents the first example of GMR-MNWs [Piraux et al., 1994]. The wires consisted of
alternating Cu/Co layers pulsed deposited from a sulphate bath containing 103 M Cu ions
and 0.5 M Co ions into the 10 pm long pore channels of a polycarbonate filter. At -0.2 V
pulses almost exclusively Cu is deposited, while at -0.9 V pulses Co is deposited along with
about 10% Cu. A thin Cu film evaporated onto the template surface ensured contacting of
many wires to the bottom electrode (also Cu) deposited prior to electrodeposition process.
Ferromagnetic characteristic of the Co layers was verified by magnetization measurements,
and the maximum room temperature GMR measured about 15% (Fig. 12b).
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Fig. 12. (a, b) TEM images of [Co (10 nm)/Cu (10 nm)] multilayer nanowires (Co dark
bands, Cu light bands), and (c) M-H curve and percentage magnetoresistance for a [Co (7
nm)/Cu (3 nm)]*1000 sample at room temperature (Reprinted with permission from [L.
Piraux et al., 1994]. Copyright [1994], American Institute of Physics.).

In subsequent years, more studies on multilayer GMR-MNWs were conducted also utilizing
Anodics™ [Evans et al., 2000; Tang et al., 2007] and double-anodized AAO [Ohgai et al., 2003;
Tan et al., 2008; Huang et al., 2009] templates. It is claimed that the alumina template based
nanowires provided larger values of GMR with respect to those grown in polycarbonate
membranes [Evans et al., 2000; Ohgai et al., 2003]. Nevertheless, compared in general to the
multilayer thin film systems the typical GMR values obtained from MNWs remain superior to
those of electrodeposited thin films, and rather close to those of vacuum deposited thin films
[Bakonyi & Peter., 2009]. Temperature dependent investigations on the effects of layers
thickness and periodicity allowed the calculation of important physical values, such as A and
interface and bulk scattering parameters [Piraux et al., 1998], for the used metals. For example,
Asar of Co at room temperature is calculated to be ~38 nm, and a crossover from interface-
dominated to bulk-dominated GMR occurs around Co layer thickness of 8 nm in Co/Cu
multilayer MNWs. In another study, it is verified that the GMR of nanowires increased with
the number of magnetic/non-magnetic bi-layers [Ohgai et al., 2003]. It is also observed that the
nanowire arrays having isotropic properties, i.e. without definite easy axis of magnetization,
display the highest magnetoresistance [Tan et al., 2008; Huang et al., 2009].
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4.3 High resolution scanning probe microscopy tips

The spatial resolution of scanning probe microscopies depends heavily on the geometry and
sharpness of the tip. Atomic force microscopy (AFM) enabled by carbon nanotube (CNT)
tips is well known (see review article [Wilson & Macpherson, 2009]) and recently became
commercialized [Nanosensors, 2008]. Metal based tips, on the other hand, are appealing for
conducting AFM (also called electrical force microscopy, EFM), scanning surface potential
microscopy (SSPM), and magnetic force microscopy (MFM) as well as AFM combined with
near-field scanning optical microscopy (NSOM) or tip-enhanced Raman spectroscopy
(TERS) [Renishaw plc, 2009; AIST-NT, 2009]. The CNT-tips can be obtained, for example, by
chemical vapour deposition (CVD) from a catalyst particle at the end of a regular micro-
fabricated AFM tip [Yenilmez et al., 2002], or by ‘picking-up” from a substrate by scanning
with a silicon tip [Hafner et al., 2001]. Metallic tips can be formed by electrochemical etching
of a metal wire/tip [Gingery & Buhlmann, 2007], physically coating a CNT-tip [Deng et al.,
2004], or by self assembly [Garcia-Martin et al., 2004]. Fig. 13 depicts an example of self
assembly-prepared Co nanowire tip and its potential in MFM imaging.

Fig. 13. (a) A self-assembled 30 nm Co nanowire MFM tip, and (b) magnetic domains on
NiFe micro-patterns (sides 400 and 600 nm) revealed using a tip as that in (a). Spatial
resolution is about the wire diameter. [Garcia-Martin et al., 2004. IOP Publishing.
Reproduced with permission.]

For a high aspect ratio Co wire the shape anisotropy field, Hgy = 2nMs, amounts to 700
kA/m (~8800 Oe), where M; is the saturation magnetization. Thus, even hard magnetic
specimens can be studied using such nanowire-tips, without inflicting a change in the
direction of tip’s magnetic field, that is for sample (stray) fields of up to Hg,. Morever, it
should be possible to improve the spatial resolution of the MFM imaging by further
reducing the wire diameter.

4.4 Substrates for surface-enhanced Raman scattering

Surface-enhanced Raman scattering (SERS), a phenomenon known since 1970s [Fleischmann
et al., 1974], relies on the electromagnetic enhancement (EM) on noble metal nanostructures
for enhancing the Raman signal of surface-adsorbed chemical molecules. While ordinary
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enhancements can be up to 106, in the late 1990s, even the Raman fingerprint of a single
molecule was observed from certain nanoparticle aggregates, which also utilized other
resonance effects [Nie & Emory, 1997]. In these experiments, Raman enhancements on the
order of 1013-1014 were calculated. There is a consensus now that the metal nanoparticles must
be as close as possible, but not touching, to each other in order to provide such hot spots.
Compact, ordered and controllable pore structure of porous AAO templates combined with
the ease and versatility of metal nanowire/nanodot production by electrodeposition makes
template fabricated metal nanostructures attractive for SERS studies. For these experiments, as
illustrated in Fig. 14a, the templated metal nanostructures must be exposed to the
electromagnetic excitation (typically a visible laser beam), which would also increase the area
of metal surface for the adsorption of analyte molecules. Field enhancement for SERS in
nanoparticle arrays has been studied by many researchers [Garcia-Vidal & Pendry, 1996; Kahl
& Voges, 2000; Genov et al., 2004]. Particularly relevant here, the analytical result from [Genov
et al., 2004] is plotted in Fig. 14b for an ordered vertically-aligned Ag nanowire array
embedded in air at the wavelength of a common laser line (He-Ne, 633 nm):
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where m = |Eo|/E1, t = (m/y - 1), E;y = Eo(1 - ix) dielectric function of the metal, x the loss
factor, E; the dielectric function of the medium, and y is the inverse interparticle distance
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Fig. 14. (a) Illustration of an array of MNWs partially exposed out of an AAO template, and
(b) Calculated EM enhancement factor at 633 nm for an Ag nanowire array as in (a).
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As can be seen from Fig. 14b, the EM enhancement factor (G) increases rapidly up to 108
with inverse distance (y) and then saturates to a value about 107. With the addition of
chemical (CHEM) enhancement (a factor of about 102 [Campion & Kambhampati, 1998]),
arising mainly from the charge transfer between the molecule and substrate, typical SERS
enhancement power of such a substrate can be as high as 1010.

As a thumb of rule, the distribution in the length of electrodeposited nanowires in porous
template channels increases with the wire length. Therefore, in order to have uniform length
MNWs for SERS studies either the deposition time must be shortened, yielding nanodots
rather than nanowires [Kartopu et al., 2006; Wang et al, 2006], or the initially long MNWs
must be levelled by an appropriate post treatment, such as mechanical polishing [Kartopu et
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al., 2008b] and ion milling [Sauer et al., 2005]. In the latter case, a chemical etching may be
applied to increase the exposed area of nanowires (Fig. 15a and b). An in situ chemical
etching (in dilute H3POy) is used to probe the temporal change in the SERS spectrum of
analyte molecules adsorbed on MNWs/Ag nanowires (Fig. 15c) [Sauer et al., 2005]. The
signal intensity first increases to a maximum and then decreases rapidly before it completely
vanishes. In the first regime, surface coverage of molecules increases with time, i.e. the area
of newly-exposed (lateral) wire surfaces, while in the second regime the order of array
coarsens considerably, and eventually leads to collapsing of the wires. The molecules
attached to the lateral wire surfaces may experience stronger enhancements due to
(increasing) interparticle interactions, i.e. multipolar fields. If this assumption is valid, it
would also explain why a maximum is observed in Raman enhancement as well as the
disappearance of the signal (when the wires start to make contact/collapse).
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Fig. 15. Mechanically polished Ag nanowires/ AAO composite after (a) ‘mild-etching’, and
(b) “‘over-etching’ of the (AAO) pore walls in diluted H3POs,. (c) Data from [Sauer et al., 2005]
(Reprinted with permission. Copyright [2005], American Institute of Physics.) showing
(upper panel) a levelled Ag nanowire array in AAO and (lower panel) the dynamic change
in the SERS spectrum of oxazine 170 molecules (adsorbed on Ag surfaces) excited at 633 nm
with the in situ etching time. [A close-up view sample in (b) was also given as Fig. 3d].

4.5 Metamaterials

Another interesting use of MNWs fabricated in AAO templates could be in the field of
negative index metamaterials, which are currently considered as the ‘superlens’ for high
resolution imaging application. Metamaterials are artificially designed nano-composites
possessing remarkable optical properties that do not exist in nature. They are capable of
changing the propagation of light and can result in its negative refraction (Fig. 16a). Several
theoretical models predict that metal-dielectric nano-composites based on a thin slab of
AAO (dielectric) infiltrated with high aspect ratio Ag (or Au) nanowires can support a
negative (effective) permittivity in the visible and infrared [Ao & He, 2005; Menon et al.,
2008], meaning certain polarization of light could undergo negative refraction through this
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medium. Experimental evidence on this phenomenon has recently been obtained (Fig. 16)
[Yao et al., 2008].
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Fig. 16. The first experimental observation of negative refraction from the AAO/MNWs
composite system. (a) Schematic of negative refraction through the ALO3;/Ag
nanocomposite and close-up views of an ordered AAO template (scale bars: 500 nm). (b, c)
Intensity and lateral displacement of the transmitted light (with respect to the centre of
contact of the incident light) at two different wavelengths measured at the exit surface of
AAO/ Ag composite films of 4.5 pm (b) and 11 um (c) thickness [horizontal size of (b) and
(c) are 5 and 12 pm, respectively]. (d) Dependence of refraction angles on incidence angle for
TM and TE polarizations at 780 nm. The group refractive indices of the metamaterial are
calculated to be -4.0 and 2.2 for TM and TE polarizations, respectively [Yao et al., 2008]
(Copyright 2008 by the American Association for the Advancement of Science).

It is commonly reported that transmission/absorption spectra of Ag or Au nanowires
synthesized in AAO pores display two distinct bands depending on the excitation
conditions. One of these resonances occur near the position of bulk plasmon resonance
characteristic of the metal (~380 nm for Ag and ~500 nm for Au) for both S (or TE) and P (or
TM)-polarizations at all angles, while the other resonance band is observed in the red (for
Ag nanowires) or infrared (for Au nanowires) wavelengths for only P (TM)-polarized light
for incidence angles grater than about 10 degrees [Evans et al., 2008; Menon et al., 2008].
Consequently, while the former band is due to transverse resonance of the nanowires, the
latter band occurring at higher wavelengths can be attributed to longitudinal plasmon
resonances associated to the long axis of the nanowires. The longitudinal mode is shown by
appropriate modelling to be a collective property of the nanowire array, rather than that of
the individual wire, as otherwise it would be expected at much higher wavelengths (in
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infrared) [Evans et al., 2008]. From these theoretical and experimental results it appears that
the longitudinal resonance mode of nanowires has to be excited (with TM polarized light)
for the AAO/MNWSs composites to show the negative refraction phenomenon. Further
studies should elicit further particulars of this interesting, low cost metamaterial system.
Among potential application areas are waveguiding, imaging, optical communication, and
biosensing [Yao et al., 2008; Kabashin et al., 2009].

4.6 Nano-optics and molecular electronics

Multi-layered or -segmented MNWs are expected to be used as novel characterization tools
in fields of nano-optics and molecular electronics due to the fact that wire dimensions and
composition can be precisely tuned and that the wires can be manipulated by simple
solution-based processing methods [Martin & Baker, 2005; Hurst et al., 2006]. A recently
developed technique, coined ‘on-wire lithography (OWL) [Qin et al., 2005], which results in
notched nanowires with unprecedentedly small gaps is likely to provide huge impetus in
these regards. In OWL, first an arbitrarily designed multi-layered MNW array is obtained in
the pore channels of a nano-template as described in Sec. 3.4. The wires are then liberated by
complete dissolution of the template and placed on a flat substrate. In order to prevent
collapsing of the nanowire architecture in the final step, the top semi-surface of the wires is
coated with a thin film that is resistant to chemical etching. Wires are then loosened off the
substrate (by ultrasonic agitation), and then a selective chemical etch is applied to remove
only certain metal segments. The result is notched, discontinuous nanowires with the
backing of a thin film (Fig. 17).

(a

)
Nanogap
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Fig. 17. OWL-produced notched nanowires: (a) Schematic illustration, and (b, c)
micrographic views. Data reproduced from [Qin et al., 2005] (Copyrigt 2005 by the
American Association for the Advancement of Science).

Nano-gaps down to 5 nm have been demonstrated, whereby dip-pen lithography-aided
positioning of polymer molecules within 13 nm gapped-wires (contacted by standard
microlithography techniques) provided evidence on the existence and electronic behavior,
i.e. conductivity, of the molecules [Qin et al., 2005]. In another case, Au nano-discs with
controlled sizes and gaps were obtained by OWL and employed in novel experiments
designed for systematically studying hot spots produced due to interparticle couplings [Qin
et al, 2006]. In these optical experiments, the electromagnetic enhancement (EM) was
studied using SERS effect (see also Sec. 4.4), and it is verified that SERS enhancement factor
was at least two orders of magnitude higher for any pairs/multiples of discs with a nanogap
compared to an isolated disc. Further, optimum gap and disc sizes were determined at a
given excitation wavelength. These experiments demonstrate the potential of multilayer
MNWs in the fields of molecular electronics and nano-optics, considering that extremely
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small nanogaps can be produced controllably and reproducibly using a simple method
without the need of expensive lithography techniques.

4.7 Biological tags

Perhaps the most straightforward application of multi-segmented MNWs is in the field of
biological labelling. Wires formed of metals that support strong plasmon resonances in the
visible, i.e. Ag, Au, and Cu, can be routinely prepared having unique combinations of layer
thicknesses and periodicities. These metals scatter visible light so strongly that even
individual segments that are much smaller than the wavelength can be viewed using a
standard optical microscope system with white illumination source (Fig. 18) [Nicewarner-
Pena et al.,, 2001, Mock et al, 2002]. If spotted on a certain biomolecule, an arbitrarily-
designed (or “-coded’) multi-segment wire can act as a fingerprint for the rapid and simple
identification of the biomolecule (among others). To exemplify the capabilities of this
encoding system, a nanowire containing 13 segments and made of two metals (e.g. Ag/Au)
is calculated to have 4160 permutations [Nicewarner-Pena et al., 2001].

Fig. 18. (a) Optical and (b) SEM images of an Ag/Au multi-segmented nanowire with ~550
nm Au and 60, 110, 170, and 240 nm (bottom to top) Ag segments [Nicewarner- Pefia etal.,
2001] (Copyright 2001 by the American Association for the Advancement of Science). Ag
segments look brighter in (a) and darker in (b). (c) Optical image of a three-metal nanowire
(Reprinted with permission from [Mock et al, 2002]. Copyright [2002], American Chemical
Society.).

4.8 Field-emission electron emitters

One-dimensional nanostructures (nanowire, nanotube) with high aspect ratio and low tip
diameter are recognized as ideal field-emission (FE) electron sources, which are potentially
useful as emitters in flat panel displays. Particularly carbon nanotubes (CNTs) have been the
subject of considerable study [Heer et al., 1995; Collins & Zettl, 1997]. More recently, FE
properties of ‘nanowhiskers’ of metal oxides [Luo et al., 2004] and metals [Kim et al., 2008]
have also attracted interest. CNTs are usually produced by chemical vapour deposition
(CVD) and hence requires high growth temperatures (>500 °C) which limits the choice of
substrate. In addition, nanowiskers lack structural alignment and makes it difficult to
control the density and aspect ratio of the emitters which are important parameters for
tuning the FE threshold and current density. Therefore, use of template-synthesized CNTs
[Quy et al., 2006] and room-temperature electodeposited MNWs [Vila et al., 2004] in ordered
templates becomes attractive for FE applications. Fig. 19a depicts the common triode-type



Fabrication and Applications of Metal Nanowire Arrays Electrodeposited in Ordered Porous Templates 131

experimental set up for detecting nanotube/nanowire field emission. Typically a high
voltage on the order of a few kV is applied to the cathode (sample) for it to emit brightly.
The current-voltage (I-V) characteristics are usually analysed with the Fowler-Nordheim (F-

N) relationship:
: ﬂ 2E 2 B B ¢ 3/2
J = A(—¢ Jexp ( BE ) )

where A and B are constants, Sis the field enhancement factor, ¢ work function of the metal,
and the electric field is given by E = V/d with V the applied voltage and d the grid-cathode
distance (spacer thickness, see Fig. 19a). The enhanced local field at the wire/tube tip is
given by E; = pE. Desirable properties for a FE device are the low turn-on voltage, high
current density, and good emission homogeneity. Fig. 19b presents typical results for the
grid and anode currents obtained from a Co nanowire array template-synthesized on a
metallised silicon substrate [Vila et al., 2004]. In these experiments, the density of the wires
was kept as low as 107/cm? to avoid screening/interference effects between the wires
[Collins & Zettl, 1997]. Ratio of anode to cathode currents is constant while the calculated
enhancement factor was almost the same as the aspect ratio of the Co wires. The turn-on
voltage (12 V/um) is comparable to that of CNTs (1-10 V/um) [Davydov et al., 1999].
Deviation from the F-N relationship (solid line) at higher fields is attributed to an undesired
serial resistance (R = 4 MQ) in the experimental set-up.
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Fig. 19. (a) Schematic of nanotube/nanowire FE experimental set-up (triode configuration).
(b) FE characteristics of Co nanowires template-synthesized on metal-coated silicon
substrate determined using a set-up similar to that in (a). Inset shows a micrograph of the
Co nanowire array. (Data adapted from [Vila et al., 2004]. (Copyright [2004], American
Chemical Society. Reproduced with permission.).

A unique advantage of field-emitting nanostructures” synthesis with thin film AAO templates
(see also Sec. 3.3) is that established microelectronic processing technologies can also be
applied to obtain FE display pixels and novel devices [Quy et al., 2006; Matéfi-Tempfli et al.,
2008]. Interest in recent theoretical studies focuses on optimum array parameters for
maximum enhancement factor (f) and current density [Kim et al., 2009]. It is noted that fand
current density, which are strong functions of the aspect ratio and spacing of emitters, applied
field, and so on, actually do not require very dense arrays [Kim et al., 2009].



132 Electrodeposited Nanowires and Their Applications

4.9 Gas sensors

Much of the work devoted to chemical sensors based on 1D nanostructures are aimed at
developing high sensitivity gas sensors operating at low temperatures. Metal and metal
oxide nanowires obtained on the step edges of highly-oriented pyrolytic graphite (HOPG)
substrates have proven to be suitable for such sensing applications [Murray et al., 2004;
Favier et al., 2001]. For example, palladium (Pd) nanowires were shown to exhibit excellent
performance in the detection of high concentrations (above 2%) of hydrogen (H,) [Favier et
al.,, 2001]. This was explained to be due to the rather porous/discontinuous character of the
Pd wires. When subjected to H» the Pd wires were observed, by in situ AFM imaging, to
swell considerably (due to formation of PdH, on Pd surfaces), thereby closing the gaps
between nano-grains and allowing the wire to conduct electricity. Therefore, these peculiar
wires acted effectively as hydrogen ‘switches’. Despite the success of such HOGP-grown
nanowires, other ‘continuous’ 1D architectures are desirable for sensing of low and ultra-
low concentrations of Hy and other gases (CO, NO,, volatile organic compounds, etc.). With
this aim in mind, several studies were conducted to synthesize and exploit MNWs in AAO
templates [Kartopu et al., 2008c; Kim et al., 2006; Kolmakov et al., 2003]. Pd nanowires were
DC electrodeposited in free-standing (Fig. 20a) as well as on-substrate thin film AAO
templates (Fig. 20b). High sensitivity of such structures was verified using the set-up
depicted in Fig. 20c, where the self-standing Pd array is contacted through the metallic
substrate as the bottom contact and a sharp tip on the top. Fig. 20d shows that low
concentrations (~0.2%) of Hy can be detected in a reversible manner.

In another study, first metallic tin (Sn) nanowires were obtained by AC deposition in AAO
templates, then released from the template and converted by thermal annealing to SnO»
nanowires (30 nm radius), which were subsequently used in sensing experiments in the
form of single-nanowire devices prepared by micro-contacting [Kolmakov et al., 2003]. It is
observed that the initially conducting SnO; wire became dramatically an insulator in the
presence of sufficient oxygen (ca. 10% in nitrogen), which indicates that charge-depletion
(due to adsorption of oxidizing species in atmosphere) has deprived the entire wire of its
carriers. The characteristic electron exchange length (Debye length, Ap) for SnO; is on the
order of ~40 nm (at 500 K). Accordingly, whilst charge-depletion remains to be a ‘surface’
phenomenon for the bulk, it was possible to switch low-diameter SnO, wires between the
conducting and insulating states. Despite the promising results with phase-change MNWs,
process of contact formation onto the sensing element (single wire or wire array) needs to be
improved to increase sensitivity.

Recently, a simple yet effective approach has been introduced which yields metal-oxide-
metal (MOM) nanowires (Fig. 21a) [Tresback et al., 2005]. In this process, first multi-segment
MNWs are synthesized in AAO template, released from the template and then a segment of
the wires is selectively oxidised by annealing at a temperature low enough to keep other
segments metallic. Results pertaining to a single-wire (Au-NiO-Au) gas sensor (prepared by
micro-contacting) are presented in Fig. 21b and c. Compared to an ‘all-oxide” NiO single-
wire device, the MOM sensor performs reasonably well for detecting low concentrations
(<1%) of CO, despite the sensor response and recovery times are rather too long.
Optimization would be needed for applications requiring compact sensors with low power
consumption and high sensitivity. Such nanosensors, if combined in-parallel with others,
are believed to lead to realization of the ‘electronic nose’ concept [Sysoev et al., 2006].
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Fig. 20. Self-supporting Pd nanowires on metallic substrates prepared using free-standing
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(a) and supported thin film AAO (b) templates. (c) Set-up used for gas sensing experiments.

(d) Hz-sensing performance of the array in (b) at room temperature. Data in (a) is
reproduced with permission from [Kartopu et al., 2008c] (Copyright [2008], Elsevier). Data
in (b-d) is reproduced with permission from [Kim et al., 2006] (© [2006], IEEE).

40

150°C

3

@

Au

2
(wdd) uopeayuu0) 03

Current (nA)

g

Au—NiO—Au MOM Nanowire

> | 017 AlI-O‘xi/deN‘loNanawire 3
" f
_Ajm R I
(@) (b) ©)

Fig. 21. (a) A template-synthesized Au-SnO,-Au MOM nanowire at two different
magnifications (Reproduced with permission from [Tresback et al., 2005] (© [2005], MRS).
(b) Micrograph and (c) CO gas-sensing performance of a Au-NiO-Au MOM nanowire
contacted using Pt-wires grown by focused ion beam (FIB) synthesis. In (c), also shown is
the response of an all-oxide NiO nanowire synthesized and contacted in similar fashion
(Reproduced with permission from [Tresback et al., 2008] (© [2008], MRS).
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5. Conclusion

Fabrication, properties, and prominent applications of electrodeposited metal nanowires in
porous anodic alumina templates have been presented. Both single component and
multilayer nanowires can be prepared with ease, high reproducibility, and versatility.
Compatibility of the produced structures with further processing methods, such as simple
solution-based processing methods and established microelectronic processing technologies,
makes these systems very attractive for a myriad of applications, ranging from chemical
sensors to magnetic sensors, perpendicular data storage to field-emission electron sources,
and from metamaterials to molecular electronics. Due to the limited spacing, and overlaps
with previous reviews on the topic, several other interesting applications/properties, such
as high-sensitivity nano-electrode arrays [Martin, 1994] and pH sensors [Antohe et al., 2009],
superconductivity [Kline et al, 2006], thermoelectric power generation [Sommerlatte et al.,
2007], etc. have not been presented. This chapter merely aimed at introduction of the basics
and updated information on this young and dynamic research field, hoping that it will
encourage both researchers and industry to make new initiations, and yield further nano-
technological concepts and fruitful applications in various disciplines of science and
engineering.
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1. Introduction

Nowadays one of the most exciting areas in materials science is the study of nanomaterials
due to their potential applications in fields as diverse as optics, electronics, catalysis,
magnetism, electrochemistry, information processing and storage, etc. Preparation of
inorganic, organic or organic-inorganic hybrid materials in the nanometer scale can be
achieved either by physical or chemical methods. In many cases it requires the use of solids
presenting voids or cavities in which the material can be synthesized (Ozin, 1992). This field
of nanotechnology represents an exciting and rapidly expanding area of research that
crosses the borders between physical and engineering sciences. These ideas have driven
scientists to develop methods for making nanostructures such as nanowires and nanotubes.

Preparation of magnetic materials in the nanometer scale can be achieved by different
methods, such as electrochemistry, nano-print techniques, physical deposition combined
with micro-fabrication method etc. These techniques have been developed along with a
significantly enhanced fundamental understanding (Cao, 2004; Xia et al., 2003; Huczko,
2000; Burda et al., 2005), though the field is involving rapidly with new synthesis methods
and new kinds of nanowires or nanotubes. For the growth of nanowires and nanotubes,
evaporation condensation growth has been demonstrated for the synthesis of various oxide
nanowires and nanotubes. Similarly, dissolution-condensation method has been used for the
synthesis of various metallic nanowires from solutions. Various elementary and compound
semiconductor nanowires have been synthesized by vapor-liquid-solid (VLS) growth
method (Duan & Lieber, 2000). Substrate ledge or step induced growth of nanowires or
nanotubes, has also been under investigation (Zach et al., 2000). Among all these methods,
the template-based electrodeposition is a very simple, effective, versatile and a low cost
technique for the growth of nanowires and nanotubes of various materials. Particularly, the
inexpensive formation of periodically ordered structures (e.g., nanotube and nanowire
arrays) with a periodicity lower than 100 nm has triggered extensive activities in research.
The present, huge progress in nanotechnology is a direct result of the modern trend towards
the miniaturization of devices and the development of specific instrumentation that could
visualize the nanoworld and allow surface to be studied at nanoscale resolution (Eftekhari,
2008). Practically all the traditional and modern experimental methods for materials growth
are used to grow different nanostructured systems and as well as low dimension devices.
The differences among the standard techniques of materials growth and the associated
growth mechanisms have given place to two well defined strategies for nanostructures
fabrication, i.e., nanophysics and nanochemistry (Ozin, 1992) also identified in the current
scientific literature as top-down (Lundstrom, 2003) and bottom-up (Yang, 2003),
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respectively. Although, it is impossible to define with absolute clarity the frontiers between
nanophysics and nanochemistry to obtain the best performances in nanostructures
fabrication but the combination of both strategies has obtained successful results and allows
to understand the different properties and factors like higher storage and velocity of
information transmission, quantization of the conductance, enhanced mechanical properties,
etc. (Alivisatos, 1996; Brus, 1994; Krans et al., 1995), particularly those related with the next
generation of nanoelectronic devices (Dobrzynski, 2004). The strong reduction of the
dimensions and precise control of the surface geometry of nanostructured materials has
resulted in the occurrence of novel and unique magnetic and magnetization properties.
Ferromagnetic nanowires and nanotubes exhibit unique and tunable magnetic and
magnetization properties due to their inherent shape anisotropy. Current interest in
research on ferromagnetic nanowires and nanotubes is stimulated by their applications in
different fields such as magnetism, optics, electronics (Li et al., 1999), spintronics,
electrochemistry, magnetic catalyzer or absorbent, magneto- or bio-sensors, micro-
electromechanical systems (MEMS), future ultra-high-density magnetic recording media
(Sun et al., 2000) and biotechnology (Escrig et al., 2007). An ideal ultrahigh density recording
medium would have a nanostructure with magnetically isolated small grains. The ultrahigh
density magnetic recording with 1 bit down to nanosize is touching the superparamagnetic
limit. To overcome this limitation, the possible method is either to increase the effective
anisotropy of material or to increase the thickness from nanodots to nanocylinders. Since
longitudinal recording may have difficulty achieving acceptable thermal stability from 40 to
100 Gbit/in2, perpendicular recording media is now being seriously considered for storage
at 100-1000 Gbit/in2. To sustain even 100 Gbit/in?, either the recording media must possess
an average grain and magnetic cluster domain size near 10 nm, possess high coercivity of 5-
10 kOe to resist bit demagnetization, and simultaneously allow only 10% signal amplitude
loss in 10 years. The small diameter, single domain nanowires of Ni, Co fabricated into the
pores of porous anodic alumina (Thurn-Albrecht et. al., 2000; Nielsch et. al., 2001) has been
found to be suitable for the above purpose. The high aspect ratio of the nanowires results in
enhanced coercivity and suppresses the onset of the 'superparamagnetic limit', which is
considered to be very important for preventing the loss of magnetically recorded
information among the nanowires. Suitable separation among the nanowires is maintained
to avoid the interwire interaction and magnetic dipolar coupling.

This chapter gives a review about ferromagnetic nanocylinders (nanowires and nanotubes)
presented by other researchers during the previous 10 years including our most recent
results (Han et. al., 2009; Shamaila et. al., 2009; Sharif et. al., 2008). Anodized aluminum
oxide (AAO) and track etched polycarbonate (PC) membranes have been used widely to
prepare ferromagnetic elemental and alloy nanocylinders while electrochemical depositions
have been presented as major template synthetic strategies. This chapter addresses to, (i)
various electrodeposited ferromagnetic elemental Fe, Co, Ni, and alloy NiFe, CoFe, CoPt,
CoFeB and CoCrPt nanowire and nanotube arrays, in both AAO and PC membranes with
different diameters and lengths, (ii) the investigations of these nanocylinders as function of
geometrical parameters, (iii) a systematic discussion of the relationships among their
structure, the comparison of structural, magnetic and magnetization reversal properties of
ferromagnetic nanowires with that of corresponding nanotubes. The results show that the
electrodeposition technique allows to systematically varying the length and ratio of internal
to external diameter (thickness) of the nanowires and nanotubes. The magnetization
switching of ferromagnetic cylinder is influenced by the ratio of internal to external radii
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(thickness) of the ferromagnetic solid cylinder due to their geometry dependent magnetic
properties.

2. Materials and experimental techniques

2.1 Membrane as template

Porous membranes are generally employed in filtration technologies for the separation of
different species (polymers, colloids, molecules, salts, etc.), depending on their pore radii
that may vary from pm to nm. Although they exhibit in general heterogeneous porosity, a
few of them can be prepared with well-defined shape pores of a narrow distribution of
diameters such as nanochannel array on glass (Tonucci et al., 1992), radiation track-etched
mica (Possin, 1970), mesoporous materials (Wu & Bein, 1994), porous silicon by
electrochemical etching of silicon wafer (Fan et al., 1999), zeolites (Enzel et al., 1992) and
carbon nanotubes (Guerret et al., 1994; Ajayan et al., 1995). Bio-templates are also explored
for the growth of nanowires (Knez et al., 2003) and nanotubes (Gasparac et al., 2004).
Among these it is worth mentioning track-etch membranes and anodized Al,O; membranes.
PC membranes are made by bombarding a nonporous polycarbonate sheet, typically 6 to 20
pm in thickness, with nuclear fission fragments to create damage tracks, and then
chemically etching these tracks into pores (Fleisher et al., 1975). In these radiation track
etched membranes, pores have a uniform size as small as 10 nm, but they are randomly
distributed. Pore densities can be as high as 10° pores/cm?2. Polycarbonate (PC) track-etch
membranes (commercially available from Nucleopore, Poretics, Millipore) show cylindrical
pores, mainly perpendicular to the membrane sheet although they are tilted up to 34°.
Track-etch mica membranes present higher chemical and thermal stability with diamond-
like cross-section pores. The commonly used alumina membranes with uniform and parallel
pores are made by anodic oxidation of aluminum sheet in solutions of sulfuric, oxalic, or
phosphoric acids (Furneaux et al., 1989; Despic & Parkhuitik 1989). The pores can be
arranged in a regular hexagonal array and densities as high as 1011 pores/cm? can be
achieved (AlMawiawi et al., 1991). Pore size ranging from 5 nm to 100 pm can be made
(AlMawiawi et al.,, 1991; Foss et al., 1992). Anodic AlO3; membranes are prepared by
electrochemical oxidation of Al producing pores of asymmetric structure. Whatman
(Anodisc) and Merck (Anotec) commercially sell anodic ALO3; membranes but they are
restricted to a very limited range of pore diameters. Consequently, many researchers
prepare their own templates. Recently, the preparation of polycrystalline and
monocrystalline pore arrays with large interpore distance in anodic Al,O; has been reported
(Li et al., 2000).

2.2 Anodization for AAO

Anodization of aluminium in acidic solutions leads to a nanoporous alumina membrane
(Jessensky et al., 1998; Sullivan & Wood et al., 1970; Li et al., 2008; Singaraju et al., 2006, Du
et al., 1999). Different acids like sulphuric acid, oxalic acid and phosphoric acids can be used
for anodiziation. Practically, sulphuric acid is used to prepare the AAO templates of small
pore diameter ranging from 3 nm to about 50 nm, phosphoric acid is used to fabricate
templates with large pore diameter (= 60 nm). Oxalic acid is used to make AAO templates
with medium pore diameter. Anodic oxide templates has been fabricated as follows: The
high purity (99.999%) Aluminium (Al) foil was ultrasonically degreased in trichloroethylene
for 5 min., and etched in 1.0 M NaOH for 3 min. at room temperature (RT). It was then
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electropolished in a mixed solution of HCIO, : CH;CH,OH =1 : 4 (by volume) for 3 min.
with a constant potential of about 12 volts (V). To obtain highly ordered pores, a two-step
anodization was employed. In the first anodization step the Al foil was anodized at 0 °C and
40 V dc in 0.3 M oxalic acid for about 12 h to form textures on Al surface. The formed
aluminum oxide layer was then removed by immersing anodized Al into a mixed solution
of 0.4 M chromic acid and 0.6 M phosphoric acid solution at 60 ¢ C. Subsequently, the
samples were reanodized for different periods of time under the same anodization
conditions as in the first step. These self assembled anodic aluminium oxide (AAO)
templates were used to fabricate different types of nanowires and nanotubes by
electrochemical deposition method (Shamaila et al., 2008a; Shamaila et al., 2008b; Shamaila et
al., 2009b; Sharif et al. 2007).

2.3 Electrochemical deposition

Most of the studies reported in literature are based on two types of membranes: polymer ion
track membranes and anodic alumina. Both present a number of advantages which makes
them suitable for the fabrication of high aspect ratio nanostructures, namely nanowires and
nanotubes. The method of filling of the pores, thus of fabricating the nanostructures are
various but the most employed one is electrochemical deposition (Toimil-Molares et al.,
2004; Sima et al., 2004) also known as electrodeposition. Electrodeposition was employed for
the preparation of metallic and semiconductor nanowires (Enculescu, 2006). Electrochemical
deposition was used about 40 years ago in filling pores in mica with metals by Possin
(Possin, 1970; Possin, 1971). Electroless deposition was also used to nanoporous membranes
allowing the preparation of hollow structures in contrast with electrochemical deposition
which leads in most of the cases to rod-like deposits (Bercu et al., 2004). The template
approach represents an interesting path towards preparation of nano objects with controlled
morphological properties mainly due to the fact that by appropriate choosing of host
templates the shape and dimension of the prepared structures are precisely determined
(Martin et al., 1994; Fert & Piraux 1999; Enculescu et al., 2003). The template materials have
some certain requirements to get the desired pore or channel size, morphology, size
distribution and density of pores, like, the compatibility of template materials with the
processing conditions, the internal pore walls should be wet by depositing materials or
solution and the deposition should start from the bottom or one end of the template
channels and proceed from one side to another.

2.4 Fabrication of nanowires and nanotubes

Ferromagnetic nanowires and nanotubes have been fabricated in three kind of templates,
self assembled anodic aluminum oxide (AAO) (home made), commercially available AAO
membranes and polycarbonate (PC) membranes. For nanotubes, the AAO templates were
preannealed in air at 100 °C in order to remove moisture from the AAO templates. A
conductive layer of different thickness is sputtered on one side of AAO and PC template to
serve as working electrode for nanowires and nanotubes. For nanotubes, the layer was so
thin that this just covered the pore walls of the templates, leaving the orifices open.
Electrodeposition was performed in a three-electrode cell under constant voltage at room
temperature, where the sputtered conducting layer served as the working electrode,
saturated calomel electrode (SCE) reference and a graphite pole was used as counter
electrode. The electrolytes for electrodeposition consisted of their respective salts in
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deionized water as mentioned in the references (Shamaila et al., 2008a; Shamaila et al.,
2008b; Shamaila et al., 2009a; Shamaila et al., 2009b; Sharif et al. 2006; Sharif et al. 2007;
Sharif et al. 2008; Sharif et al. 2008, Liu et al. 2009). The different lengths of nanowires and
nanotubes were obtained by adjusting the time of electrodeposition. The different wall
thicknesses for nanotubes were obtained by adjusting the thickness of working electrode
layer. Co/Cu multilayer nanowires and nanotubes have also been fabricated in homemade
AAO templates by electrodeposition method.

2.5 Characterization

The morphology and size of nanowires and nanotubes was characterized by scanning
electron microscopy (SEM). The composition was analyzed by induced coupling plasma
atomic emission spectrometer (ICP) combined with chemical analysis. The structural
analysis of ferromagnetic nanowires and nanotubes is done by transmission electron
microscopy (TEM) and X-Ray diffraction (XRD) spectroscopy. Magnetic properties of the
samples were tested by a vibrating sample magnetometer (VSM) and superconducting
quantum interference device (SQUID).

3. Morphology of templates and ferromagnetic nanowires and nanotubes

PR ST
P(‘ 2%‘“ n'
':‘ s
CROTEY

3
:& -
'o.& “’6

Fe £
et
5 "-'-t,\‘.?ﬁ

AN veen

Fig. 1. (a) AFM top view (0.5x0.5 pm?); (b-d) SEM image of (b) homemade AAO templates
(anodized in 0.3M oxalic acid solution) with diameter, d ~ 40 nm, (c) homemade (anodized
in 5%H3PO4 solution) and (d) commercial AAO templates with diameter, d ~ 200 nm.

Figure 1 shows (a) AFM top view (1x1 pm?) (b) SEM view of homemade anodic alumina
(AAO) template prepared by two-step anodization in 0.3 M oxalic acid, with diameter equal
to 40 nm; (c) homemade AAO template anodized in 5% phosphoric acid and (d)
Commercial AAO templates, with diameter equal to 200 nm. The fabricated AAO t emplates
contain self-assembled uniform pore arrays with quasi-hexagonal ordering. The average
centre-to-centre spacing (D;) and pore diameter (d) depend on anodization conditions and
the electrolyte used for anodization. Generally, pore diameter of AAO film is increased if the
anodized voltage is large, and length (L) of the pores is increased with time for anodization.
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Figure 1a-d shows that our home made AAO templates are highly uniform and ordered as
compare to the commercially available anodic alumina membranes as shown in Figure 1d.

Fig. 2. SEM images of isolated (a) Co, (b) Nji, (c) CoPt, and (d) CoCrPt, Nanowires separated
from AAO template by dissolving the alumina layer in NaOH aqueous solution.

Fig. 3. SEM images of isolated (a) Co, (b) NiFe, (c) Ni, (d) CoFe, (e) CoP4, (f) Fe, (g) CoFeB,
and (h) CoCrPt nanotubes, separated from AAO template by dissolving the alumina layer in
NaOH aqueous solution.

By using two-step anodization in different electrolytes, highly ordered and uniform AAO
templates can be fabricated with a wide range of diameter and length. These self-assembled
AAO templates can be used to fabricate Co, Ni, CoPt, CoFe, CoFeB etc. nanowire arrays by
electrochemical deposition method (Shamaila et al., 2008a; Shamaila et al., 2008b; Shamaila
et al., 2009b; Sharif et al. 2007). Figure 2a-d shows the SEM images of isolated (a) Co, (b) Ni,
(c) CoPt, and (d) CoCrPt nanowires separated from AAO template by dissolving the
alumina layer in NaOH aqueous solution. The average diameter d of Co and Ni nanowires
shown in Figure 2 is ~ 40 nm and that of CoPt and CoCrPt NWs is ~ 200 nm. These SEM
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images reveal that nanowires of several materials with different diameters can be fabricated
by using the templates of different diameters.

Fig. 4. SEM images of isolated (a) Fe, (b) Co Nanotubes separated from PC template by
dissolving the PC template in chloroform.
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Fig. 5. (a,b) SEM images of nanowires in AAO template with different Lengths (L) (a) L ~12
pm, (b) L ~1 um. (c,d) SEM images of nanotubes with different wall thickness t,, for
nanotubes (c) ty ~ 60 nm, and (d) tw ~ 20 nm.

Figure 3a-h shows the SEM images of nanotubes with different materials, (a) Co (b) NiFe, (c)
Ni, (d) CoFe, (e) CoPt, (f) Fe, (g) CoFeB, and (h) CoCrPt nanotubes. These nanotubes were
fabricated in AAO templates and for SEM images these were separated by dissolving the
alumina layer in NaOH aqueous solution. The average outer diameter (d) of these nanotubes
is ~ 200 nm. Figure 4a and b shows the SEM images of (a) Fe and (b) Co nanotubes
fabricated in polycarbonate (PC) membrane as template with average outer diameter (d) of ~
400 nm. SEM images of nanotubes reveal that nanotubes of several materials can be
fabricated by using different templates of different diameters.
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Figure 5a-d shows the SEM images of nanocylinders with (a and b) different lengths (L) for
nanowires (a) L~12 pm, (b) L~ 1 um and (c and d) different wall thickness t,, for nanotubes
(c) tw ~ 60 nm, and (d) ¢ ~ 20 nm. Since the nanocylinders are characterized geometrically by
their length (L), external and internal diameter (d & a) respectively, and wall thickness (tv),
where t, =0 gives nanowire and f, > 0 gives nanotube geometry. This t, makes the
nanotubes distinct from that of nanowires and strongly affects the magnetization reversal
mechanism and thereby, the overall magnetic behaviour (Escrig et al., 2008). These SEM
images reveal that nanowires with wide range of diameter and lengths, and nanotubes with
different external and internal diameter, length and wall thickness can be fabricated by low
cost electrodeposition method.

4. Structural characterizations of ferromagnetic nanowires and nanotubes

(111)CoPt a=40nm

Co(111)
(200)CoPt

(b) (111)CoPt @=200nm

Intensity (arb.units)

(200)CoPt
(220)CoPt
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Fig. 6. (a,b) XRD pattern of aligned CoPt nanowires in the AAO templates of diameter (a) 40
nm and (b) 200 nm. (c) TEM image of Co nanotubes, inset is the diffraction pattern of the
nanotubes showing its fcc crystalline structure, (d) HRTEM images of the CoFeB nanowire
arrays, the inset is SAED image.

The structure analysis of ferromagnetic nanowires and nanotubes is done by HRTEM and
selected area electron diffraction (SAED) patterns after releasing the nanowires and
nanotubes from the templates (Shamaila et al., 2009b; Sharif et al., 2006; Sharif et al., 2007;
Sharif et al., 2006). The XRD is also performed for the structure analysis of nanocylinders
(Shamaila et al., 2008a; Shamaila et al., 2008b; Shamaila et al., 2009b; Sharif et al., 2006; Sharif
et al., 2008). Figure 6a and b shows the XRD pattern of aligned CoPt nanowires in the AAO
templates of diameter (a) 40 nm and (b) 200 nm. In the as-synthesized conditions, the XRD
patterns show that the samples of CoPt nanowires comprise of fcc phase with the
identifiable diffraction peaks, namely (111) and (200) of which the (111) reflection is the most
intense. For 200 nm CoPt nanowires (220) peak has also been detected, together with the
diffraction peaks (111) and (200). These XRD results suggest that the CoPt nanowires are of
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fcc polycrystalline structure with randomly oriented grains. Figure 6c is the TEM image of
Co nanotubes. The inset shows diffraction pattern of the nanotubes showing its fcc
crystalline structure. Figure 6d exhibits the HRTEM images of the CoFeB nanowire arrays,
the inset is SAED image which show amorphous phase for CoFeB nanowire arrays.
Structural analysis explores that nanowires and nanotubes of crystalline and amorphous
structure for different kinds of nanocylinders. Structural analysis understanding can be used
to fabricate crystalline or amorphous nanowires and nanotubes according to the required
applications.

5. Magnetic and magnetization properties of nanowires and nanotubes

No. | Composition He, (Oe) | Hey (Oe) | SQ; | SQ, | Ref

1 Fe 89 125 0.02 | 0.05 | In this work

2 Co 863 300 0.57 | 0.11 | Shamaila et al.2009b
3 Ni 230 105 0.22 | 0.06 | Han et al.2003

4 NigsFeis 769 313 0.65 | 0.12 | Hao et al.2001

5 CoosFeg 66 111 0.01 | 0.03 | Sharif et al.2008b

6 CogoPtio 105 80 0.02 | 0.04 | In this work

7 Cog1Fe7Bs 208 265 0.08 | 0.07 | Sharif et al.2008b

8 Co75CrisPti2 121 233 0.09 | 0.32 | Shamaila et al.2009a

Table 1. Ferromagnetic nanowires in AAO template (L > 10 pm)

No. | Composition He (Oe) | Hey (Oe) | SQ, | SQ. | Ref

1 Fe 364 163 0.09 | 0.35 | In this work
2 Co 115 75 0.03 | 0.05 | In this work
3 Ni 111 102 0.16 | 0.24 | In this work
4 NigsFey 57 63 0.02 | 0.25 | In this work
5 CoosFeq 107 192 In this work
6 CogoPtio 125 177 0.06 | 0.09 |In this work
7 CogoFe17B3 353 108 0.04 | 0.4 |In thiswork
8 Co75CrisPti2 251 135 0.03 | 0.13 | Shamaila et al.2009a

Table 2. Ferromagnetic nanotubes in AAO template (L > 10 um)

Table I shows the magnetic properties of metal nanowires like Fe, Co, and Ni and alloy
NiFe, CoFe, CoPt, CoFeB, and CoCrPt nanowire arrays fabricated by electrodeposition in
AAO template. Table II shows the magnetic properties of metal nanotubes like Fe, Co, and
Ni and alloy NiFe, CoFe, CoPt, CoFeB, and CoCrPt nanotube arrays fabricated by
electrodeposition in AAO template (Shamaila et al., 2008a; Shamaila et al., 2008b; Shamaila
et al., 2009a; Shamaila et al., 2009b; Sharif et al., 2006; Sharif et al., 2007; Sharif et al., 2008a;
Sharif et al., 2008b). Table III shows the magnetic properties of metal nanotubes like Fe, Co,
and Ni nanotube arrays fabricated by electrodeposition in polycarbonate (PC) template. The
magnetic properties of pure and alloy nanowire and nanotube arrays in AAO and PC
templates can be compared from these tables. Because of the intrinsic properties difference



150

Electrodeposited Nanowires and Their Applications

between different metals and their alloys, the demagnetization field (2nMs) of individual

cylinders (for infinite cylinder) and dipolar interaction among the nanocylinders will be
different. Therefore their properties are different from each other.

No. |Composition H, (Oe) | He (Oe) | SQ, | SQ. | Ref

1 Fe 145 149 0.05 | 0.22 | Sharif et al.2008a
2 Co 158 197 0.11 | 0.37 | Sharif et al.2008a
3 Ni 80 127 0.06 | 0.31 | Sharif et al.2008a

Table 3. Ferromagnetic nanotubes in Polycarbonate (PC) template (L ~ 6 pm)

5.1 Easy axis of ferromagnetic nanowires
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Fig. 7. M-H curves for CoPt nanowire arrays of diameter (a) 40 nm and (b) 200 nm shows the
crossover of easy axis as a function of diameter.

Shape and geometry dependent magnetization behaviour of the CoPt nanowires and
nanotubes is explained here. Diameter and length have strong effects on the magnetic
properties of nanocylinder. The typical room temperature magnetic hysteresis (M-H) curves
for 40 and 200 nm CoPt nanowires, with the external field applied parallel and
perpendicular to the nanowire axis, are shown in Figure 7a and b. The difference between
the perpendicular and parallel M-H curves defines the uniaxial anisotropy for CoPt
nanowire arrays. For 40 nm CoPt nanowires (Figure 7a) the remanent squareness (SQ) in the
parallel (/) geometry is larger than that of the perpendicular (L) geometry attributing to the
parallel alignment of the magnetic easy axis along the wire axis (Mallet et al., 2004). For 200
nm CoPt nanowires as shown in Figure 7b, SQ in the perpendicular geometry is larger than
that of the parallel geometry. Therefore the easy axis of magnetic anisotropy favours to be
aligned perpendicular to the wire axis. This variation in the alignment of easy axis for the
two diameters shows a crossover of easy axis of magnetization as a function of diameter.
The values of magnetic parameters H, SQ and alignment of easy axis for different diameters
and lengths are presented in Table IV.

Comparison of the parameters, given in Table IV shows the effect of the diameter and length
on the magnetic properties of CoPt nanowire and nanotube arrays. The alignment of easy
axis can also be specified by the sign of difference of saturation fields (AHs) here AH; = Hy/ -
Hs, (Ciureanu et al., 2005). Here Hy/ is the saturation field when magnetic field is applied
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parallel to the nanocylinder axis and Hj, is the saturation field when the magnetic field is
applied perpendicular to the nanocylinder axis. Negative sign of AH; indicates the easy axis
along the nanocylinder axis and positive sign shows the orientation of easy axis
perpendicular to the nanocylinder axis.

Diameter |Length| H, H, Eas
Nol ™ ) (uri) (océ/) (ch) SQ/ | SQu | aH. | 5T Ref
1 40 2 2033 | 575 | 0.93 | 0.15 | -2164.45 // |Shamaila et al.2009a
2 40 20 1051 | 555 | 0.84 | 0.21 | -3375.59 // |Shamaila et al.2009a
3 200 0.8 652 | 303 | 0.38 | 0.14 | -717.45 /| |Shamaila et al.2009a
4 200 10 189 | 141 | 0.07 | 0.18 | 4018.07 1 |Shamaila et al.2009a

Table 4. Effect of Length on the easy axis of ferromagnetic CogPtio nanowires in AAO
template
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Fig. 8. M-H curves for CoPt nanowire arrays with length (a) 0.8 pm and (b) 10 pm shows the
cross over of easy axis as a function of length.
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Fig. 9. Angular dependence of remanent squareness (SQ(0)) (a) with different diameters and
(b) with different lengths, of CoPt nanowires where 0 is the angle between the field direction

and the wire axis.
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Figure 8a-b show the effect of length on the magnetic properties of CoPt nanowire arrays for
diameter d ~ 200 nm. Figure 8a-b show that parallel magnetization is favoured for very short
nanowires whereas; perpendicular magnetization is favoured for long nanowires. Thus, in
CoPt nanowires, it is observed that when the wire length is larger than a critical value, the
parallel wire axis crosses over from easy to hard as also was observed by others for Co
nanowire arrays (Rivas et al., 2002). This crossover is clear from the shape of M-H curves as
well as from the sign of Delta H, (Table 4) of these samples. This effect can be used to turn
the parallel wire axis from easy to hard, by modifying the length. Additional evidence for
the crossover of easy axis is provided by the angular dependence of the SQ of CoPt
nanowire arrays measured as a function of wire diameter and length (Figure 9). SQ(0)
curves show bell-shaped or otherwise bell-shaped behaviour corresponding to the easy axis
of their magnetization. Bell-shaped curves for sample with d = 40 nm and otherwise bell-
shaped curve for sample with d = 200 nm confirms the crossover of easy axis from parallel to
perpendicular as a function of diameter (Figure 9a). Furthermore, bell-shaped behaviour of
sample with d = 200 nm, and length = 0.8 pm with the easy axis parallel to the wire axis and
otherwise bell-shaped curve for sample with length = 10 pm with easy axis perpendicular to
the wire axis shows the crossover of easy axis as a function of length. Figure 9a and b also
show that values for SQ for samples with 4 = 40 nm are larger than sample of 200 nm.
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Fig. 10. (a) Variations in the values of Hyyand He,. (b) Saturation field Vs length of CoPt
nanocylinders when H is applied parallel and perpendicular to the axis.

Figure 10a represents the trend of variation of Hy and H., as a function of diameter, length
and tube wall thickness. Figure 10b shows the variation of H; with the length of
nanocylinders in parallel and perpendicular geometry. For very small length of
nanocylinders, H;, is larger than Hy resulting in -ve value of AH;. Whereas, for length larger
than a critical length, Hy is larger than Hs, giving the +ve value of AH;. The phenomenon of
critical length has been explained later in the discussion. The overall anisotropic field (Hx)
for nanocylinders is mainly determined by following three contributions: (1) the shape
anisotropy field (21Ms) which will induce a magnetic easy axis parallel to the nanocylinder
axis; (2) magnetostatic dipole interaction field among the cylinders which will induce a
magnetic easy axis perpendicular to the nanocylinder axis; (3) the magnetocrystalline
anisotropy field (H,). The total effective anisotropic field is given as follows (Han et al.,
2003):
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Hi = 27M; - 6.37M, r2L / D3 + H, (1)

Where M is the saturation magnetization, r is the radius of the wire, L is the length and D is
the interwire distance. The second term in Eq.1 is the total dipole field acting on one wire
due to all other wires. Eq.1 predicts that as the wire length increases, H linearly decreases to
zero when

L=L.=2D3/ 63 )

while neglecting the contribution of Ha. For L>L., H; is negative pointing out that there is a
crossover of easy axis for magnetization from parallel to perpendicular to the axis. For CoPt
nanowire arrays with d = 200 nm, r = 100 nm and D = 250 nm; L. ~ 1 um is calculated. The
shape anisotropy field is weak in this case therefore when L>L, H is negative and crossover
of easy axis of magnetization from parallel to perpendicular to nanowire axis is observed.
The orientation of easy axis of magnetization can be determined by the total energy ) E in
the parallel and perpendicular geometries where ) E can be obtained by taking into account
the magnetostatic interaction energy Em;, the demagnetization energy Eg., the
magnetocrystalline anisotropy Ex, where Enmiy> Emij, Eder < Eder, Ew < Ex; (Gao et al., 2006).
For large diameters with small interwire distances, the dipolar interaction is increased, Y E/~
YE, and the easy axis favors to be aligned perpendicular to the wire axis (Rivas, 2002). For
small diameters, YE, < YE, and the easy axis favors to be aligned along the cylinder axis. It
should also be pointed that other reasons cannot be excluded such as the orientation of
crystallographic axes and grain size of the nanocylinders. A wide range of values of H.
(from Hy = 2032 Oe for d = 40 nm to Hyy =100 Oe for d = 200 nm) and SQ (from SQ, = 0.93
for d = 40 nm to SQ, = 0.07 for d = 200 nm) is observed depending upon different factors
involved in the magnetic properties of the CoPt nanocylinders. The results discussed here
reveal that ferromagnetic nanocylinders with easy axis of magnetization either parallel or
perpendicular to the nanocylinder axis having the desired values of H. and SQ for
perpendicular recording media can be obtained by modifying the diameter, length or
geometry of the nanocylinders.

5.2 Magnetization reversal mechanism

The two most common magnetization reversal modes can be modeled by coherent rotation
or curling. Generally for magnetic nanowires the magnetization reversal mechanism
depends upon the diameter of the nanowires. For a specific material, the critical diameter for
the transition from coherent rotation to non-coherent rotation is given by

d.=2.08 (A2 ] M) ®)

where A is the exchange stiffness and M; is the saturation magnetization (Zeng et al., 2002).

5.3 Coherent rotation model

In presence of coherent rotation mode in one isolated nanocylinder, the micro-spin
configuration in the system should be uniformly magnetized with the external applied field
as shown in Figure 1la. If the nanocylinders are of soft magnetic material, the crystal
anisotropy can be neglected safely. Thus, only the shape anisotropy is contributed to the
reversal mechanism. The magnetization can be easily modeled by m, = cos(f). Hence the
total energy is given by
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(a) — (b) Coherent rotation
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Fig. 11. (a) Coherent rotation mode. The z-direction is parallel along the nanocylinder. 8 is
the angle between the parallel axis and external field. (b) The relative energy model of
nanocylinders in different lengths, where Lc > Lg > La. The maximum of energy is at 90c.

E(6) =mueM2HR2(1-/2)[sin20 + (3cos20-1)N,] / 4 4)
Where

2 —qH

Nﬁé; 1 qez [, (aR)~ 7, (PaR)] dq ®)
The relative energy differences of the different lengths can be calculated by the above
equations. As shown in the Figure 12b, the shape anisotropy is increasing with the length of
isolated nanocylinder. However, the experimental results demonstrate that the easy axis of
nanocylinder will be changed by the length from parallel along the z-direction to the x-y
panel (perpendicular). The coherent mode is not suitable for realistic experiment, which
suggests that more complex rotation mechanism should be included. Furthermore the d. of
nanocylinders, for the occurrence of coherent rotation, is in a very small range due to the
distribution of energy along the diameter, length and tube wall thickness.

5.4 Non-coherent rotation model

The rigorous micromagnetic simulations have been performed for single, isolated nanowires
and elongated particles (Seberino & Bertram, 1999; Ferre et al.,, 1997; Hinzke & Nowak,
2000). In these cases, the magnetostatic interaction of neighbouring wires was generally
omitted from the simulations. Instead of attempting to mimic an infinitely extended array of
wires using more or less plausible simplifications, a magnetostatically coupled ensemble
consisting of a comparatively small number of wires is modeled without making simplified
assumptions concerning the magnetic structure or the dipolar fields (Hertel, 2001).
Furthermore, the more serious micromagnetic simulations show that the switching in
nanowires will be under more realistic mode of nuclear deformation in array properties, by
considering a real array of nanowires. Generally the noncoherent magnetization reversal is
concluded as to be curling switching mechanism in ferromagnetic nanocylinders.

5.5 Curling rotation model
For nanowires with diameter larger than the critical diameter, the magnetization reversal
process can be described by the curling mode, and H. decreases with increasing diameter of



Ferromagnetic Nanowires and Nanotubes 155

the nanowires. For example the critical diameter for CoPt nanowires was calculated as d.=14
nm (Mallet et al., 2004). The equation describing the dependence of H. on the diameter of
nanowires in the curling mode has been given as follows (Mallet et al., 2004),

20kA 1 2K,
c = — t
M P M

s s

H ©)

where r is the radius of the nanowire and k is a constant related to the shape of the material
(1.08 for an infinite cylinder.) K, is the uniaxial anisotropy constant. To certain extent, the

relation of H. and d. can also be generalized for nanotubes under curling mode.

5.6 Angular dependent rotation mode
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Fig. 12. (a) Angular dependence of curling rotation mode in presence of exchange,
magnetostatic field and crystal anisotropy for nanotube. (b) The relative coercive field for
angular rotation under curling (dark) and coherent (light) mode. (c) Angular dependence of
coercivity [Hc(0)] of CoCrPt nanowires and nanotubes where 0 is the angle between the field
direction and the nanocylinder axis.

Although the magnetic behaviour of nanowires has been intensely investigated, tubes have
received less attention, in spite of the additional degree of freedom they present; not only
the length L and radius r can be varied, but also the thickness of the wall, t,. Changes in
thickness are expected to strongly affect the mechanism of magnetization reversal, and
thereby, the overall magnetic behaviour (Escrig et al., 2007, Sharif et. al., 2008a, Sui et al.,
2004). In fact, experimental evidence speaks in favour of coherent rotation (Wernsdorfer et
al,, 1997) and curling (Wirth et al., 1999) in nano-scale particles with relatively small aspect
ratios, but neither the observed coercivities nor activation volumes support delocalized
reversal for elongated nanowires (Skomski et al., 2000).

Angular dependence of coercive field in presence of exchange, magnetostatic field and
crystal anisotropy has been given in Figure 12a & b. Figure 12c shows angular dependence
of Hc at room temperature for CoCrPt nanowires and nanotubes. Two possible reversal
modes, coherent and curling, give different angular dependence of coercivity. Since d ~ 200
nm of our samples is much greater than critical diameter (dc) (Sun et al., 2005) for coherent
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rotation, therefore, reversal mechanism is expected to occur through curling rotation. The
curling mode of reversal mechanism for nanocylinders predicts that

a(1+a) o
\/a2+(l+2a)c0s249 ‘ 7)

where a =-1.08 (d. /d)? (Han et al., 2003). Eq.7 describes that H. increases as angle ()
increases, whereas coherent rotation mode predicts that H. decreases as angle increases
(Han et al., 2003, Sun et al., 2005). For CoCrPt nanowires, H. increases with increasing angle
0 from 0° to + 900 representing curling mode of reversal mechanism. H. of nanotubes
initially increases with increasing angle up to 8 = + 700, in good agreement with the curling
model; however, above this critical angle H. decreases abruptly expressing an M-type
variation. M-type curve for nanotubes (Figure 12c) reveal that at large angles, coherent
rotation is dominant, while curling happens only for small angles (8 < 70°). The distinct
geometry of nanotubes presents two dynamic configurations of magnetic moments with the
applied field. When the field angle is small the magnetic moments will align preferably
parallel to the tube axis and reversal will take place by curling rotation. At large field angles
the moments will align perpendicular to tube axis and coherent reversal mode will be
observed. Different alignment of moments and surface effects due to t, in nanotubes are
causes of transition from curling to coherent reversal mechanism for higher angles. The
transition angle depends on d and t, of nanotubes as previously proved theoretically for
other nanotubes (Escrig et al., 2008). Our experimental data is in accordance with the trend
given in Figure 12a & b. However, the angular dependence of various ferromagnetic
nanocylinders to understand the insights of magnetization switching requires some further
explanations. Further understanding describes that the curling rotation mechanism can be
adopted more generally for nanowires only whereas for nanotubes curling mechanism is
influenced by some other phenomenon which are explained in detail discussion given
below.

5.7 Non-coherent model for nanotubes

Vortex(V) Transverse(T) Hext

--------

Non-coherent rotation

Fig. 13. (a) Simple non-coherent vortex rotation model. (b) Simple transverse rotation model.
The z-direction is parallel along the tube structure. The x-direction is perpendicular to the z-
direction in paper panel. Then, the y-direction is the outer one towards the paper panel.
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The underline physics of the non-coherent rotation is in the dynamic field-driven domain
wall motion in the isolated nanocylinder. Considering the simplest cases of parallel
switching in the isolated nanotubes, two switching mechanisms can be idealized for the
propagation of domain wall in ferromagnetic nanotubes, one is vortex domain wall and
another is transverse domain wall motion, as shown in Figure 13a and b and in reference
(Landeros et al., 2007). Starting from the equations presented by Landeros for the vortex
mode V, the magnetization is a little complex spin closure structure along the tube wall. For
the transverse mode T, the magnetization of domain wall is the several coherent rotations in
y-z panel. In both cases, the switching along z-direction is the domain motion at one end of
the tube and propagates toward the other, as illustrated in Figure 13. Using the equations
presented by Landeros (Landeros et al., 2007), the zero-field energy barrier as well as the
width of the domain for each reversal model as a function of the tube wall thickness can be
calculated. For the vortex rotation model the micro-spin configuration could be modeled by,

Z, 0<z<z —-w/2
m(z)={m¢(z)q3+mz(2)§,2w—W/2<Z<ZW+W/2 8
-z, z, +w/2<z<L.

Where m.(z)=cos®(z), O(z) = I((z-zw)/w+1/2) and m, = - myz)sing, m, = --myz)cos¢. The
transverse domain is only different at the description of magnetization within the region of
transverse domain wall. Which can be described as m(z)=m,(z)%+m,(z)z,m,(z)=cosO(z).
The z, is the position at the centre of domain wall. Then, by considering the crystal
anisotropy, shape anisotropy and exchange interactions, the energy barrier can be calculated
by integral of the spacial magnetization structures. The general tendency of the calculation
results have been reported (Landeros et al., 2007).
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Fig. 14. (a) z-direction switching energy barrier versus tube wall thickness. (b) Coercivity
field of z-direction switching versus different tube thickness.

Considering the results in Figure 14a, the relative energy differences of vortex and
transverse mode suggested a transition point. The transition is taken place after vortex
overcomes the transverse energy versus tube thickness or nanowire diameter. The
experimental results are not far below the transition point, as the arrow indicates in the
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Figure 14a, while, the Figure 14 implicates an increase of coercivity under vortex mode. But
the cross over in Figure 14b does not mean the transition from vortex switching to
transverse. In our experimental results presented in the tables and above discussion, we
usually observe vortex-like curling mode.

In perfect ellipsoids of revolution subject to a field parallel to the long axis, magnetization
reversal starts by coherent rotation or curling, although there remains a remote possibility of
a buckling mode (Aharoni, 1996). The transition between the two modes depends on the
radius of the ellipsoid similar to that of d. in case of nanocylinders. Although the above
explanations can generally model our experimental results, the more rigorous switching
modes in case of presenting nanocylinder array properties is a little different in dynamic
mechanism as will be discussed below.

5.8 Magnetostatic interactions of ferromagnetic nanocylinder array
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Fig. 15. (a) The model of nanocylinder array properties. The inset in figure a, is the possible
demagnetized nanowire micro-spin configuration. (b) The model of diamagnetic field
influenced in array of nanotube. The dash line is without magnetic interactions. The solid
line is taken with interactions into concern.
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Fig. 16. Normalized xir = d(M/Ms)/dH obtained from the derivative of (a) IRM curves (b)
DCD curves, for CoCrPt NWs and NTs.

Taking the array interactions into concern, one can easily imagine that the interactions
starting from one nanotube is considered as the demagnetization field influenced on the
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others as shown in the Figure 15a. In principle, the array interaction will make the switching
coercivity different in the centre of the array from that at the corner. In the above model and
discussion, only the self-demagnetization field limited in the nanocylinder is taking into
concern. The direct influence in experiment is indicated by the changing of easy axis versus
length. Thus, the coercivity (Hc) of a nanocylinder among the array can be separated as
intrinsic, Hin, and stray field correction, Hsway. As suggested by Escrig (Escrig et al., 2007a;
Escrig et al., 2007b; Escrig et al., 2008), the tendency of parallel switching coercivity field can
reach its maximum due to the competition of vortex and transverse mode (shown in the
Figure 15b). The stray field is proved to cause a largely reduction of the coercivity in
nanocylinder array.

The comparison of experimental results for (xir) curves of nanocylinders, which are
derivatives of remanence (DCD and IRM) curves with respect to field, is given in the Figure
16a and b. The coercive point on these curves, i.e. remanent coercivity (H;) at which
remanence falls to zero is more appropriate for characterization of media rather than
magnetization coercivity. The remanence curves are contributed by the moments which are
unable to overcome the Ep for reversal mechanism and magnetization component recorded
in such case is due only to irreversible changes (Uren et. al., 1988). A very thin tube behaves
as a rolled-up thin film, in which the magnetic moments always tend to remain within the
plane of the array. Hence the interaction among nanotubes could be larger than that of
nanowires. As indicated by our experiment, Figure 16a and b, the field in i (DCD) or yir
(IRM) curve for nanotubes are almost three times larger than that of nanowires and the
curve is wider for NTs. Furthermore, when tubes of large wall thicknesses approach the case
of wires, the surface effects are less crucial, but interactions among diametrically opposed
regions become more important.

In another point of view, we ascribe such difference between calculations and experimental
results to the interaction of each tube with the stray fields produced by the array—an
effective anti-ferromagnetic coupling between neighbouring tubes, which reduces the
coercive field as previously demonstrated in the case of nanowires (Hertel et. al.,, 2001;
Escrig et. al. 2008). In these interacting systems, at finite temperatures, the process of
magnetization reversal can be viewed as the overcoming of a single energy barrier (Eg). In
an array with all the nanotubes initially magnetized in the same direction, the magneto-
static interaction between neighbouring tubes favours the magnetization reversal of some of
them. A reversing field aligned opposite to the magnetization direction lowers the energy
barrier, thereby increasing the probability of switching. Thermal fluctuations can allow the
magnetization of a sample to surmount the Eg and switch from one stable direction to the
other. A reversing field aligned in opposite direction from magnetization direction acts to
lower the Eg, thereby increasing the probability of switching. The dependence of applied
field on Eg is often described by the expression

Ep =U(1-H/Hg)" ©)

where U is Ep at zero applied field, H is applied field, and Hy is the field needed to
overcome barrier at zero temperature (Sun et. al., 2005; Zeng et. al.,, 2005). Due to many
uncertain parameters, the energy barrier in nanotubes and nanowires can be modelled more
realistically only by micromagnetic simulations (Zeng et. al., 2005), especially for the array
properties.
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6. Concluding remarks

6.1 Magnetic recording media

By touching the limitation of super paramagnetism in 1 Tbit /in2 of the magnetic recording
media, the dilemma between the grain size of the recording media and the coercivity is the
main concern in this field. The media fabricated by the nano-technique, such as Electron
Beam Lithography (EBL), Focus ion Beam System (FIB) and Nano-imprint, can meet the
need of controllable grain size at very high cost. However, even nano-fabrication is still not
stable for the grain size under and below 100 nm. While the electro-deposition offers low
cost and is an easy way to fabricate nanowires and nanotubes below 100 nm. It is one of few
methods that can overcome the geometrical restrictions of inserting metals into very deep
nanometric recesses, making it the best method for nanowire and nanotube fabrication. By
controlling the length of nanotubes and wall thickness, the vortex domain wall can be
formed in the nanotube arrays, which can largely reduce the interaction between array
elements. And compared to the nanowire, the array interaction can be reduced to 1/3
according to the experimental results in this work. Since the magnetic properties can be
changed by geometry to further improve the recording density, the fabrication of
nanocylinders is comparable with nano-rings (Figure 17) which are fabricated by nano-
fabrication methods. The further dedicated adjustments of the deposition time could make
the chemical deposition goes down to 40 nm or even smaller.
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Fig. 17. AFM images of (a) AAO template fabricated by electrodeposition method and (b)
nanorings made by e-beam lithography method, with external diameter ~150 nm

6.2 MRAM and magnetic sensors

Based on the breakthrough of spin transfer torque (STT) effect in amorphous Al-O and
single crystal MgO (001) barrier-based magnetic tunnel junctions (MTJs), the spin polarized
current can create magnetization switching in nano-structures. Comparing the previous
switching properties driven by magnetic field, the information process can be much easier.
To achieve such nano-phenomenon in nanocylinders is a challenging task; the preliminary
results have been shown in the Figure 18. Figure 18a is Magneto-resistance (MR) curve of
[Co(10nm)/Cu(15nm)]-100 multilayer nanowire array deposited in AAO template with
diameter of ~ 300 nm and length ~ 60 pm at room temperature. MR ratio is obtained about
0.6%. MR-H curve of [Co(15nm)/Cu(15nm)]-240- multilayer nanowire arrays with diameter
~60 nm, length ~ 8 um and MR ratio ~9.5% is shown in Figure 18b. However, since the
effective length of multilayers was only 2.5 um and it has Cu electrode on both sides, MR
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can get a considerable value ~ 12 %, if the resistance of Cu electrode can be cut off. TEM was
used to characterize the morphology of multilayer nanowires, as shown in Figure 18c and d.
TEM images show the clear interface between Co and Cu. They offer attractive potential to
serve diverse applications, in particular, for high-density magnetic recording devices,
magnetic random access memory and magnetic field sensors. However, average physical
properties can only be obtained in nanowire arrays. For physical interest and technology
applications, the best method is to control single nanowire and nanotube and investigate
their interesting properties, like magnetic-electro transport properties and fabrication of
ultra-small magnetic sensor. Different kinds of methods have been used to make electrodes
for a single nanowire. Figure 18e and f show one of the methods adopted in our group to
handle a single nanowire by Focus ion beam (FIB). First, large electrodes were patterned by
UV-lithography, then the solution containing separated nanowires was dropped onto the
substrate and then electrodes were made by using FIB. The process of nanowire transfer of a
single nanowire has been shown in SEM images, Figure 18e, nanowire was picked up and
Figure 18f, was transferred to the destination by micro-tip of FIB. They offer attractive
potential to serve diverse applications, in particular, for high density magnetic recording
devices, magnetic random access memory and magnetic field sensors.
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Fig. 18. (a,b) MR curves and (c,d) TEM image of of (a,c) [Co(15nm)/Cu(15nm)]-240 (b,d)
[Co(10nm)/Cu(15nm)]-100 multilayer nanowires. (e,f) SEM image of nanowire transfer
process using micro-tip of Focus Ion Beam (FIB).

6.3 Biomagnetics

A growing area of application for nanotubes is particularly promising in the use of
nanoengineered magnetic particles to selectively manipulate and probe biological systems.
Since this field of biomagnetics is growing rapidly, and there is already a broad range of
applications including cell separation (Moore et al., 1998; Escrig et al., 2007), drug-delivery
systems (Martin & Kohli, 2003), biosensing (Baselt et al., 1998), studies of cellular function
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(Alenghat et al., 2000) as well as a variety of potential medical and therapeutic uses
(Alenghat et al., 2000). Martin and co-workers have done many works on the biomedical
delivery (Hillebrenneret al., 2006), such as drug-delivery systems (Martin & Kohli, 2003),
molecular separation (Lee et al., 2002), single-DNA sensing (Fan et al., 2005).

The literature has been filled with nanomaterials based solutions to biomedical,
bioengineering, and pharmaceutical problems. Nanowire sensors with single molecule
selectivity have been engineered to detect specific chemicals, proteins, and complementary
DNA, a critical function for genomics research (Ball, 2005). Researchers at Harvard
University recently used iron oxide containing magnetic nanoparticles to control calcium
intake in live cells, demonstrating for the first time a physical rather than chemical means of
controlling cellular function (Mannix et al, 2008). Scaffolds made of biodegradable
nanowires have been shown to repair brain damage and repair vision in animals, or coax
neurons into forming engineered patterns (Bullis, 2006; Llinas et al., 2005; Sharma et al.,
2007). Neural tissue has been coerced to live happily on computer chips and respond to
electrical inputs. The pharmaceutical industry has already released new drugs based on
nanotechnologies for slow release and local treatment (Foranet al., 2005; Lieberet al., 2004;
Patolsky et al., 2006; Patolsky et al., 2007).

6.4 Other applications

The growth of nanowires and nanotubes will be precipitated by a burst of science and
engineering break through occurring most rapidly in the last few years. Nanobatteries made
from paper or nanowires are promising power necessary for nanomachines derived from
solar energy, blood flow, waste vibrations, and even urine (Wang et al., 2007; Lee, 2005). A
mat of nanowires with the touch and feel of paper can be an important new tool in the
cleanup of oil and other organic pollutants (Yuan, 2008). Furthermore, the nanocylinders can
be used as a kind of micro-wave absorber.

7. Summary

Recent trends demonstrate that interest in nanomaterials and their unique behaviour is
increasing rapidly even in the presence of some doubts to the commercial applicability of
nanotechnologies. Various new, exciting and potential applications require that researchers
should gain better understanding and control of the nanostructure tools to implement them
in applications. This article provides an overview on a variety of methods that have been
developed for generating the nanostructures. It has been focused to understand the
fundamentals of ferromagnetic nanowires and nanotubes, their synthesis and properties so
that these could be realistically applied to new magnetic recording and electronic
applications. Two systems were examined in detail through fabrication and experiment,
according to the theoretical calculations, and investigations into published literature.
Synthesis and properties measurements demonstrated the routes to create high quality
materials as well as provided test systems for understanding basic growth mechanisms.

Ferromagnetic nanowires and nanotubes were synthesized through electrodeposition
method which is an efficient method to synthesize high quality, and uniformly distributed
nanocylinders in nanoporous templates. One of the main advantages of this method is that
by controlling the deposition parameters, it is possible to get the desired length, diameter,
tubewall thickness, as well as the morphology and size distribution. The density of the
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nanocylinder can be designed by modifying the template pores according to the desired
application.

This article also gives a review on the structural and magnetic properties of ferromagnetic
nanowire and nanotube arrays including elemental Fe, Co, Ni and their alloys such as NiFe,
CoFe, CoPt, CoFeB, and CoCrPt using AAO and PC template. Geometry dependent
magnetic anisotropy for nanotubes and nanowires has been discussed in details in
experiment and theoretically, especially for angular dependent coercivity (Hc) and
remanence squareness (SQ). With the variety of length, wall thickness and diameter, it
shows different magnetic switching modes. In our nanowire and nanotube arrays, we can
easily tune the direction of the easy axis from parallel to perpendicular or from
perpendicular to parallel direction. It is a good way for application in perpendicular
recording media in the near future and the magnetic states can also be controlled by
changing length, wall thickness and diameter. Desired geometry of nanocylinders with a
wide range of diameter, thickness and length can be adopted for potential applications such
as quite short nanowires (nanoparticles) and nanotubes (nanorings) for patterned recording
media (Albrecht et al., 2002), perpendicular STT-MRAM and nanoring MRAM (Wen et al.,,
2007).
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1. Introduction

The behaviour of a group cannot be simply reduced to the sum of the behaviour of
individuals (Le Bon, 1895). Examples abound in nature: school of fish or swarms of insect act
like a single individual, but with emergent properties, i.e. properties which none of the
individuals in the group possess, but which appear when these individuals are grouped into
a system. A key element characterising a crowd is that the individuals should know that
they are part of an ensemble (Le Bon, 1895). In other words, there must be interactions
between them, on a short or long range. Otherwise they only constitute a system of several
isolated individuals without emergent properties. Whatever the system, it is usually much
easier to access its global behaviour, compared to the behaviour of individuals and their
method of communication. However, the understanding of the global behaviour, in order to
be able to control it subsequently, necessarily requires the knowledge of individual
behaviour and of their interactions.

According to these criteria, the magnetic behaviour of structures composed of magnetic
entities embedded in a non-magnetic matrix must be considered as a crowd: entities
"talking" to each other via exchange or dipolar interactions depending upon the distance
that separates them. Therefore, the behaviour of the global (or collective) structure may
differ from that of the local (or individual) entities. This difference will be accentuated in the
presence of non-uniformity (geometric, structural, etc.) of the entities. To access the
magnetostatic properties of a system (coercivity, remanence, interactions, etc.), one usually
uses a magnetometer to measure the major hysteresis curve. It is possible to use the same
experimental setup to obtain the local magnetostatic properties of the system, by measuring
multiple minor hysteresis curves, called first-order reversal curves (FORC) (Mayergoyz, 1985).
This technique can be particularly efficient and powerful in the case of highly interacting
systems, like ferromagnetic nanowire arrays (Fig. 1). The large dipolar interaction field
between the wires, associated with small interwire distance, strongly affects the overall
array behaviour. Array properties (high anisotropy, resonance frequency in the gigahertz,
etc.) make them promising candidates for high frequency devices (Saib et al., 2005), high-
density magnetic memories (Almawlawi et al., 1991; Ross, 2001) and sensors (Lindeberg &
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Hjort, 2003). Moreover, with a multilayer structure (i.e. alternation of magnetic and non-
magnetic nanodiscs), controlling the ratio between the magnetic and non-magnetic
nanodiscs provides easy control of the effective anisotropy of the array (Tang et al., 2007;
Carignan et al., 2007). This possibility makes the multilayer nanowire array particularly
interesting for high frequency devices (Ye et al., 2007), especially circulators (Saib et al.,
2001), although the initial goal of using multilayer nanowires was to obtain giant
magnetoresistance devices (Blondel et al., 1994, Piraux et al., 1994; Piraux et al., 2007).

d= 175 nm

i

Transverse

Fig. 1. Schematic of a ferromagnetic nanowire array. The geometric dimensions (diameter d,
interwire distance D and length L) are indicated, as are the two principal directions (axial
and transverse) for the application of an external magnetic field.

Despite the advantages of the FORC method for nanowire array characterisation, few
studies exist on the subject (Spinu et al., 2004; Béron et al., 2006; Lavin et al., 2008; Peixoto &
Cornejo, 2008; Béron et al., 2008b). This is mainly due to the lack of interpretative models
suitable for highly interacting systems. This confines the analysis of the FORC result, which
graphically represents the magnetisation reversal, to qualitative conclusions. This problem
motivated the elaboration of the physical analysis model (Béron et al., 2008a), which is based
on physically meaningful hypotheses. It is therefore possible to extract the intensity and
spatial distribution of the interaction field at saturation, the coercivity distribution of
individual nanowires (Béron et al., 2008b) and a quantitative evaluation of the overall
magnetic anisotropy (Béron et al., 2007). In addition, insights about the magnetisation
reversal mechanism can also be obtained. Here, we demonstrate the utility of FORC
characterisation of nanowire arrays by showing how to extract these local properties from a
global measurement. The versatility of the FORC method is demonstrated by presenting
experimental examples of nanowire arrays with different saturation magnetisations (Ni =
490 emu/cm3, CogsFesB; = 1500 emu/cmd), structures (uniform or multilayer) and applied
field directions (parallel or perpendicular to the nanowire axis).

For systems such as arrays of nanoparticles with high dispersion of such properties as
particle size, spacing and geometry, it may be more difficult to analyse the effects of these
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parameters, and to develop the kind of physical models described here. For systems such as
sheets of transformer steel, it may even be difficult to identify physically meaningful objects
whose properties and interactions may be modelled. However, we believe that the FORC
method is sufficiently powerful, and the physical modelling approach presented here is
sufficiently promising, that effort in this direction is likely to be rewarded.

2. First-order reversal curve (FORC) method

Application of the FORC method requires that the system exhibits hysteretic behaviour. A
phenomenon is called hysteretic when, for a given value of input, there exist several
possible output values. The principal consequence is the division into two paths between
the saturation points, depending on the direction of variation of the input. The set of the two
branches is called hysteresis cycle or major hysteresis curve, while the term hysteresis area
refers to the interval between the saturation points, i.e. where the two path are not
superposed (Fig. 2). The remanence represents the state for a null input, while the coercivity
is the input value needed for the system to give a null output. Finally, the slope of the
hysteresis curve is called susceptibility (y). The easy axis of a system refers to the easiest
direction to magnetise, for which the energy is a minimum in the absence of an input. This
implies the presence of some anisotropy in the system (shape, crystalline, surface, etc.)

From a mathematical point of view, a hysteretic phenomenon can be described as a transducer
for which the input-output relationship has multiple branches, a branch transition occurring
for each applied extreme input value. A hysteresis mathematical model thus needs to keep in
memory the previous extreme applied input values (Mayergoyz, 1985).

Saturation

Output (M)

Remanence

Hysteresis

aréa ! Coercivity

Input (HT

Susceptibility

Saturation

Fig. 2. Characteristics of a hysteresis curve.

The nature of the physical phenomena exhibiting a hysteresis is exceedingly diverse: magnetic,
mechanical, optical, etc. However, because of its mathematical nature, the following model
and the conclusions derived from it remain valid regardless of the physical phenomenon. One
just needs to adjust the input and output variables with the correct parameters, for example,
the applied magnetic field and the magnetisation in case of magnetic materials, or the applied
tension and the deformation generated for a plastic material.
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2.1 Measurement and calculations

The FORC method was based, at its origin, on the classical Preisach model (Preisach, 1938),
a mathematical model where hysteresis can be modelled as a set of elementary processes, or
operators, called hysterons and characterized by two parameters, H. and H, (Fig. 3). It is
important to note that these hysterons do not necessarily have a physical significance, and
so, will subsequently be called “mathematical hysterons” (Mayergoyz, 1985). Indeed, when
applying the FORC method to a physical system, one does not need to use the classical
Preisach model to interpret the result. Several different approaches are possible, either based
on physical hypothesis (ex. physical analysis model, Béron et al., 2008a) or on mathematical
distributions (ex. moving Preisach model, Della Torre, 1966).

Fig. 3. Mathematical hysteron from the classical Preisach model. The magnetisation switches
down, abruptly, at H,= -(H.+ H,), and switches back up for a certain H = (H.- H,) value. It is
completely described by the H. and H,, parameters, which respectively represent the
coercivity and the bias field of the mathematical hysteron.

The goal of any FORC measurements is to retrieve the H. and H, parameters of each
mathematical hysteron of the system. To achieve this, the system is first positively saturated,
in order to put all the magnetisation of the hysterons in the “up” position. The input
variable (in our case, the external applied field H) is then lowered until a point called
reversal field (H,), which switches “down” the magnetisation of some hysterons, depending
upon their H. and H, parameters. Then, the field H is increased again and the magnetisation
M is measured. The difference of magnetisation between the applied field and the reversal
field is directly proportional to the amount of hysterons that switched back “up”. This kind
of minor hysteresis curve is called first-order reversal curve. The information about all
hysterons in the system, the FORC distribution prorc, can be obtained by generalising the
process, i.e. applying a second-order mixed derivative of M on a set of FORCs beginning at
different H, (Fig. 4) (Mayergoyz, 1985):

10°M(H,H,)

pPORC(H’HV):_z oHoH

(H>H,) (1)
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Fig. 4. Set of experimental first-order reversal curves. For practical reasons, only one curve
out of four is shown. (CoFe nanowire array, d = 15 nm, D = 55 nm, L = 1.6 pm, axial
direction, AH =50 Oe, AH, = 100 Oe)

In order to obtain the complete representation of the magnetisation reversal, the reversal
field values cover the hysteretic area of the major hysteresis curve, from Hyuin to Hyar. To
accelerate the acquisition time, no measurement is taken between H,,, and the saturation
field. Also, experimentally, one should introduce a pause in the measurement at the
saturation and reversal fields, long enough in order to avoid any magnetic viscosity effect. For
metallic nanowires, 5 to 10 seconds proved to be sufficient (Béron, 2008). The choice of the
experimental field steps AH (between consecutive data on the FORC) and AH, (between
different FORC) is the result of a trade-off between the FORC result precision and the
measuring time. In order to optimise the experiment, these field steps can be varied according
to the precision needed in different regions, but the AH,/AH ratio should be kept between 1
(high hysteresis susceptibility) and 2.5 (low hysteresis susceptibility) (Béron et al., 2006).

Before calculating equation (1), the FORCs are extrapolated in a way which minimises the
discontinuity at H = H,, created by the lack of data taken in the H < H, region (Béron et al.,
2007). The FORC distribution then gives only and completely the information related to the
irreversible processes (mathematical hysterons with H. # 0). The characterisation of the
reversible processes can be done through the calculation of a reversibility indicator n (Fig. 5)
(Béron et al., 2007):

_ ZFORC(H:Hr)
ZHyst(H:HV)

A value of n = 0 corresponds to a completely irreversible process and of n =1 to a fully
reversible process.

n(H=H,) ®)
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Fig. 5. Calculation of the reversibility indicator n at a given reversal field H,. (Zoom of Fig. 4)

2.2 Analysis of results

Information about both reversible and irreversible processes can be combined in a graphical
representation called “FORC result” (Fig. 6) (Béron, 2008). It consists of a contour plot of the
FORC distribution prorc, with a scale going from blue (minimum prorc) to red (maximum
prorc), which directly indicates the statistical distribution of the mathematical hysterons. In
order to read the H. and H, mathematical hysteron parameters directly from the graph, it is
convenient to execute a change of coordinates, to define a coercive field axis (H;) and an
interaction field axis (H,) (see Fig. 3):

HE:H—H, Hu:—H+H’ 3)
2 2

In the classical Preisach model approach, the H. and H, cross-sections of the FORC
distribution directly yield the coercivity and interaction field distributions. Even if this
remains valid only for systems that respect the classical Preisach model requirements (which
is not the case for most physical systems), the coordinate change remains appropriate; the
FORC distribution generally spreads along the H. and H, axes. The reversibility indicator
nis added to the FORC result as a greyscale strip, ranging from white (fully reversible
behaviour) to black (fully irreversible behaviour). Two quantitative parameters can be
defined on the FORC result: the H, position of the FORC distribution maximum is called
FORC coercivity (HFORC), while its half-width along the H, axis is called global interaction
field (AH.) (Fig. 6) (Béron et al., 2008b). They will later be used for the FORC analysis along
with the physical analysis model.

The FORC result analysis is generally the most difficult step in the use of the FORC method.
The three major problems are 1) the FORC distribution represents the statistical distribution
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Reversible

Irreversible

Fig. 6. FORC result (calculated from the set of FORCs shown in figure 4). Two mathematical
hysterons are represented, illustrating the use of the H. and H,, axes to read the coercivity
and bias field of the FORC distribution. The parameters H. FORC and AH, are also indicated.

of entities that do not necessarily have a physical meaning (the mathematical hysterons), 2)
the FORC distribution can be deformed by the presence of state-dependent interaction field
during the reversal, such as a mean interaction field, and 3) different physical systems can
exhibit identical FORC results. Several approaches to FORC interpretation, designed to
overcome these problems, exist. One is called the physical analysis model (Béron et al.,
2008a), which allows us to establish some quantitative relationships between the
characteristics of a physical system and of the FORC result. It is achieved by using
physically meaningful hysterons, representing the supposed magnetic behaviour of the
system entities, coupled with an interaction term, to simulate the global behaviour of the
system. For example, the behaviour of each nanowire can theoretically be represented by the
coherent rotation model (Stoner & Wohlfarth, 1948). The nanowire is approximated as an
infinite cylinder where all the spins remain parallel to each other during the magnetisation
reversal. This defines two different hysterons, depending upon the applied field direction,
that can be used in the physical analysis model (Fig. 7).

The FORC behaviour strongly depends upon the type of hysterons. For example, for easy axis
hysterons, a coercivity distribution will spread the FORC distribution along the H. axis (Fig.
8a). With an interaction field (and no coercivity distribution), the result depends upon its
direction relative to the saturation magnetisation. An antiparallel interaction field (opposite to
the magnetisation) will elongate the FORC distribution along the H, axis (Fig. 8b), while a
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(a) M (b)

Fig. 7. Hysterons based on the theoretical behaviour of an individual nanowire, depending
upon the applied field direction. (a) Axial applied field: easy axis hysteron (b) Transverse
applied field: hard axis hysteron

Fig. 8. Simulated FORC results with easy axis hysterons. The H.FORC parameter is indicated
as a white X. (a) Normal coercivity distribution, no interaction field (b) Antiparallel mean
interaction field, no coercivity distribution (c) Parallel mean interaction field, no coercivity
distribution

parallel interaction field will have as consequence to translate it toward higher values on the
H. axis (Fig. 8c) (Béron et al., 2008a). These simulations showed that the shape of the FORC
distribution, if clear and intuitive for a simple system (only one characteristic, ie. fully
reversible or irreversible, coercivity distribution or mean interaction field), quickly becomes
more complex and far from the direct interpretation based on the mathematical hysterons.
From a quantitative point of view, the average individual coercivity of easy hysterons can be
extracted from the FORC result by taking the H, coordinate at H, = 0 of the maximum of the
FORC distribution, i.e. the HFORC parameter, at H, = 0. This remains valid for systems with
coercivity distribution (no interaction field, Fig. 8a) or with antiparallel interation field (no
coercivity distribution, Fig. 8b). In the limit of total absence of both coercivity and
interaction field distributions, the half-width of the FORC distribution elongation (AH,) is
equal to the absolute value of the coefficient parameter k (k < 0) of a mean interaction field,
which yields the value of interaction field at saturation (M = M) (Fig. 8b):
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Finally, in the presence of a mean parallel interaction field (k > 0) and no coercivity
distribution, the H.FORC value is the sum of the individual coercivity and the coefficient k.
(Fig. 8c) (Béron et al., 2008a).

3. Fabrication of nanowire arrays

Nanowire arrays may be fabricated by electrodeposition of metallic ions into the cylindrical
pores of a dielectric template (Masuda & Fukuda, 1995). This deposition technique is
economic, fast, versatile and does not require high vacuum facilities. A three electrodes
configuration is typically used, the sample being used as the working electrode while the
counter electrode is in platinum (Pt) (Fig. 9). The applied potential is given with respect to
that of the reference electrode, usually a saturated calomel, because of the stability of its
potential.

Refferemce
eléctrode

Electrolytic
solution

Fig. 9. Schematic of an electrolytic cell used in the electrodeposition of the ferromagnetic
nanowires.

The nanoporous dielectric template is typically made of anodised aluminium (alumina)
(O’Sullivan & Wood, 1970), ion bombarded polycarbonate (Ferain & Legras, 2003) or diblock
copolymer (Thurn-Albrecht et al., 2000). It is important that the pores be of constant
diameter, parallel to each other, and perpendicular to the template surface. The most widely
used template is currently alumina, mainly due to the ease of tailoring the template
geometry (pore diameter, length and interpore distance) in laboratory, to the hexagonal
arrangement of the pores, and to the rigidity of the template. They are fabricated in a two-
step anodisation process (Fig. 10) (Masuda & Fukuda, 1995; Pirota et al., 2004; Zhao et al.,
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2007). A cleaned aluminium substrate is first slowly anodised in an acidic bath under
constant voltage. Since the pore order is getting more regular during this process, the initial
layer of alumina (aluminium oxide) is chemically etched, before a second anodisation is
performed, under the same conditions as the first. Finally, a chemical etch can enlarge the
pores, if needed.

(a) | | (b)
(c) ‘ i i i i i i | (d)
Fig. 10. Schematic of the two-step anodisation process for fabricating nanoporous anodised

aluminium templates. (a) Electropolished Al substrate (b) First anodisation (b) Etching of
the alumina layer (d) Second anodisation

The samples discussed here were all fabricated in commercially available alumina templates
(thickness = 60 um, pore diameter = 175 nm, interpore distance = 300 nm, pore density = 10°
pores/cm?, figure 11a). However, due to the filtration purpose of these templates, the pores
split into multiple smaller pores in the first 500 to 700 nm (Fig. 11b). This region was
therefore removed by mechanical polishing before magnetic characterisation, in order to
make the magnetic behaviour more uniform.

iFiltration

region

AccY SpotMagn Det WD ——— 1mm

12.0kvV 30 50000x SE 167

Fig. 11. Commercial alumina template (Anodisc™ 0.02 um) (a) Top view (b) Cross-sectional
view of the pore bottom, showing the filtration region, removed before magnetic
characterisation.

The pulse-current electrodeposition technique was used for the fabrication of the uniform
nanowires. This technique consists of sending short current pulses (8 ms), during which the
deposition occurs, followed by a pause (152 ms) (Ciureanu et al., 2005) (Fig. 12a). It avoids
the formation of composition gradients along the nanowires (Nielsh et al., 2000), prevents
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formation of hydrogen in the pores and therefore allows uniform filling of the pores. Neither
composition (Ni and CoFeB) exhibited large magnetocrystalline anisotropy, since the CoFeB
was amorphous and the magnetocrystalline anisotropy of Ni is low. Multilayer nanowires can
also be fabricated in an electrolytic bath containing all the elements to be deposited (Blondel et
al., 1994; Piraux et al., 1994). In this case, the potential is alternated between two values, where
the deposition of each material is favoured for one value of potential (Alper et al., 1993) (Fig.
12b). The non-magnetic metal is kept dilute in the solution to avoid excessive inclusion in the
magnetic layer. Ni/ Cu nanowires were fabricated by this method (-1 V for Ni, -0.56 V for Cu),
varying the Cu/Ni ratio from 0.3 to 1.17 (Carignan et al., 2007).

@<= 1

Current

>

(b)
Non-magnetic
material

1
1
1
1
|

Potential

Magnetic
material

Fig. 12. Programmed electrical parameters for the electrodeposition process. (a) Pulse-
current electrodeposition (b) Alternating potential. The grey lines represent the deposition
of the different materials.

4. Experimental FORC results

The experimental FORC results for four different nanowire arrays, two uniform (Ni and
CoFeB) and two multilayer, are presented in Figs 13-16 as typical examples. Despite the fact
that the nanowire arrays have the same geometry, one may easily see that they exhibit
different magnetic behaviour. They were therefore chosen in order to exhibit the versatility
of the FORC method. They are all characterised by the presence of both reversible and
irreversible processes, which complicates their quantitative analysis.

In an axial applied field, the FORC distribution of elongated cylinders always exhibits the
same kind of shape, i.e. narrow in the H. direction and highly elongated along the H, axis.
According to the coherent rotation model, each nanowire could theoretically be represented
by an easy axis hysteron, due to the large shape anisotropy. Therefore, the interpretation of
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the FORC distribution shape, according to the coherent rotation model, would lead to the
conclusion that all the nanowires have almost the same coercivity, with the geometric non-
uniformity leading to a narrow coercivity distribution. They are subject to a high antiparallel
interaction field, created by the dipolar interactions, as seen from the elongated distribution
along the H, axis. However, it will be seen in section 5 that the coherent rotation model fails
to account for the low coercivity of the arrays and for several features of the FORC results.
The FORC distribution shape obtained under a transverse applied field varies significantly,
suggesting radically different magnetic behaviour depending upon the nanowire array
properties.

C))

axial and (b) transverse.
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Fig. 14. FORC results for a CoFeB nanowire array (L = 25 um, axial easy axis). Applied field
(a) axial and (b) transverse.
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41000  -500 1000  -50Q

Fig. 15. FORC results for a Ni/ Cu nanowire array (L = 32.5 um, Ni nanodisc thickness = 50
nm, Cu nanodisc thickness = 15 nm, Cu/Ni thickness ratio = 0.3, axial easy axis). Applied
field (a) axial and (b) transverse.

-1000 -500 -1000 -500 500

A )

Fig. 16. FORC results for a Ni/ Cu nanowire array (L = 3.25 pm, Ni nanodisc thickness = 30
nm, Cu nanodisc thickness = 35 nm, Cu/Ni thickness ratio = 1.17, transverse easy axis).
Applied field (a) axial and (b) transverse.

5. Extracting individual nanowire properties

5.1 Individual nanowire coercivity/interaction field

In strongly interacting systems, like ferromagnetic nanowire arrays, the extraction of the
interaction field and of individual coercivities have to be done together. This is because the
interaction field modifies the FORC distribution, which can then no longer be analysed
using the classical Preisach model, in which the coercive and interaction fields are
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independent. In the specific case of nanowire arrays, both FORC results obtained with axial
and with transverse applied fields should be considered simultaneously.

Axial applied field

When the axial FORC distribution is qualitatively equivalent to that presented in Fig. 8b, as
is the case for all the experimental distributions presented above (Figs 13-16), it suggests a
narrow coercivity distribution and a net antiparallel interaction field. This allows us to use
HFORC as a first approximation to the average coercivity of the individual nanowires.
However, two cases may occur for which this approximation is no longer adequate: 1) if the
coercivity distribution is large enough to disturb the FORC distribution, inducing a second
branch (Fig. 15a, shown by the arrow) or enlarging it along the H. axis (Fig. 16a); 2) if both
the reversibility indicator and the antiparallel interaction field are large (Fig. 14a); their
simultaneous presence in a system will shift the entire FORC distribution towards higher
coercivity, in proportion to these two values (Béron, 2008). In the later case, the HFORC
approximation should be corrected before being used as the average individual
nanowire/nanodisc coercivity.

When H_FORC satisfies the conditions for it to represent the individual wire coercivity, the net
value of the axial interaction field at saturation is then well described by AH,, defined as the
half-width at half-height of the uniform part of the AH, cross-section (Fig. 17). Good
agreement (Béron et al., 2008b) was found between the experimental AH, values of uniform
nanowires (Figs 13-14a) and the predicted values of interaction field at saturation from a
micromagnetic model (Clime et al., 2006) and from an effective field model (Carignan et al.,
2007).

normalised p

T T T T T T T T T
-4000 -2000 0 2000 4000
Interaction field, H (Oe)

Fig. 17. Axial FORC distribution cross-section along the H, axis and its respective AH, value.
(CoFeB nanowire array, see Fig. 14a)
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If we assume a uniform, antiparallel interaction field, described by Eq. (4), we expect a
FORC distribution that is straight and parallel to the H, axis and with a flat H, cross-section
(Fig. 18a). Spatial non-uniformity in the interaction field induces some deviations in this
distribution. Three kinds of deviation can be easily identified.

First, a spatial distribution of interaction field caused by the array border can induce a
central peak in the H, cross-section (Fig. 18b). Most of the nanowires are submitted to a
dipolar field that can be treated as a mean interaction field. However, the array is not
infinite. The nanowires located at the array borders, where the lack of neighbours induces a
smaller interaction field, can complete their reversal when this field is still relatively weak.
This results in a peak at the centre of the cross-sections along H, (present for all the
experimental results). This hypothesis was confirmed by noting that the amplitude of the
central peak is significantly reduced when very large samples are measured. Therefore,
characterisation should always be carried out using the largest area possible, in order to
avoid this effect.

Second, if the antiparallel interaction field decrease allows the preponderance of a parallel
interaction field (for example, the dipolar field between nanodiscs within a multilayer
nanowire), then, in addition to the central peak, another distribution can appear, reflecting
this parallel interaction field effect (ex.: distribution of higher coercivity, circled on figure
16a).

Finally, for arrays of radius significantly larger than the nanowire length and for which the
condition L/2D >> 1 is satisfied, then the interaction field decreases near the nanowire
extremities (Carignan et al., 2007). Therefore, depending upon the applied field direction
(positive or negative), the magnetisation reversal is favoured either by a maximal or
minimal value of interaction field, inducing a non-linearity in the FORC distribution (Fig.
18c). This non-linearity is experimentally more visible in the case of CoFeB nanowires (Fig.
14a) than for Ni (Fig. 13a), because higher saturation magnetisation leads to larger
interaction fields.

Fig. 18. Simulated FORC results for several configurations of spatial distribution of
interaction field. (a) Uniform mean interaction field (b) Distribution in the array (c)
Distribution along the nanowires

Transverse applied field

With a transverse applied field on an infinite array, the interaction field at saturation is
theoretically parallel to M, and equal to the half of the axial interaction field (Carignan et al.,
2007). This value has been successfully used to fit the transverse major hysteresis curves of
uniform nanowires (Béron, 2008). For FORC distributions that are narrow on the H. axis, as
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in figures 15b and 16b, the transverse individual coercivity is indirectly accessible through
use of the analysis illustrated in Fig. 8c. Subtracting the half value of the axial AH, from the
transverse HFORC value allows us to retrieve the coercivity of individual nanodiscs in
multilayer nanowires (Béron et al., 2008c).

5.2 Effective nanowire array anisotropy
In cases where the sum of the minimum values of the reversibility indicator n (Béron et al.,
2007, see fig. 19a) in axial and transverse applied field is around 1, an indication of the
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Fig. 19. (a) Reversibility indicator as a function of the reversal field for multilayer nanowires.
The position of the minimum is indicated. (b) Reversibility indicator minimum as a function
of the Cu/Ni thickness ratio. The cross-over indicates the change of easy axis direction.



Extracting Individual Properties from Global Behaviour:
First-order Reversal Curve Method Applied to Magnetic Nanowire Arrays 183

overall anisotropy of the nanowire array can be obtained by the FORC method. Otherwise,
other processes contribute to the reversibility indicator and therefore the minimum value of
n cannot be used to adequately characterise the effective nanowire array anisotropy. When
the sum is around 1, the reversibility being lower along an easy direction, the lowest
1 minimum value indicates an easy direction. A cross-over between the n minimum value
curves, occurring when the array is magnetically isotropic, implies a change in the easy axis
direction (Fig. 19b) (Béron et al., 2008c). This result for multilayer nanowires is in agreement
with those found from the major hysteresis curves and ferromagnetic resonance
measurements, as well as demagnetisation factor modelling (Carignan et al., 2007).

5.3 Magnetisation reversal process

Quantitative knowledge of the interaction field, average individual coercivity and overall
array anisotropy, along with the FORC distribution shape, can help us determining the
magnetisation reversal process. However, one has to remember that the FORC method does
not directly give the type of magnetisation reversal occurring in the sample and so has to be
used as a tool which suggests a probable mechanism, since systems reversing by different
means can exhibit the same FORC result.

Axial applied field

For uniform nanowire arrays and axial applied field, coherent rotation reversal of individual
nanowires leads to purely irreversible behaviour, with a unique value of HFORC equal to the
shape anisotropy field (as in Fig 8b). Another possible reversal mechanism is by nucleation-
propagation of a domain wall, which has been observed for the reversal of individual
nanowires (Wernsdorfer et al., 1996; Hertel, 2001) (Fig. 20a). Then, the FORC result can
exhibit some reversibility, a coercivity lower than the shape anisotropy field and a second
distribution of coercivity near saturation, associated with annihilation of the domain walls
(Béron, 2008) (circled on Fig. 20b). The FORC results presented in Figs 13a and 14a exhibit
these three characteristics and, therefore, nucleation-propagation magnetisation reversal
mechanism is more likely in these cases than coherent rotation.

Fig. 20. (a) Schematic of the nucleation-propagation of a domain wall. (b) Ni axial FORC
result, where the scale has been adjusted in order to show the second distribution of lower
intensity (circled), generated by nucleation-propagation reversal.
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Transverse applied field

For an applied field transverse to the nanowire axis, the coherent rotation model predicts
fully reversible behaviour for a uniform individual nanowire, being along a hard direction,
and no other FORC distribution. The existence of irreversible processes in Figs 13b and 14b,
even in low proportion (1 - 4%), indicates that at least one other mechanism is present. This
process could be the irreversible reversal of the domain walls created between regions
decoupled enough to allow the magnetisation to rotate coherently freely toward one or the
other nanowire extremity (Fig. 21) (Henry et al., 2002; Hertel, 2001). Other phenomena, such
as closure domains at nanowire extremities, could also contribute to the non-null FORC
distribution.

Fig. 21. Schematic of 180° domain walls created during transverse magnetisation reversal.
The irreversible reversal could account for the irreversible FORC distribution in Figs. 13b
and 14b.

Other types of FORC results are possible and have to be analysed individually, based on the
available information concerning the transverse magnetic behaviour of the array. For
example, for multilayer nanowires, the FORC result presented in Fig. 15b was attributed to a
mixture of coherent and incoherent rotation, the favourable conditions for one or the other
changing during the reversal, while Fig. 16b was interpreted as an abrupt, irreversible
reversal, caused by field applied along an easy direction (Béron et al., 2008c).

6. Conclusion

The unique structure of ferromagnetic nanowire arrays gives them interesting properties for
various applications, ranging from high-density memory to high frequency devices. They
may be fabricated by electrodeposition, a process which is fast, cheap and versatile. From a
magnetic point of view, their behaviour is mainly governed by a competition between the
shape anisotropy (an individual property of each nanowire) and the dipolar interaction field
(an effect of the network). Therefore, it is important to be able to characterise both the
individual and global properties of nanowire arrays, in order to understand their magnetic
behaviour and to implement them adequately in devices.

This experimental characterisation can be achieved in one single step on the whole array, by
using the very promising first-order reversal curve (FORC) method. The acquisition of
several minor hysteresis curves allows us to record and discriminate the magnetisation
reversal of each nanowire, ultimately yielding a representation of the reversal of all the
nanowires. From this representation (the FORC result) and the help of the physical analysis
model (based on predicted behaviour), one can extract valuable information, usually
difficult to obtain experimentally. The half-width of the FORC distribution elongation (AH,)
along the interaction field axis (H,) gives the value of the interaction field at saturation,
while a spatial distribution of this field modifies its shape. The spatial non-homogeneity can
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be in the array (border effect), which induces a central peak in the FORC distribution, or
along the nanowires (extremity effect), which breaks the FORC distribution linearity along
the H, axis. An approximation of the average individual coercivity of the nanowires can be
obtained by taking the position of the maximum of the FORC distribution on the coercivity
axis (H.) (HFORC). This approximation remains valid if the coercivity distribution is narrow,
and both the reversibility indicator and the antiparallel interaction field are not too large.
Also, in the presence of a parallel interaction field, its saturation value has to be subtracted
from HFORC in order to reflect the individual coercivity. Finally, a quantitative evaluation of
the effective anisotropy of the array is accessible through the minimum value of the
reversibility indicator function of the reversal field, if the sum from axial and transverse
applied fields is close to 1.

The versatility of the FORC method has been demonstrated here by discussing experimental
results for nanowire arrays with different compositions (Ni and CoFeB), and thus different
saturation magnetisation, and different structures (uniform and multilayer), all under both
axial and transverse external applied fields. However, the application range of the FORC
method is not confined to the two principal directions (axial and transverse) of the array.
The physical analysis model can also be employed for the study of the magnetic behaviour
as a function of the applied field angle (Béron et al., 2009a). The tridimensional and highly
reversible magnetisation reversal process in this case led to the development of a novel
variant of the FORC method, vector FORC, where both magnetisation components, parallel
and perpendicular to the applied field direction, are used. This allows us to adequately
follow and characterise reversible magnetisation rotation in three dimensions (Béron et al.,
2009b).

7. References

Almawlawi D.; Coombs N. & Moskovits M. (1991). Magnetic properties of Fe deposited into
anodic aluminum oxide pores as a function of particle size. Journal of Applied
Physics, Vol. 70, No. 8, October 1991, 4421-4425, 0021-8979

Alper, M.; Attenborough, K. Hart, R; Lane, SJ; Lashmore, D.S; Younes, C. &
Schwarzacher, W.(1993). Giant magnetoresistance in electrodeposited
superlattices. Applied Physics Letters, Vol. 63, No. 15, October 1993, 2144-2146, 0003-
6951

Béron, F.; Clime, L.; Ciureanu, M.; Ménard, D.; Cochrane, R.W. & Yelon A. (2006). First-
order reversal curves diagrams of ferromagnetic soft nanowire arrays. IEEE
Transactions on Magnetics, Vol. 42, No. 10, October 2006, 3060-3062, 0018-9464

Béron, F.; Clime, L.; Ciureanu, M.; Ménard, D.; Cochrane, R.W. & Yelon A. (2007). Reversible
and quasireversible information in first-order reversal curve diagrams. Journal of
Applied Physics, Vol. 101, No. 9, May 2007, 09]107, 0021-8979

a - Béron, F.; Ménard, D. & Yelon, A. (2008). First-order reversal curve diagrams of magnetic
entities with mean interaction field: A physical analysis perspective. Journal of
Applied Physics, Vol. 103, No. 7, April 2008, 07D908, 0021-8979

b - Béron, F.; Clime, L.; Ciureanu, M.; Ménard, D.; Cochrane, RW. & Yelon A. (2008).
Magnetostatic interactions and coercivities of ferromagnetic soft nanowires in
uniform length arrays. Journal of Nanoscience and Nanotechnology, Vol. 8, No. 6, June
2008, 2944-2954, 1533-4880



186 Electrodeposited Nanowires and Their Applications

¢ - Béron, F.; Carignan, L.-P.; Ménard, D. & Yelon, A. (2008). Magnetic Behavior of Ni/Cu
Multilayer Nanowire Arrays Studied by First-Order Reversal Curve Diagrams.
IEEE Transactions on Magnetics, Vol. 44, No. 11, November 2008, 2745-2748, 0018-
9464

Béron, F. (2008). Propriétés magnétostatiques de réseaux de nanofils via les courbes de renversement
du premier ordre, Ph. D. thesis, Université de Montréal, Montréal, Canada

a - Béron, F; Carignan, L.-P.; Pirota, K.R.; Knobel, M.; Ménard, D. & Yelon, A. (2009).
Magnetization reversal of ferromagnetic nanowire arrays studied by angular FORC
measurements, 2009 IEEE International Magnetics Conference (INTERMAG),
Sacramento, USA, May 2009

b - Béron, F.,; Pirota, K.R.; Knobel, M.; Ménard, D. & Yelon, A. (2009). Vector first-order
reversal curve (FORC) results, International Conference on Magnetism 2009 (ICM),
Karlushe, Germany, July 2009

Blondel, A.; Meier, ]J.P.; Doudin, B. & Ansermet, J.-P. (1994). Giant Magnetoresistance of
Nanowires of Multilayers, Applied Physics Letters, Vol. 65, No. 23, December 1994,
3019-3021, 0003-6951

Carignan, L.-P.; Lacroix, C.; Ouimet, A.; Ciureanu, M.; Yelon, A. & Ménard, D. (2007)
Magnetic anisotropy in arrays of Ni, CoFeB, and Ni/Cu nanowires. Journal of
Applied Physics, Vol. 102, No. 2, July 2007, 023905, 0021-8979

Ciureanu, M.; Béron, F.; Clime, L.; Ciureanu, P.; Yelon, A.; Ovari, T.A.; Cochrane, RW;
Normandin, F. & Veres, T. (2005). Magnetic properties of electrodeposited CoFeB
thin films and nanowire arrays, Electrochimica Acta, Vol. 50, No. 2, August 2005,
4487-4497, 0013-4686

Clime, L.; Béron, F.; Ciureanu, P.; Ciureanu, M.; Cochrane, R.W. & Yelon A. (2006).
Characterization of individual ferromagnetic nanowires by in-plane magnetic
measurements of arrays. Journal of Magnetism and Magnetic Materials, Vol. 299, No.
2, April 2006, 487-491, 0304-8853

Della Torre, E. (1966). Effect of Interaction on the Magnetization of Single Domain Particles,
IEEE Transactions on Audio and Electroacoustics, Vol. AU-14, No. 2, June 1966, 86-92,
0018-9278

Ferain, E. & Legras, R. (2003). Track-etch templates designed for micro- and nanofabrication.
Nuclear Instruments & Methods in Physics Research, Vol. 208, August 2003, 115-122,
0168-583X

Henry, Y.; Iovan, A, George, ].-M. & Piraux, L. (2002). Statistical analysis of the
magnetization processes in arrays of electrodeposited ferromagnetic nanowires,
Physical Review B, Vol. 66, No. 18, November 2002, 184430, 1098-0121

Hertel, R. (2001). Micromagnetic simulations of magnetostatically coupled nickel nanowires,
Journal of Applied Physics, Vol. 90, No. 11, December 2001, 5752-5758, 0021-8979

Hertel, R. & Kirschner, J. (2004). Magnetization reversal dynamics in nickel nanowires,
Physica B, Vol. 343, No. 1-4, January 2004, 206-210, 0921-4526

Lavin, R.; Denardin, J.C,; Escrig, J.; Altbir, D.; Cortés, A. & Gémez, H. (2008). Magnetic
characterization of nanowire arrays using first order reversal curves, IEEE
Transactions on Magnetics, Vol. 44, No. 11, November 2008, 2808-2811, 0018-9464



Extracting Individual Properties from Global Behaviour:
First-order Reversal Curve Method Applied to Magnetic Nanowire Arrays 187

Le Bon, G. (1895). Psychologie des foules, Les Presses universitaires de France, 978-2130542971
Paris, France

Lindeberg, M. & Hjort, K. (2003). Interconnected nanowire clusters in polyimide for flexible
circuits and magnetic sensing applications, Sensors and Actuators A, Vol. 105, No. 2,
July 2003, 150-161, 0924-4247

Masuda, H. & Fukuda, K. (1995). Ordered metal nanohole arrays made by a 2-step
replication of honeycomb structures of anodic alumina, Science, Vol. 268, No. 5216,
June 1995, 1466-1468, 0036-8075

Mayergoyz, 1.D. (1985). Hysteresis models from the mathematical and control-theory points
of view, Journal of Applied Physics, Vol. 57, No. 8, August 1985, 3803-3805, 0021-8979

Nielsh, K.; Miiller, F.; Li, A-P. & Gosele, U. (2000). Uniform nickel deposition into ordered
alumina pores by pulsed electrodeposition, Advanced Materials, Vol. 12, No. 8, April
2000, 582-586, 0935-9648

O’Sullivan, ].P. & Wood, G.C. (1970). Morphology and mechanism of formation of porous
anodic films on aluminum, Proceedings of the Royal Society of London, serie A,
Vol. 317, No. 1731, July 1970, 511-543, 1471-2954

Peixoto, T.R.F. & Cornejo, D.R. (2008). Characterizing magnetic interactions in Ni nanowires
by FORC analysis, Journal of Magnetism and Magnetic Materials, Vol. 320, No. 14, July
2008, E279-E282, 0304-8853

Piraux, L.; Renard, K;; Guillemet, R.; Matéfi-Tempfli, S.; Matéfi-Tempfli, M.; Antohe, V.A.;
Fusil, S.; Bouzehouane, K. & Cros, V. (2007). Template-grown NiFe/Cu/NiFe
nanowires for spin transfer devices, Nano Letters, Vol. 7, Septembre 2007, 2563-2567,
1530-6984

Piraux, L.; George, ].M.; Despres, ].F.; Leroy, C.; Ferain, E.; Legras, R.; Ounadjela, K. & Fert,
A. (1994). Giant magnetoresistance in magnetic multilayered nanowires, Applied
Physics Letters, Vol. 65, No. 19, November 1994, 2484-2486, 0003-6951

Pirota, K.R.; Navas, D.; Hernandez-Velez, M.; Nielsch, K.& Vazquez, M. (2004). Novel
magnetic materials prepared by electrodeposition techniques: arrays of nanowires
and multi-layered microwires, Journal of Alloys and Compounds, Vol. 369, No. 1-2,
April 2004, 18-26,

Preisach, F. (1938). Uber die magnetische Nachwirkung. Zeitschrift fiir Physik, Vol. 94, 1938,
277-302, 0722-3277. A presentation of the classical Preisach model is accessible in
section 1.1 of Mayergoyz, 1. (2003). Mathematical models of hysteresis and their
applications, Elsevier, 978-0124808737, New York, USA

Ross C.A. (2001). Patterned magnetic recording media, Annual Review of Materials Research,
Vol. 31, 2001, 203-235, 1531-7331

Saib, A.; Darques, M.L.; Piraux, L.; Vanhoenacker-Janvier, D. & Huynen, I. (2005). An
Unbiased Integrated Microstrip Circulator Based on Magnetic Nanowired
Substrate, IEEE Transactions on Microwave Theory and Techniques, Vol. 53, No. 6,
June 2005, 2043-2049, 0018-9480

Saib, A.; Vanhoenacker-Janvier, D.; Raskin, J.-P.; Crahay, A. & Huynen, I. (2001). Microwave
tunable filters and nonreciprocal devices using magnetic nanowires, Proceedings of
the 2001 1st IEEE Conference on Nanotechnology (IEEE-NANO 2001), pp. 260-265,
0-7803-7215-8, Maui, USA, October 2001, IEEE, Piscataway, USA



188 Electrodeposited Nanowires and Their Applications

Spinu, L.; Stancu, A.; Radu, C,; Li, F. & Wiley, ].B. (2004). Method for magnetic
characterization of nanowire structures, IEEE Transactions on Magnetics, Vol. 40, No.
4, July 2004, 2116-2118, 0018-9464

Stoner, E.C. & Wohlfarth, E.P. (1948). A mechanism of magnetic hysteresis in heterogeneous
alloys, Philosophical Transactions of the Royal Society of London, Vol. A240, 1948, 599-
642, 0080-4649. Reprinted in IEEE Transactions on Magnetics, Vol. 27, No. 4, July
1991, 3475- 3518, 0018-9464

Tang, X.T.; Wang, G.C. & Shima, M. (2007). Magnetic layer thickness dependence of
magnetization reversal in electrodeposited CoNi/Cu multilayer nanowires, Journal
of Magnetism and Magnetic Materials, Vol. 309, No. 2, February 2007, 188-196, 0304-
8853

Thurn-Albrecht, T.; Schotter, J.; Kastle, C.A.; Emley, N.; Shibauchi, T.; Krusin-Elbaum, L.;
Guarini, K.; Black, C.T; Tuominen, M.T. & Russell, T.P. (2000). Ultrahigh-density
nanowire arrays grown in self-assembled diblock copolymer templates, Science,
Vol. 290, No. 5499, December 2000, 2126-2129, 0036-8075

Wernsdorfer, W.; Doudin, B.; Mailly, D.; Hasselbach, K.; Benoit, A.; Meier, J.; Ansermet,
J.-P. & Barbara, B. (1996). Nucleation of magnetization reversal in individual
nanosized nickel wires, Physical Review Letters, Vol. 77, No. 9, August 1996, 1873-
1876, 0031-9007

Ye, B,; Li, F.; Cimpoesu, D.; Wiley, ]J.B.; Jung, J.-S.; Stancu, A. & Spinu, L. (2007). Passive
high-frequency devices based on superlattice ferromagnetic nanowires, Journal of
Magnetism and Magnetic Materials, Vol. 316, No. 2, September 2007, E56-E58, 0304-
8853

Zhao, S.; Chan, K,; Yelon, A. & Veres, T. (2007). Preparation of open-through anodized
aluminium oxide films with a clean method, Nanotechnology, Vol. 18, No. 24, June
2007, 245304, 0957-4484



8

Impact of Nanowires on the Properties
of Magnetorheological Fluids
and Elastomer Composites

R. C. Bellt, D. T. Zimmerman!, and N. M. Wereley?
IThe Pennsylvania State University, Altoona College
2University of Maryland

USA

1. Introduction

Magnetorheological (MR) fluids are a type of smart material whose effective viscosity may be
rapidly changed (~few ms) in a nearly reversible manner by the application and removal of an
externally-applied magnetic field. Conventional MR fluids are composed of micron-scale,
ferromagnetic spherical particles (typically 30 to 40 volume percent) suspended in a
hydrocarbon, silicone, or aqueous carrier fluid (Klingenberg, 2001). The viscosity and apparent
shear strength of these suspensions can be controlled by varying the strength of an applied
magnetic field. Without an applied magnetic field (off-state)) MR fluids are a viscous
liquid/ particle suspension with a viscosity in the range of 0.1 - 3 Pa-s. Upon application of a
magnetic field (on-state), the particles acquire a magnetic polarization and attract one another
forming chain-like structures that join to form columnar structures parallel to the applied field
(schematic, Fig. 1). The newly formed columns span the surfaces of the device parallel to the
field lines resulting in a material that behaves as a Bingham plastic fluid, with increased
viscosity and apparent yield stress under shear. The viscosity and yield stress of the fluid is
scalable with the magnitude of the applied magnetic field until magnetic saturation of the
particles is reached (Jones & Saha, 1990). At high fields, the fluid is converted to a semi-solid
with a five to six orders-of-magnitude change in apparent viscosity (Geng & Phulé, 2002). As
the particle loading approaches 40 vol. %, the field-induced yield stress can reach 100 kPa.
Exceeding the yield stress of the fluid causes the fibril chains and columnar structures to
continuously break and re-form, resulting in a post-yield viscosity.

@ @ Carrier
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&>
Ferromagnetic
particles

Fig. 1. Schematic representation of the magnetorheological effect with spherical particles.
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The rheological properties of MR fluids depend not only on the strength of the applied
magnetic field, but also on the loading (vol. % or wt. %), size, composition, magnetic
properties, and morphology of the particles, as well as on the concentration and type of
additives within the suspension. As the applied magnetic field is increased, the shear
strength of the fluid eventually reaches a maximum as the magnetization saturation of the
particles is reached. Particle loading is the most important factor affecting the achievable
yield strength of MR fluids. While increasing the volume fraction of particles in the
suspension results in an increase in the yield strength of the material, it also results in an
increase in the off-state viscosity. The shear strength of the suspensions increases with an
increase in size of the particles (Geng & Phulé, 2002); however, spherical particles larger than
about 10 pm tend to settle rapidly, even with the addition of special additives. Suspensions
composed of nanometer-sized particles tend to settle more slowly, if at all, due to Brownian
motion. However, the effectiveness of Brownian motion combined with a smaller magnetic
moment, also hinders the formation of the chain-like structures in these energized fluids,
greatly reducing the yield stress of the material (Rosenfeld et al., 2002; Poddar et al., 2004;
Chaudhuri et al., 2005). Given these competing factors, the ideal diameter of particles is in
the range of 1 to 10 pm. In this size range, sedimentation still occurs due to the inherent
density difference between the particles and the carrier fluid. Upon settling, the particles
tend to form tightly packed sediments resulting from remnant magnetization within the
particles and are not easily re-dispersed (Phulé & Ginder, 1998). Since the yield stress of MR
fluids is directly related to the volume fraction of particles in the suspension, the behavior of
the fluid is less predictable during this remixing period. The settling rate can be reduced
slightly and less dense sediments formed, by the addition of special additives such as
surfactants, nanoparticles, and other non-spherical particles (Poddar et al., 2004; Chaudhuri
et al., 2005; Chin et al., 2001; Weiss et al., 1997; Wereley et al., 2006).

There are a growing number of applications that exploit the MR fluid’s continuously
controllable, field-dependent yield stress including variable dampers, brakes, clutches, and
optical polishing machines (Kamath et al., 1999; Zipser et al.,, 2001; Ramallo et al., 2002;
Harland et al.,, 2001; Kordonski et al., 2006). Conventional MR fluids have had some
difficulty finding widespread commercial use, owing to relatively high manufacturing costs,
as well as a limitation on the volume loading necessary to maintain their low off-state
viscosity. The use of MR fluids in more diverse applications have been limited, due to the
settling of the particles in the absence of continual mixing (Chen & Chen, 2003) and particle
wear (Carlson, 2003) that tends to reduce the efficacy of the fluid over time and eventually
lead to device failure.

Both the yield stress and settling properties of magnetorheological fluids have been shown
to depend on particle morphology; however, few studies have explored the particle shape-
dependence in either MR fluids (Chin et al., 2001; Nishiyama et al., 2005; Kuzhir et al., 2009;
Loépez-Lopez et al., 2009) or electrorheological (ER) fluids (Kanu & Shaw, 1998; Lengalova et
al., 2003; Sanchis et al., 2004; Yin & Zhao, 2006). Studies involving electrorheological fluids
utilizing elongated titanate (TiO;) whiskers demonstrated greatly reduced sedimentation.
Moreover, with a 10 vol. % loading, these fluids displayed an increase in yield stress from 80
to 1100 Pa when ~80 nm diameter particles were exchanged with TiO, whiskers (with 10 nm
diameters by several hundreds or thousands nanometers) (Yin & Zhao, 2006). However, it is
unclear whether the increase in yield stress was due to the differences in particle
morphology or due to the large mass differences between the particles. Studies on MR fluids
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with up to 7 vol. % 60 pm long, 4.8 pm diameter cobalt microfibers displayed substantial
mitigation of sedimentation and an increase in yield stress as compared to suspensions
containing 1.34 pm diameter cobalt spheres (Lépez-Lépez et al., 2009). It was suggested that
the enhancement of the yield stress was due to inter-fiber solid friction. Yet, the fibers used
in these studies had non-uniform dimensions, rough surfaces, and the difference in the size
of the particles made a direct comparison between the properties of the two types of
suspensions difficult to interpret. All of these studies suffered from broad size distribution,
inconsistency in particle shape, surface roughness, and particle fragility, making it difficult
to form conclusions or infer the underlying physics. Thus, while MR/ER fluids employing
elongated particles demonstrated reduced sedimentation properties, the effect on yield
stress remained unclear.

More recent studies utilizing nanowires have shown promising results for not only reducing
or preventing settling, but have also increased the apparent yield stress of the materials (Bell et
al., 2007; Bell et al., 2008; Ngatu et al., 2008; Zimmerman et al., 2009). Unlike the ferromagnetic
oxide particles used in previous studies (Chin et al., 2001) and those formed from spherical
particles adjoined in the presence of a magnetic field (Lépez-Lépez et al., 2009), nanowires
have well defined structure and controllable length distributions. This facilitates systematic
experimental and theoretical studies and will lead to increased understanding and design
control. Nanowire-based MR fluids have two distinct advantages over suspensions that
contain only spherical particles (Bell et al., 2007; Bell et al., 2008; Ngatu et al., 2008). First, the
maximum achievable yield stress can be twice that of conventional fluids (or greater, even at
the same metal loading) and nanowire-based fluids also provide more sensitive control over
the yield stress at field strengths below magnetic saturation of the suspension. Second,
sedimentation is greatly reduced, if not eliminated. However, one drawback to pure nanowire
fluids is the limit on particle loading to 10 vol. %, resulting in fluids with a maximum yield
stress much lower than most conventional MR fluids. The wires occupy a much larger
effective volume compared to spheres, due to the excluded volume concept. Even so, fluids
using only nanowires display some very interesting and useful properties. For applications
that require the highest yield stress (and thus maximum particle loading of 35-40 vol. %), a
“dimorphic” fluid was generated that contains both spherical and nanowire particles. These
fluids not only display reduced sedimentation, but some formulations also display an increase
in yield stress over conventional fluids.

2. Synthesis of magnetorheological fluids

Two types of ferromagnetic particles were used in this study. To replicate conventional MR
fluids, we used spherical iron particles having diameters of 1 - 3 pm or 6 - 10 pm (Alfa
Aesar), cobalt particles with nominal diameters of 1.6 pm (Alfa Aesar), and nickel particles
with diameters in the range of 1 to 10 pm (Novamet). Nanowire-based fluids were
synthesized using wires generated via template-based electrodeposition techniques.

2.1 Nanowire generation and characterization

The nanowires were generated via template-based electrodeposition using commercially
available, anodized alumina membranes (Whatman) as templates and various electrolytic
solutions depending on nanowire composition. The electrolyte solution for nickel nanowires
consisted of 1.1 M NiSOy, 0.19 M NiCl,, and 0.6 M H3BOs, with the pH of the solution
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adjusted to 3.5 using H2SO4. A 99.5% nickel foil was used as the working electrode. Iron
nanowires were fabricated using an electrolytic solution consisting of 0.9 M FeSO,, 0.03 M
FeCly, 0.10 M NH4Cl, 0.01 M CsHgOs, and 0.5 M H3BOs at a pH of 3 using HSO4. A 99.99%
iron foil was used as the working electrode. Cobalt nanowires were generated from a
solution containing 0.2 M CoSOy, 0.02 M CoCly, and 0.3 M H3BO; adjusted to a pH of 3.5
using HzSOs. A 99.97% cobalt foil was used as the working electrode. The working
electrodes were suspended approximately 2 cm from the alumina template in the
electrolytic solutions. Wires were electrodeposited using a current density ranging from 4.8-
5.5 mA cm?2 under ambient conditions without agitation. The diameter of the wires was
fixed by the diameter of the channels within the membrane and the lengths of the wires
were controlled by the current and deposition time. The nanowires were recovered by
dissolving the wire-filled templates in a 1 M NaOH solution.

Particle dimensions and size-distribution information for both the spherical particles and
nanowires were obtained using Hitachi S570 and Hitachi S800 scanning electron
microscopes (SEM). Hundreds of images were examined to determine an average and
standard deviation for the diameter and length. The size distribution of the wires can be
seen in the SEM micrographs in Fig. 2.

Using induction-coupled plasma spectrometry (ICP), the stoichiometric purity of all wire
compositions was determined to be greater than 99.4%. In particular, the ICP data indicates
that the wires do not contain significant amounts of gallium, indium, copper, aluminum, or
other elements that come in contact with the wires during fabrication.

The coercivity, remanence, and magnetic saturation all influence the magnetorheological
properties of the fluids and depend on the composition and aspect ratio of the particles. The
magnetic properties of the particles and MR fluids were determined at room temperature
using a Lakeshore 7400 series vibrating sample magnetometer (VSM). Figure 3 shows
hysteresis curves exhibited in iron nanowires aligned parallel to one another within an
alumina template, where the easy axis is parallel to the field flux and the hard axis is
perpendicular to the flux. This reveals a shape-anisotropy in the wires due to their aspect

Fig. 2. SEM micrographs of 6.8 + 1.7 pm long cobalt nanowires with diameters of 296 + 39
nm.
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Fig. 3. VSM measurements for 7.89 pm iron nanowires still contained within the alumina
template and therefore aligned parallel to one another. Wires aligned parallel to the field are
represented by the red curve and wires aligned perpendicular to the field are represented by
the blue curve.

ratio. This anisotropy causes the suspended wires within an MR fluid to experience a torque
when exposed to the slightly non-uniform magnetic field, resulting in the self-aligning
behavior of the nanowires discussed in section 3.2. Since the saturation magnetization (Ms) is
obtained when all magnetic moments in the material are aligned in the same direction, it is
an intrinsic material property which is unrelated to sample morphology. Therefore, we
would expect both the spheres and nanowires to have a value that is relatively similar to the
bulk material of the same composition. The magnetic saturation of the iron spheres and
nanowires is 200.8 emu cm= and 174.1 emu cm?3, respectively. When both are assumed to
have a bulk density, the magnetic saturation for cobalt spheres is 126.3 emu g and for the
nanowires, it drops to 111.6 emu g. This deviation from the bulk value is not surprising
due to the oxide layer that is present. It is not unexpected that the nanowires would display
a lower value due to increased surface area and the concomitant increase in oxide. As
expected, spherical iron particles exhibit a near zero coercivity.
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Fig. 4. XRD of 8.7 + 2.7 pm long by 318 + 51 nm diameter iron wires. The lattice planes for iron
are indicated in () brackets and those resulting from the oxide layer are indicated in [ ] brackets.
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To determine the bulk crystal structure and approximate grain size of the crystallites
forming the spheres and nanowires, x-ray diffraction (XRD) patterns are acquired using a
Scintag X2 automated diffractometer equipped with a Peltier solid-state detector. XRD of the
free wires indicates that iron wires grow in a bcc polycrystalline structure and that cobalt
wires grow in a hexagonal polycrystalline structure. Using Scherrer’s formula, the
approximate crystallite size for as-deposited wires was determined to be 23.8 nm, 14.8 nm,
and 422 nm for the nickel, iron, and cobalt, respectively. The XRD revealed the
susceptibility of the iron nanowires to oxidation (some samples display a composition as
high as 28% iron oxide) while those of nickel and cobalt displayed only minor peaks (or
none at all) for their corresponding oxides. We observed minor metal oxide peaks for the
iron spherical particle distributions, but none for those of nickel or cobalt.

2.2 Magnetorheological fluid composition

The MR fluids were prepared by thoroughly mixing the ferromagnetic particles in silicone
oil. Lecithin was added to the oil prior to the addition of particles as a surfactant for
producing good dispersions with 2 wt. % total particle mass. For the nickel-based MR fluids,
the particles were suspended in 0.2 Pa s silicone oil (Alfa Aesar). Magnetorheological fluids
used for the percolation studies (Section 4) were prepared using a 0.45 Pa s viscosity silicone
oil. A more viscous fluid was used for these low vol. % suspensions to avoid sedimentation
and to prevent the oil from being expelled from the rheometer. All other MR fluids were
prepared using a 0.18 Pa - s viscosity silicone oil (GE SF96-200).

2.3 Rheological fluid testing

To determine the flow curves (shear stress vs. shear rate), measurements were carried out on
an Anton-Paar Physica MCR300 parallel plate rheometer equipped with a MRD180
magnetic cell. A standard gap of 1 mm was maintained between the plates and a nominal
0.3 mL sample of fluid was placed between them. A Hall probe (F.W. Bell FH301) was
placed within the gap to calibrate the electromagnet current of the rheometer in terms of the
magnetic flux density within the fluid-containing gap. For the percolation studies, a gap of
0.5 mm was maintained between the plates and a nominal 0.15 mL sample of fluid was
used. A magnetic flux density from 0 to 1.0 T was used for the various studies and the
temperature of all samples was maintained at 25°C with a closed-cycle cooling system. To
avoid sedimentation, the tests were started as soon as the thoroughly-mixed fluid was
injected between the disks.

For the preliminary studies of the nickel nanowire-based MR fluids, a custom built
rheometer was constructed. This device consisted of a C-shaped electromagnet capable of
generating fields up to 0.6 T as measured by a Hall probe between the poles of the magnet.
The sample was then placed tightly between the poles. To measure effective viscosity, a thin
aluminum plate was submersed 1.3 cm into the fluid with 1 mm of the MR fluid on either
side of the plate. With the magnetic field applied, a force transducer (range of 0.02 - 45 N)
measured the force required to pull the plate out of the fluid at a rate of 1.06 mm/s.
However, due to the poor resolution of this force transducer, the maximum field of 0.6 T
was necessary to measure the yield stress within a reasonable uncertainty. Thus, all future
studies were conducted on the aforementioned Anton-Paar rheometer.
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2.4 Sedimentation testing

The sedimentation velocity of particles within the suspensions was determined by
exploiting the magnetic properties of MR fluid particles. As seen in Fig. 5, the inherent
density difference between the carrier fluid and magnetic particles results in sedimentation
of the particles, leaving a volume of supernatant fluid (the clarified fluid above the sediment
mudline). To quantify and compare the sedimentation velocity of conventional sphere-
based MR fluids with those containing nanowires, an inductance-based solenoid sensor was
constructed to track the mudline location of the settling fluid (Ngatu & Wereley, 2007). The
sedimentation velocity is defined as the rate at which the mudline descends due to particle
settling, until the particles pack tightly at the bottom of the vial without further
sedimentation. The magnetic permeability of the MR fluid is highly dependent on the
volume fraction of fluid. Therefore, the inductive sensor solenoid is maintained within this
region. The permeability of the MR fluid within the sensor region is related to the sensor
inductance L as

_ NZA,uO

L
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@
where N is the number of turns of the solenoid, A is cross-sectional area of the coil, I is
solenoid length, yo is the vacuum permeability, and y. is relative permeability of the MR
fluid. Thus, the rate of change of the mudline can be determined as it traverses through the
sensor by measuring the rate of change of magnetic inductance within the sensor.

Another method to quantify the sedimentation properties of fluids is the percentage of
sedimentation, 6, given by

0= [Volume of supernatant fluid
total volume of fluid

)xwo% )

The percentage of sedimentation is an indication of how tightly-packed the particles become
once settled and is directly related to the ease with which the suspensions can be re-dispersed.

Supernatant fluid —

<—— Mudline— |
; Solenoid
<—MR Fluid Sample

x - Mudline
b - Solenoid Length

\—"i Inductance Meter
|

Fig. 5. Sedimentation testing apparatus for determining settling velocity of MR fluids. The
inductance measuring instrument is comprised of the sensor assembly, an inductance meter,
and a stand to mount the apparatus and sample.
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3. Nanowire-based magnetorheological fluids

3.1 Nickel-based MR fluids

To investigate the feasible performance of the new nanowire-based MR fluids, we
conducted a preliminary investigation of the rheological properties and settling
characteristics of fluids containing nickel nanowires with an average length of 5 - 25 pm and
diameters of 300 + 30 nm (Bell et al., 2007). Using the custom-designed rheometer described
in section 2.3, the rheological properties of these fluids were compared to conventional
fluids containing nickel-carbonyl spheres (range of 1-10 pm dia.) having the same volume
percent of suspended particles. The rheological and settling properties of the MR fluids
consisting of 7.6 vol. % nickel nanowires were compared to fluids containing 7.6, 17.5, and
40.0 vol. % nickel spheres. These initial studies indicated that there was no difference in the
maximum yield stress of the suspensions. However, the settling properties of the fluids
were significantly different. The nanowire-based fluids displayed no settling after several
months (discussed further below). However, these studies suffered from several
shortcomings. The custom-built rheometer lacked the sensitivity to examine fluids below
magnetic saturation and could not measure the rheological properties at high shear rates. In
addition, the wires were not well-characterized and an average wire length could not be
determined from the limited SEM images acquired for this study. However, the settling
results were so promising that these initial studies paved the way for more carefully
constructed fluids using instrumentation capable of examining the rheological and
sedimentation properties with greater sensitivity.

3.2 Iron-based MR fluids

We then focused our attention on iron nanowire-based MR fluids with two distinct length
distributions: 5.4 * 5.2 pm and 7.6 £ 5.1 pm with diameters of 260 + 30 nm. These were
compared with conventional sphere-based MR fluids (Bell et al., 2008). These studies
illustrated the distinct differences between conventional MR fluids employing spherical
particles to nanowire-based fluids with the same ferromagnetic material and particle loading.
The rheological properties of the fluids were determined using the parallel plate rheometer
modified with an electromagnet to allow application of a variable magnetic field across the
sample. We plotted steady-state flow curves of shear stress (1) versus shear rate (7 ) as seen
in Fig. 6. A Bingham-plastic (BP) constitutive model (Jolly et al., 1999) was used to fit the
flow curve to determine the apparent yield stress (r,) and the post-yield viscosity, 1. The BP
model for the viscoplastic flow with yield stress is given by

c=r,+np (7>0) ©)

The values of 7, and 7 were determined by fitting with a weighted least-squares-error
minimization for each fluid tested at all values of the applied field. By using the measured
shear rates as the weighting factor, the model provided a better fit to the high shear rate data.
As shown in Fig. 7, the dynamic yield-stress displays a dependence on the applied field for
all the fluids studied. At a saturated magnetic flux density, it approaches a maximum value
of 4.72 kPa for fluids containing 6 vol. % iron spheres. For fluids containing the 5.4 pm iron
nanowires in silicone oil, we observed maximum yield stresses of 0.65, 2.23, and 4.76 kPa for
the 2, 4, and 6 vol. % fluids, respectively. The yield stress increased to 8.23 kPa for the 6 vol.
% fluid when the average length of the wires increased to 7.6 pm.
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Fig. 6. Experimental flow curves for fluids containing 6 vol. % 7.6 pm Fe nanowires. The
applied magnetic field was varied from 0.0 T (bottom) to 0.72 T (top).
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Fig. 7. Yield stress versus magnetic flux density for MR fluids containing 5.4 pm and 7.6 pm
iron nanowires and for those fluids with 1 - 3 pm iron spheres. All fluids have a 6 vol. %
particle loading. The dotted curves are included simply as a visual aid.

As seen in Fig. 7, the nanowire-based fluids exhibit a more sensitive response displaying a
higher yield stress at low field as compared to the sphere-based fluids. This enhancement in
the response is likely attributed to magnetic shape-anisotropy of the wires. The nanowires
experience a torque within the applied magnetic field forcing them to align with their long
axis parallel to field (Qi et al., 2003) and they experience a greater magnetization due to the
shape anisotropy (Sun et al., 2005).
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Models of the yield stress (7,) for sphere-based fluids predict a characteristic response at
intermediate fields below saturation as given by

7, o MY )

where o is the permeability of free space, ¢ is the volume fraction, Ms is the magnetic

saturation of the material, and H is the strength of the applied magnetic field. The sphere-
based suspensions used in this study displayed similar behavior. However, for the
nanowire-based suspensions, the trend in the yield stress is found to be proportional to the
square root of the applied field,

7, o gu,H'" )

How the magnetic saturation and shape anisotropy of the particles quantitatively affects the
yield stress of the nanowire-based suspensions is still not well understood. The magnetic
saturation of the nanowires is a function of their length and diameter, with longer wires
(with fixed diameter) having a higher magnetic saturation (Han et al., 2002). Yet the
difference in the magnetic saturation of the particles cannot account for the substantial
difference in the yield stresses of the fluids containing the two wire lengths observed in our
studies. Therefore, other factors such as magnetostatic coupling between neighboring wires
(this tends to create a magnetic easy axis perpendicular to the wire axis), inter-fiber friction,
and structural differences of the two types of suspensions in an applied magnetic field must
also be considered. Some structural differences between sphere-based fluids and nanowire-
based fluids are apparent in the SEM micrographs of Fig. 8.

Knowing the structure of the suspension both in the presence (on-state structure) and
absence (off-state structure) of a magnetic field is essential to understanding the properties
of these fluids. To generate these images, the wires were suspended in a drop of water and a
uniform magnetic field was applied across the droplet. The droplet was then allowed to
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Fig. 8. SEM micrograph showing the columnar structures of (a) spherical 1 - 3 pm diameter
iron particles and (b) 10.6 pm long iron nanowires with 260 nm diameters formed in the

presence of a magnetic field.
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evaporate while the field was maintained. The spheres line up to form interconnected
columns as depicted in Fig. 1. In addition to forming columnar structures, the nanowires of
the wire-based fluids also tend to interlock with one another due to their elongated shapes.
There are a number of factors that must be considered to understand the increase in the
yield stress of the nanowire-based fluids as compared to the sphere-based fluids. As noted
previously, for sphere-based fluids, yield stress scales with particle size. If the increase in
yield stress depended on the volume of the individual particles alone, we would expect the
fluids containing the 1 - 3 pm spheres to exhibit much higher yield stresses than the wire-
based fluids. (The volume of a 2 pm diameter sphere is 4.19 pm3 and the volumes of 5.4 and
7.6 pm long wires with 260 nm diameters are 0.29 and 0.40 pm?3, respectively.) At fields
below magnetic saturation, the wires have a smaller demagnetization factor and thus it is
easy to understand their more sensitive response at lower magnetic fields. But above
saturation, differences in magnetic saturation no longer apply.

Given that the suspensions contain the same mass of iron particles (and therefore, the same
volume), the magnetic permeability of the two types of suspensions is expected be very
similar. However, the local packing density of the nanowires may be slightly higher than
that of the pure spheres (Bell et al., 2008), which would result in a higher local permeability
and thus stronger columnar structures within the suspension. The packing density of the
two nanowire distributions should be similar and we would expect the yield stress of these
two fluids to be similar. However, it is apparent from Fig. 7 that the longer nanowires
display a much greater yield stress than the shorter wires at the same loading. This suggests
that the packing efficiency of the fluids may only play a minor role in the overall yield stress
of the fluid.

The off-state viscosity of the fluids is also an important factor that must be accounted for
when developing new types of MR fluids; the lower the off-state viscosity, the larger the
range of achievable viscosities. The pure silicone oil used in these studies had a viscosity of
0.41 Pa s and the off-state viscosity for the 6 vol. % fluids containing spheres was 0.66 Pas.
The nanowire-based fluids demonstrate a similar off-state viscosity of 0.68 Pa- s for the 6
vol. % fluids, which drops to 0.50 Pa - s for the 2 vol. % fluids. However, as we now discuss,
the nanowire-based fluids display a much higher degree of viscoelasticity.

Nanowire-based fluids display no discernable settling at volume fractions greater than ~4
vol. % of ~11 pm long wires after 2 months of sitting undisturbed. The exact vol. % required
to effectively stop sedimentation (under vibration free conditions) depends on the length of
the wires: shorter wires require higher volume percentages than longer ones. A
disadvantage of the nanowire-based suspensions is that the maximum volume fraction of
nanowires (< 10 vol. %) is much less than the desired 30 - 40 vol. %, achievable with
spherical particles, which is necessary for high yield-stress applications. For these reasons,
suspensions that contain strictly nanowires would be more useful in applications where
sedimentation would be extremely detrimental or where low yield-stress is sufficient.

On the other hand, fluids employing 6 vol. % spheres displayed 79% settling in just 48 hours.
The difference in the sedimentation (and the viscoelastic properties) of the two fluid types is
likely a result of several factors, including nanowire entanglement, increased surface area
compared to spheres, and hydrostatic and magnetic interactions between nanowires,
particularly those due to remnant magnetization. Comparing the total surface area of the
particles in fluids with the same volume fraction of particles, fluids containing 5.4 pm long
nanowires with 260 nm diameters have more than 5 times the total surface area per volume
than fluids with 2 pm diameter spheres (this difference varies little with wire length).
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However, entanglement of the nanowires is likely the primary factor responsible for the
differences between the sedimentation and viscoelastic properties of the two types of fluids.
Entanglement occurs when the volume fraction of wires is high enough so that neighboring
wires restrict the end-over-end rotational and translational motion of the wires
perpendicular to the long axis (Doi & Edwards, 1978). However, this does not greatly affect
the off-state viscosity of the nanowire-based suspensions under shear because the wires tend
to line up and slide past one another easily, resulting in a viscosity that is similar to that of
the carrier fluid at low particle concentrations (Bercea & Navard, 2000).

4. Percolation phenomena in MR fluids

The ability to predict the effective physical properties of MR-fluid composites from the
known properties of the constituents would have a tremendous impact for numerous
industrial processes. However, formulating an effective-medium model is complicated
when the physical properties of the constituents vary greatly. In such cases, the composite
material typically exhibits a phase transition at a critical volume fraction of the component
of interest. The prototypical example is that of a metal-insulator composite with electrical
conductivity that can change by 16-20 orders of magnitude as a critical volume of the
conducting component is reached. Such a phase change in the physical properties of
materials is known as a percolation transition. Numerous studies over the past few decades
have focused primarily on electronic and thermodynamic transport and to some extent on
the elastic and mechanical properties of materials near the critical point.

Various percolation models involving static matrices have been developed using both
discrete-lattice networks and continuum networks (Stauffer & Aharony, 1994, and
references therein). Each of these models attempts to determine the scaling behavior of the
system using different critical exponents (s and ¢, in the case of conductivity networks) to
describe the nature of the transition as the critical volume fraction (¢) is approached. In so-
called elastic percolation networks (EPNs), a two-component mixture consists of bonds with
finite elastic modulus together with completely non-rigid bonds. As ¢ is approached from
above, the general elastic modulus (G) of an EPN is thought to vanish as (Feng et al., 1987;
Deptuck et al., 1985; Sahimi, 1996),

G~(¢-¢.) 6)

In contrast, a superelastic percolation network (SEPN) consists of a mixture of perfectly rigid
bonds and bonds with finite elastic constants. Below the critical point, the elastic moduli
diverge as (Bergman, 1986),

G~(4.-9)" )

Some studies indicate that for ¢ > ¢, the elastic exponent is equal to the conductivity
exponent, f = t (Tokita & Hikichi, 1987; Craciun et al., 1998). Other studies on the rheology
of magnetic suspensions exhibiting elastic behavior suggest that f depends on concentration,
varying from 1.0 to 2.26 (Kanai et al., 1992). However, most experimental measurements
and theoretical models indicate that f > ¢, with typical f-values in the range of 3.5 - 4.0 (Feng
et al., 1987; Deptuck et al., 1985; Sahimi, 1996), which are attributed to the higher tensorial
order of EPNs. Studies of SEPN behavior in two dimensions indicate that the critical
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exponent ¢ should scale as the superconductivity exponent s (Bergman, 1986), while
numerical simulations have shown c to be slightly smaller than s (Feng, 1987).

To investigate further the rheological behavior of nanowire-based MR fluids, we have
systematically varied ¢in cobalt-nanowire MR fluids and measured the dynamic yield stress
for varying applied magnetic field strengths (Zimmerman et al., 2009). In doing so, we
observe a percolation transition in the yield stress and find the behavior near the critical
point to depend on the magnitude of the applied field.

We varied the applied magnetic field incrementally over the range of 0 - 1.0 T for samples
having cobalt-nanowire volume fractions in the range ¢ = 0 - 0.06 (note that we are using
volume fraction rather than vol. %). Figure 9 shows a series of 1, versus ¢ curves that reveal
the dependence of the critical volume fraction and the transition onset on the applied field.
To characterize the data we employed a normalized, two-parameter fit based on Eq. 8 and 9
using values of the yield stress extrapolated to ¢ =0 (T ~ 5 - 12 Pa) and far beyond ¢. (Tnign
~ 105 Pa).

Ty = Tlow [ ¢l¢: ¢} /¢ < ¢e (8)
. (¢4
6= Thigh( 1—¢ ] P>, ©)

The data exhibit several trends: ¢ decreases with increasing field, while ¢. increases, and f
appears to be relatively constant, independent of the applied field. The extracted values of f
for all field-strengths range from 1.0 to 1.2. These are intriguingly reminiscent of the
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Fig. 9. The apparent yield stress (r,) of on-state, cobalt-nanowire MR fluids as a function of
nanowire volume fraction (¢) for varying applied magnetic fields. The solid curves represent
the best fit to expected power-law dependence given in Eq. 8 and 9. Data up to ¢ = 0.06 was
used in the analysis, but not shown for the sake of clarity near the critical point.
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conductivity exponent in two-dimensional static matrices (f ~ 1.3) and the values of the
elastic exponent (f ~ 1.3) found in two-dimensional, static-matrix numerical studies (Plischke
& Joos, 1998; Farago & Kantor, 2000). This suggests that an MR fluid system subjected to a
relatively uniform magnetic field behaves two-dimensionally, possibly because the applied
field defines a preferred spatial direction for chain formation. The variation in ¢ and ¢, are
difficult to explain in light of known scaling models. In conductivity networks, the critical
volume fraction is expected to decrease as the metal/insulator particle-size ratio decreases
(Kusy, 1978), and at the same time, increase with aspect ratio due to the effect of excluded
volume (Balberg et al., 1984). Yet, neither of these is a variable in the MR fluid system under
study. The critical exponent, ¢, presumably related to the growth of elastic clusters below the
transition (ferromagnetic chains in this case), varies considerably with the magnetic field.
The variation in ¢ may be describing the changes in the random reinforcement of the MR
fluid by chain growth below the critical volume fraction that does not span the sample. In
all likelihood, the fluid-chain morphology of the on-state MR fluids and the dynamic nature
of the rheological measurements may also play a significant role in the character of the
percolation transition. The importance of this issue cannot be underestimated in light of the
numerous applications that exploit the MR effect.

While the values of the critical volume fraction are reasonable for nanowires having a high
aspect ratio (~30), the dependence of critical volume fraction on the applied field is
unexpected and likely attributed to the dynamic nature of the measurement technique and
the inhomogeneities of the rheometer magnetic field. Unlike the present study, involving a
dynamic-matrix fluidic system with both short-range contact and long-range magnetic
interactions, the vast majority of other studies have considered static systems with short-
range interactions or those involving direct particle-particle contacts. In future studies, we
will vary the nanowire aspect-ratio, use other ferromagnetic materials (e.g., iron and nickel),
and employ quasistatic, rather than dynamic measurements, to help separate these issues
from the underlying physical mechanisms.

5. Dimorphic magnetorheological fluids

Dimorphic MR fluids were conceived as a way to realize the benefits of both nanowire-
based and conventional MR fluids (Ngatu et al., 2008). In particular, we wanted to
synthesize an MR fluid having low sedimentation properties yet having sufficiently high
particle-loading to achieve high yield stress. We investigated the rheology and
sedimentation stability of these dimorphic fluids, which substitute a given percentage of
spheres within a conventional MR fluid for nanowires. For these studies, we used iron
spheres of diameter 8 + 2 um and iron nanowires with diameters of 230 nm and lengths
ranging 7.6 = 5.1um suspended in a 0.18 Pa - s silicone oil. Samples were generated for total
particle loadings of 50, 60, and 80 wt. % combined with nanowire loading from 0 to 8 wt. %
in 2 wt. % increments. This resulted in off-state viscosities for fluids with a total loading of
80 wt. % ranging from 1.3 Pa- s for the pure sphere fluids to 4.4 Pa- s for the 8 wt. %
nanowire-substituted dimorphic fluids.

Dimorphic MR fluids with moderate particle loading of 50 and 60 wt. % displayed yield-
stress behavior very similar to conventional fluids as seen in Fig. 10. However, we observe
slight differences in the yield-stress of dimorphic MR fluids at 80 wt. %. At low field
strengths, a slight increase in yield stress with increasing wire substitution was observed,
consistent with the enhanced response observed in pure nanowire MR fluids at lower field
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strengths. At moderate field strengths there were no differences in performance. At high
fields approaching the magnetic saturation of the particles, there was an increase in yield-
stress of 10% for 2 wt. % substituted dimorphic fluids. Yet, with a further increase in
nanowire substitution we observe a ~5 % decrease for 8 wt. % substituted dimorphic fluids.
This was hypothetically explained by considering the chain structures formed in
conventional fluids compared to those formed by dimorphic fluids. At higher loadings, SEM
micrographs showed that the wires began to interfere with the columnar structure of the on-
state fluids.

Sedimentation stability analysis of dimorphic fluids showed drastic improvements across all
ranges of particle loading. Time constraints were a factor in this study since only one sample
could be tested at a time and each test required a minimum of one month. Thus, not all
samples underwent both rheological and sedimentation tests. For fluids in the moderate
particle loading ranges of 50 and 60 wt. %, only one conventional and one dimorphic sample
were tested so that the more highly-loaded fluid samples of 80 total wt. %, which are more
commonly employed throughout industry, could undergo more extensive testing.
Sedimentation tests of the moderately loaded fluids showed a decreased (order of
magnitude lower) sedimentation velocity when comparing 50 wt. % conventional fluids to
dimorphic fluids with 6 wt. % substitution, as well as 60 wt. % conventional fluids to 8 wt. %
substituted dimorphic fluids. Dimorphic fluids with a total loading of 80 wt. % also showed
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Fig. 10. Yield stress versus magnetic field for conventional sphere-based fluids and for
dimorphic fluids of the same total particle loading.
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a significant sedimentation rate decrease. The rate of 2 wt. % substituted fluids decrease by a
factor of two, while the rate of 4 wt. % substituted dimorphic fluids displayed an order of
magnitude decrease. Similarly, the difference in the degree of sedimentation between
conventional and dimorphic fluids for the same samples showed a total sedimentation
decrease of 50% in 50 wt. % loaded fluids and an 80% decrease in 60 wt. % loaded fluids.
The 80 wt. % fluids showed a decrease in total sedimentation of 40% in 2 wt. % substituted
fluids and 60% in 4 wt. % substituted fluids. Results of the sedimentation tests are
summarized in Table 1.

Composition Sedir.nentation Sedimentation
Velocity [pm/s] | Percentage (%)

50 wt. % spheres 1.9 729

44 wt. % spheres + 6 wt. % wires 0.036 234

60 wt% spheres 0.86 66.7

52 wt% spheres + 8 wt% wires 0.017 14.0

80 wt% spheres 0.0254 14.8

78 wt% spheres + 2 wt% wires 0.0122 8.8

76 wt% spheres + 4 wt% wires 0.0021 57

Table 1. The sedimentation velocity and percentage sedimentation of iron-based dimorphic
fluids containing various wt. % substitutions of spheres by nanowires.

In summary, the benefits of using dimorphic MR fluids over conventional MR fluids are
effected by the heterogeneous chain structures formed in dimorphic fluids - the nanowires
appear to structurally support the chains that are primarily formed by spheres (Ngatu et al.,
2008). However, as wire substitution is increased, there appears to be a threshold reached
where the wires begin to interfere with the columnar structures formed by the spheres
resulting in a lower yield stress at higher wire substitution.

6. Magnetorheological elastomers

Elastomers (i.e., silicone, polyurethane, natural rubber, etc.) have been commonly used for
“passive” shock and vibration attenuation, yet passive damping performance is limited due
to the fixed viscoelastic properties of these materials. To overcome these performance
limitations, magnetorheological elastomers (MREs) have been recently introduced and are
being actively studied. MREs are multifunctional materials as they can also be used as
sensors or actuators similar to other controllable, active-damping materials such as
piezoelectrics, magnetostrictives, electroactive polymerics, and so on. However, in contrast
to other active-damping materials, MREs can operate in a passive mode as well. MREs
operate in the active mode by application of a variable applied magnetic field that changes
the frequency-dependent elastic modulus.

We examined both the static and dynamic character of nanowire-based MRE composites
(Song et al., 2009a; Song et al., 2009b). These MREs were synthesized using a silicone rubber
embedded with ferromagnetic particles of iron and cobalt of varying weight fraction (10, 30,
and 50 wt. %). To assess the effect of particle morphology, we compared nanowire-based
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MRE composites to those made with spherical particles. By means of a modified material
testing machine using both static and sinusoidally-oscillating compressive loads, we
measured such field-dependent properties as static and dynamic stiffness, elastic modulus,
yield stress, and equivalent damping. To investigate magnetic anisotropy effects in
nanowire-based MRE composites, samples were cured both in the presence and absence of a
magnetic field to yield samples with nanowires both aligned and randomly oriented with
respect to the field, respectively.

The static stiffness of both microsphere- and nanowire-based MRE composites increased
linearly as the particle weight fraction increased as shown in Fig. 11. Iron nanowire-based
MRE composites displayed a greater sensitivity to the weight fraction than that of iron
microsphere-based MRE composites. The increase in stiffness of the nanowire-based MREs
is primarily due to the increased surface area of nanowires compared to that of spheres. This
difference in static stiffness is thus attributed to the increased contact surface area in
nanowires combined with the greater compressive strength of the nanowires compared to
the microspheres.

The predicted elastic modulus of the nanowire-based MRE composite was determined by
the modified Halpin-Tsai equation (Halpin & Kardos, 1976) and compared with the
experimental results. It was shown that the theoretical model can adequately predict the
elastic properties of the composites (Song et al., 2009b).

The nanowire-based MRE composites exhibited larger specific moduli (defined as the elastic
modulus over the density) than the microsphere-based samples, implying that the
nanowire-based MRE composites will display enhanced performance over their heavier
counterparts (i.e., lower wt. % nanowire MREs can be used in place of the heavier, higher
wt. % microsphere composites). Compared to the iron nanowire-based MRE composite, the
cobalt nanowire-based MRE composite displayed an even higher specific modulus.

Using the Bingham model, the total force of an MRE composite can be modeled in terms of
the elastic and MR effect as follows:

Frya (1) = kx(2) + ¢, X(0) + Fypi (1) (10)
60 -
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Fig. 11. Measured static stiffness of the nanowire-based MRE composites versus the weight
fraction of particles in the absence of magnetic field.
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Here, k. and c, are the stiffness and damping coefficients of the MRE composite, respectively.
Fure(t) is the controllable damping force at a given magnetic flux density, r is the radius of
MRE composite, and xp and x(t) are the initial position and excitation displacement,
respectively. In addition, the yield stress can be represented by

z,(B)=aB” (in MPa) (12)

where a and f§ are an empirically-determined coefficient and exponent, and B is the magnetic
flux density (B) in Tesla. The yield stress of the nanowire-based MRE composites versus the
magnetic flux density is shown in Fig. 12. In this figure, the yield stress was calculated from
the increment of force (i.e., the difference in yield stress between 0.2 T and zero field) by
using Egs. 10-12. Similar to the yield stress behavior of MR fluids, the yield stress of the
MRE composites can be modeled as a power-law function of B.

The dynamic range of the nanowire-based MRE composites was evaluated by measuring
field-dependent dynamic stiffness and equivalent damping. The nanowire-based MRE
composites had nearly the same dynamic stiffness; however, these composites display
greater equivalent damping ranges than the microsphere-based MRE composites (Fig. 13).
In addition, the 10 wt. % cobalt nanowire-based MRE composite had an increased damping
capacity over that of the 10 wt. % iron nanowire-based sample.

The effect of aligned vs. nonaligned particles in the samples was observed in 10 wt. % cobalt
nanowire-based MREs: aligned nanowire-based MRE composite displayed a much greater
damping capacity than that of the nonaligned samples (Fig. 14).

The static stiffness of both spherical microparticle- and nanowire-based MRE composites
increases monotonically as the particle-weight-fraction is increased. The nanowire-based
MRE composites display a greater sensitivity to the weight fraction than that of spherical
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Fig. 14. Equivalent damping of the Co nanowire-based MRE composite: Aligned vs.
nonaligned particles.

microparticle-based MRE composites, a result of the increased surface area of the nanowires.
The nanowire-based MRE composites exhibited larger specific moduli than the
microparticle-based samples, implying that the nanowire-based MRE composites having
high specific moduli that can yield enhanced performance over their heavier counterparts.
The nanowire-based MRE composites generated greater dynamic stiffness and equivalent
damping ranges than the spherical microparticle-based MRE composites. In addition, the 10
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wt% Co nanowire-based MRE composite had increased damping capacity over the 10 wt%
iron nanowire-based sample.

7. Conclusions

Nanowires are well suited as model particles for the exploration of the shape- and
composition-dependent properties of the suspended particles in magnetorheological fluid
and elastomer composites. Two major advantages can be seen for the nanowire-based MR
suspensions as compared to those that contain strictly spherical particles. The nanowire-
based suspensions make for a more efficient MR fluid (higher yield stresses) at low
magnetic fields allowing for more sensitive control of the fluid properties. The
sedimentation velocity and the percentage of sedimentation are both greatly reduced
compared to conventional MR fluids. A disadvantage of the suspensions is that the
maximum volume fraction of nanowires is much less than the desired 30-40 vol. %
achievable with spherical particles. For these reasons, suspensions that contain strictly
nanowires would be more useful in applications where sedimentation would be extremely
detrimental and low yield stresses are sufficient. Dimorphic MR fluids exhibit very
attractive magnetorheological and sedimentation properties that make them feasible for an
expanded set of device applications, since the higher mass loadings of conventional MR
fluids can be attained. While the differences in the rheological properties of the fluids
containing the spherical and nanowire particles must result from a combination of magnetic
and mechanical properties, separating the details of these effects will require more in-depth
experimental and theoretical studies. Further work on this new type of MR fluid will consist
of examining suspensions with narrow nanowire length distributions and varying the
diameters to further understand the dependency of magnetorheological and sedimentation
properties on aspect ratio. In the case of nanowire-based MREs, the static stiffness was
higher than that of spherical particle-based elastomers in the absence of a magnetic field at
the same weight fraction due to the increased surface area of the nanowires as compared to
the spherical particles. With nanowire-based MRE samples, the equivalent damping was
significantly greater in the presence of a magnetic field. Future studies will include the
consideration of aspect ratio dependence, as well as an exploration of the percolation
transition within these unique composite materials.
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1. Introduction

Recently, there has been increasing research attentions focused on the development of
nanomaterials for solving complicated biological problems. Nanoparticles, such as quantum
dots or metallic nanoparticles, have been shown to exhibit superior performance to the
conventional techniques in biosensing (Nam et al., 2003; Xiao et al., 2003) and biolabeling
(Michalet et al., 2005; Medintz et al., 2005). However, the applications of nanoparticles for
the studies of living cells are less explored due to the issues of biocompatibility and
cytotoxicity (Derfus et al., 2004; Goodman et al., 2004; Chithrani et al., 2006). Noble metals,
such as gold, have been used in the biological studies for a long time because of their
stability and low toxicity. The use of metallic nanoparticles may offer several advantages in
biomedical applications including simple preparation, well-defined size, various available
surface modification schemes, and high sensitivity detection. Therefore, there are renewed
research efforts in developing metallic nanoparticle based techniques for labeling (Katz &
Willner, 2004), drug delivery (Shen et al., 2004; Salem et al., 2003; Sandhu et al., 2002) and
gene regulation (Rosi et al., 2006).

A common approach to use nanomaterials for biomedical applications is to chemically
modify the surfaces of the nanoparticles such that the nanoparticles can recognize a specific
molecule or receptor on the cell surfaces or the nanoparticles can form complexes with
drugs or genetic materials to enter the cells. However, in the complicated cellular
environments, it often requires individual nanoparticles to possess several functionalities to
achieve multiple tasks. The surfaces of nanoparticles may have to be decorated with
biomolecules to recognize specific cells or to enhance the uptake efficiency. When the
nanoparticles are inside the cells, additional molecules may be needed to help the
nanoparticles to escape the endosomes or to reach specific organelles. In addition, the
optical properties of nanoparticles may allow monitoring the cellular uptake process and
their spatial distribution by optical microscope whereas the magnetic nanoparticles may be
used for separation or contrast agent. To engineer the nanoparticles with multiple
functionalities, two peptides have been attached to the same gold nanoparticles allowing
traversing cell membrane by receptor-mediated endocytosis pathway and endosomal escape
(Tkachenko et al., 2003). However, these two peptides were randomly distributed on the
surfaces of nanoparticles. It is very difficult to control the spatial distribution of molecules or
functionalities on the spherical nanoparticles. This problem can be solved by using non-
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spherical nanoparticles such as multi-segment nanowires, which could be engineered with
different functionalities in a spatial controlled manner through various coupling schemes. It
has been shown that two types of molecules have been incorporated onto the gold-nickel
nanowires where the gold end was used to bind to a plasmid DNA through electrostatic
interaction while the nickel surface was engineered to carry a specific polypeptide for site
recognition (Salem et al., 2003). To extend this type of applications, micrometer long metallic
nanowires may be useful. Micrometer long multi-segment nanowires have been used as
barcodes for biological multiplexing, which could be easily visualized by an optical
microscope (Keeting & Natan, 2003). The micrometer long nickel nanowires could be
internalized by cells allowing the manipulation of living cells through magnetic field
(Tanase et al., 2005). However, it is not known whether the micrometer long metallic
nanowires can be internalized by the cells without damaging the cells, which is an
important issue for the development of nanowires based living cell probing system. If the
nanowires can be internalized by the cells, it is possible to observe the intracellular
microenvironment around the individual nanowires through an optical microscope. In this
chapter, we will focus our discussion on the fabrication and functionalization of metallic
nanowires for probing living cells.

2. Synthesis of metallic nanowires

In general, metallic nanowires can be synthesized by two different approaches: chemical
synthesis (bottom up) and template deposition (top down). While the chemical synthesis has
been used to produce nanowires with various aspect ratios in great quantity, the
compositions of nanowires are very limited due the available precursors and synthesis
procedures. On the other hand, template deposition allows not only the fabrication of
metallic nanowires with a wide range of compositions but also the synthesis of nanowires
with very high aspect ratios. Therefore, the template deposition is widely used in the
production of metallic nanowires. To fabricate metallic nanowires, two types of templates
are often used: anodic aluminum oxides (AAO) and polycarbonate membranes. The
metallic nanowires can be obtained by electro-deposition of the desired materials inside
these porous membranes. The back sides of the membranes are coated with a layer of metal,
which serves as the working electrode for the electro-deposition. The length of nanowires
can be controlled via deposition time and current. The compositions of metallic nanowires
can be regulated using various plating solutions resulting in multi-segment nanowires.

For the template deposition, the AAO membrane is the most popular one due to their
availability and tunable pore size. AAO templates have been widely used for the fabrication
of various one dimensional nanomaterials such as polymers (Jessensky et al., 1998; Xu et al.,
2007), semiconducors (Pena et al., 2002; Divliansky et al., 2001) metals (Mitchell et al.,2002)
using electrochemical deposition. For example, using sequential electrodeposition, multi-
component nanowires have been fabricated (Keating & Natan, 2003). Because of the
variations in composition along the length, it has been suggested that different surface
chemistry could be used to modify individual segment of the nanowires. These
functionalized nanowires have been demonstrated capable of conducting chemical and bio-
sensing. In another study, the rotation of the multi-segment nanowires in the present of the
hydrogen peroxide was observed due to the catalytic decomposition of hydrogen peroxide
on the nickel segment (Fournier-Bidoz et al.,2005). The AAO membrane can be purchased
from commercial vendors or prepared in-house by electrochemical etching process. To
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prepare AAO templates, thin aluminum sheets are anodized in electrolyte under
appropriate anodizing voltage. With different electrolytes such as oxalic acid or sulfuric acid
solution and appropriate voltages, it is possible to control the pore size of the AAO
membranes. Ordered AAO templates can also be obtained by imprinting an ordered layer of
nanostructures on the surfaces and followed by the self-organization process of AAO
templates (Masuda & Fukuda, 1995). After the electrodepositon, the AAO templates can be
removed by saturated HgCl, solution.

3. Surface modifications

To utilize the nanoparticles in the biological system, it often requires surface modifications
of the nanoparticles to improve their biocompatibility. In addition, the added functionalities
through surface modifications would allow the binding of the nanoparticles to specific
biomolecules or carry other molecules such as drugs. For metallic nanoparticles, the surface
modification scheme normally involves the formation of self assembled monolayer through
thiol, amino, cyanide and carboxylic acid group. Charged or hydrophilic groups are often
incorporated into the nanoparticle surfaces to provide solubility in water and functionality
for interaction with biomolecules. Hydrophilic groups, such as oligo(ethylene glycol)(OEG)
and Poly(ethylene glycol) (PEG) are commonly use on the nanoparticle surfaces. Surface
adsorption of proteins will result in denaturing of proteins and, in some cases, may limit the
interactions of the ligand with the target on the cell surface due to steric hindrance (You et
al.,, 2007). OEG and PEG are known to resist the non-specific interaction with biomolecules,
which in turn improves the biocompatibility of nanoparticles.

As for the surface modification of nanorods or nanowires, it is possible to selectively modify
the multi-segment nanorods and nanowires. For example, selective surface modification
scheme has been employed to modify two component nickel-gold nanowires to achieve bi-
functionality (Bauer et al., 2003). In this case, the nanowire were reacted with 11-
aminoundecanoic acid and 1,9-nonanedithol. It was shown that the carboxylic acid could
bind to the nickel segment while the thiol group was used to modify the gold segment
surface. The result of dual functionalization could be observed by the fluorescence
microscopy (Bauer et al, 2004). Since multi-segment nanowires could exhibit dual
functionalities, they can offer simultaneous detection and separation of multiple species in
solution. Mirkin et al. have demonstrated that Au-Ni-Au nanowires could be used for target
binding and separation of biomolecules process. To achieve this goal, the gold portions of
the nanorods were passivated with 11-mercaptoundecyl-tri (ethylene glycol)(PEG-SH) and
fluorescein-tagged poly-His (His > 6) was then bound to the Ni portions of the substrate as
evidenced by confocal fluorescence microscopy (Lee et al., 2004; Hurst et al., 2006).

To modify the surfaces of nanowires, a simple approach is to functionalize the surfaces of
nanowires with amino, methyl and carboxyl terminal group through corresponding thiols.
Additional molecules can be attached to these functional group via different coupling
schemes. The surface modification of nanowires could be achieved by mixing the
suspended gold or silver nanowires (1 x 108 nanowire/ml) solutions with an ethanol
solution of 1 mM of 11-amino-1-undecanethiol, 1 mM of octadecanethiol, or 1T mM of 11-
mercaptoundecanoic acid. After 24 hours of incubation, the nanowires were cleaned by the
doubly distilled water and the excess thiols were removed by dialysis for 24 hours using a
3.5kD cut off dialysis membrane in the doubly distilled water. For comparison, the serum
coated nanowires were also investigated where the serum coated nanowires were obtained
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by incubating the nanowires in the PBS solution containing serum for 24 hours. All surface
modified nanowires can be suspended in aqueous solutions by strong vortexing. However,
longer nanowires exhibited higher sedimentation rate. The zeta-potentials of the surface
modified nanowires were measured by a Zeta Potential Analyzer at a field of 8-16V/cm.

4. Cytotoxicity of metallic nanowires

There is an increasing trend in using nanomaterails in biomedical applications for the
purpose of diagnosis, imaging, and drug delivery. However, it is only until recently that the
issues of the toxicity and health effects of the nanoparticles have been widely investigated.
In many cases, additional coatings for the nanoparticles are needed to optimize their utility
in the cellular studies. For instance, magnetic nanoparticles without polymer coating often
suffer from the aggregation in water or tissue fluid, which may limit their applications in
isolation and detection. Surface coatings may affect the particle size, physical properties,
and the corresponding effects on toxicological properties. For example, it has been reported
that the cytotoxicity was not significant for the nickel ferrite nanoparticles with a
hydrophilic surface (Yin et al.,, 2005). However, the cytotoxicity was observed for nickel
ferrite nanoparticles modified with a layer of oleic acid. Therefore, it was concluded that the
hydrophobic coating was more toxic than the hydrophilic surface. Size is another important
factor for cytotoxicity. At higher concentrations, both small and large nanoparticles
exhibited similar cytotoxicity. Since the size of the nanoparticles could be related to their
surface interaction area and surface energy, it was found larger nanoparticles (about 150
nm) was more toxic than smaller nanoparticles (10 nm). In a separate experiment, it has been
shown that the interacellular delivery of anionic iron oxide nanoparticles reduced the ability
of PC12 cells to respond to nerve growth factor in a dose dependent manner. The use of
anionic magnetic nanoparticles changed cell phenotype and behavior, which could be
directly correlated with the level of nanoparticle exposure (Pisanic et al., 2007).

As for the metallic nanowires, the CTAB precursor used in the synthesis process may be the
source of the cytotoxicity. (Connor et al., 2005, Takahashi et al., 2006). It has been clearly
demonstrated that when the nanowires were coated with phosphatidylcholine molecules,
the cytotoxicity was reduced. In another experiment, PEG-modified gold nanorods were
used to reduce the nonspecific binding with blood component such as blood proteins and
blood cells. For the micrometer long nanowires, we have investigated the cytotoxicity of
nanowires with different surface charges for two cell lines, NIH 3T3 fibroblast cells from
normal tissue, which is an adherent cell line, the HeLa S3 cells from neoplastic tissue, which
can grow in suspension media (Kuo et al., 2007).

To determine the cytotoxicity in the presence of gold nanowires, the cells were first seeded
in 96-well plates at a density of 1x105 cell/ml at 37°C in 5% CO, atmosphere. After 24 hours
of culture, the wells were refilled with the fresh medium and serial dilutions of nanowires at
nanowire concentration ranging from 10° to 106 nanowire/ml. 90 pl of the nanowires
solutions at different concentrations were added to each well. Control experiments were
carried out with cells treated with an equivalent volume of serum medium without any
nanowires. Cells were then incubated for 24 hours at 370C. Cytotoxicity was investigated
using an MTT (3-(4,5-dimethylthiazol-2-y1)2,5- diphenyltetrazolium bromide) assay to
measure the succinate dehydrogenase mitochondrial activity. PBS solutions containing 10 pl
of 5 mg/ml MTT stain were added into each well and incubated for 4 hours. After mixing,
90 ul of MTT solubilization solution was added into each well. The stain was aspirated and
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the purple color crystal was dissolved with acidic isopropyl alcohol. After 15 minutes, the
absorbance in each well was measured at 570 nm in a microplate reader. Background
absorbance was measured in PBS solution without the presence of cells and nanowires. All
experiments were repeated 3 to 9 times. The cell viability (%) related to the control wells
containing the cell culture medium without nanowires was calculated by [Alest/ [Alcontrol X
100 where [Alist was the absorbance of the test sample and [A]control Was the absorbance of
the control sample.

To investigate the cytotoxicity effect of the surface modifications, the aminothiols were used
to produce surfaces with positive charge, and the mercapto acids were used to generate
negatively charged surfaces whereas the alkanethiols were used as a nonionic surface
modification. For comparison, the nanowires coated with serum were also tested. The
viability tests for fibroblast 3T3 and HeLa cells were summarized in figure 1(A) and (B). Ina
typical viability test, 4.5 um long gold nanowires with various surface modifications were
used. The density for both cells was about 105 cell/ml, and the density of the nanowires was
varied from 103 to 106 nanowire/ml. After 24 hours incubation of the cells, it was found that
the cytotoxicity increased as the density of the nanowires increased and all surfaces
modified nanowires except the serum coated nanowires exhibited some degree of toxicity to
both cell lines.
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Fig. 1. The cytotoxicity of gold nanowires with various surface modifications for (a)
fibroblast cells and (b) HeLa cell.

At a lower density (< 104 nanowire/ml), most of the cells were unaffected by the addition of
the nanowire solution. However, the carboxyl presenting nanowire surfaces exhibited very
strong cytotoxicity even at a very low nanowire density (10® nanowire/ml). At a higher
nanowire density, most of the cells were injured by the addition of nanowire solution except
for the serum coated nanowires. Large aggregation of nanowires was observed at a density
of 107 nanowire/ml, which made it difficult to evaluate the number of nanowires. At a
nanowire density higher than 108 nanowire/ml, the bottom of the well was completely
covered by the nanowires. The LDsg value of the serum coated gold nanowires for 3T3 cells
was estimated to be 5 x 107 nanowire/ml (~150 pg/ml), which was lower than the value
measured for smaller gold nanoparticles (~750 pg/ml) (Salem et al., 2003). The reason for
the lower LDs for the gold nanowires could be attributed to larger size nanowires used in
this experiment.
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Fig. 2. The cytotoxicity of different sizes of gold nanowires modified with mecapto acid for
(a) fibroblast cells (b) HeLa cell.

In a previous study (Chithrani et al., 2006), it was reported that the cellular uptake of gold
nanoparticles depended on both the size and the shape of the nanoparticles. With
nanoparticle size smaller than 100 nm, it was found that the uptake efficiency of different
size of nanoparticles peaked at 50 nm. And it was also concluded that the uptake efficiency
decreased as the aspect ratio increased. If the cellular uptake depends on the size of the
nanoparticles, the cytotoxicity will also vary with the size of nanoparticles. Therefore, we
have investigated the cytotoxicity of different sizes of nanowires with various aspect ratios
from 1:2, 1:10, 1:25, and 1:50. In this study, the concentration of mercapto acid modified gold
nanowires was 105 nanowire/ml for all aspect ratios. The results of cytotoxicity for 3T3 and
HeLa cells were depicted in figure 2 (A) and (B). Surprisingly, the cytotoxicity of the
micrometer long nanowires exhibits little dependence on their aspect ratios for both cell
lines. However, in a separated experiment, the cytotoxicity of 250 nm spherical gold
nanoparticles (BBInternational) modified with mercapto acid was tested. The viability for
both cell lines was measured to be larger than 80% with nanoparticle concentrations up to
107 nanoparticle/ml as shown in figure 3(A) and (B). Considering that the mass
concentration of 107 nanoparticle/ml 250 nm spherical gold nanoparticles is equivalent to
that of 10 um long nanowires with 200 nm diameter at a concentration of 1.6 x 105
nanowire/ml, the nanowires are more toxic than the spherical nanoparticles, which is
probably due to the geometry of the nanowires. However, the exact origin of the cytotoxicity
of the nanowires requires further investigation.

To further understand the internalization process of the nanowires, we have studied the
uptake kinetics of aminothiol modified gold nanowires for both cell lines. The internalized
nanowires were obtained by lysing the cells with alcohol and counted by a hemacytometer.
The results for the nanowires with various aspect ratios are plotted in figure 4(A) and (B).
The uptake kinetics for all sizes of nanowires was very similar in both HeLa and 3T3 cells.
Both types of cells exhibited maximum uptake after 8 hours of incubation with the
nanowires and decreased after reaching maxima. The maximum internalization efficiency
was higher than 50% for both cell lines. The reason for the decrease in the uptake was due to
the cell death at high concentration of nanowires as indicated in the viability test (figure 1).
Another trend observed in this experiment was that the uptake efficiency for the longer
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nanowire was lower than the shorter one except the 0.58 pm long gold nanowires, which
were too short to determine the number of nanowires accurately. This trend agreed with the
previous measurement using smaller nanorods (Bauer et al., 2003). Since nanowires with
different aspect ratios exhibited the same cytotoxicity and the uptake efficiency of the
nanowires decreased as the aspect ratio increased. We concluded that the internalized
nanowires with higher aspect ratio were more toxic to both cell lines. This conclusion agreed
with the conclusion that the gold nanowires were more toxic than the spherical (250 nm)
gold nanoparticles and also explained why the LDso of the nanowires was lower than the
nanorods with smaller aspect ratio.
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Fig. 3. The cytotoxicity of 250 nm gold nonoparticles at different concentrations for (a)
fibroblast cells (b) HeLa cell.
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Fig. 4. The uptake of aminothiol modified gold nanowires with four different lengths in (a)
fibroblast cell and (b) HeLa cell. 0.5um (solid circles), 1.8 pum (open circles), 4.8um (solid
triangles), 8.6 um (open triangles).

The cytotoxicity of silver nanowires was investigated by using 5pm long silver nanowires
with four different coatings: positive charge (amino group), negative charge (carboxyl
group), hydrophic alkyl group and bovine serum albumin (BSA) coating. After 24 hour
incubation, we found that the cytotoxicity of silver nanowires increased as the number of
silver nanowires and the cytotoxicity behavior was very similar to gold nanowires for both
cell lines as shown in figure 5(a) and (b).
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Fig. 5. Cytotoxicity for a) fibroblast and b) HeLa cells in the presence of various surface
functionalized silver nanowires.

5. Nanowires as living cell probes

To use nanoparticles for living cell studies, these nanomaterials must remain stable in the
intracellular environment and do not disturb normal cellular biochemical activities. Several
types of nanomaterials such as magnetic, polymeric, metallic, semiconductor nanoparticles
or nanowires have been introduced for the cellular study. For example, the capability of
gold nanoparticles to incorporate secondary tags such as peptides to target specific cell
types has been investigated (Goodman et al., 2004). In this study, the gold nanoparticles
have been functionalized with cationic and anionic side chains. The carboxylated
modification on the gold nanoparticles was found to be nontoxic to the cells. In contrast, the
cationic side chain bound to the gold nanoparticles exhibited moderately toxicity. It was
found that the toxicity of gold nanoparticles was related to their interactions with the cell
membranes. In another study, the intracellular delivery of quantum dots (QDs) for live cell
labeling and organelle tracking (Defus et al., 2004) were demonstrated. The QDs modified
with polyethylene glycol (PEG) were mixed with different transfection reagents and then
were delivered to the interior of the HeLa cells. The flow cytometry was used to quantify the
amount of QDs delivered to the cells. It was found that QDs often tended to accumulate in
vesicles and distributed non-homogeneously in the cytoplasm (Chen & Gerion, 2004).

As regarding to metallic nanoparticles, recent studies have shown that it was possible to use
metallic nanoparticles for the targeted nuclear delivery. The nuclear targeting has been
achieved by multifunctional gold nanoparticle-peptide complexes (Tkachenko et al., 2003).
20 nm diameter gold nanoparticles were modified with bovine serum albumin (BSA) bound
with various cellular targeting peptides. To enter the nucleus of HepG2 cells, these
nanoparticles must carry both receptor-mediated endocytosis (REM) and nuclear
localization signal (NLS) peptides. Non-sphereical nanorods have also been demonstrated
capable of conducting gene delivery. It was shown that the conjugation of DNA plasmid
and targeting ligands can be achieved simultaneously in a spatially defined manner. For
example, it was demonstrated that gene delivery can be achieved using bifunctional Au/Ni
nanorods (Salem et al., 2003). In this approach, the carboxylate terminal group was first
attached to the Ni segment. Subsequently, the plasmids were bound to the protonated
amines on the surface of nickel segment through electrostatic interactions. The transfferrin
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was bound to the gold segment of the nanorods through thiolate linkage. These dual-
functionalized Au/Ni nanorods were used in a vitro transfection experiment using human
embryonic Kindney (HEK 293) mammalian cell line.

We have introduced functionalized gold nanowires as new probes (Kuo et al., 2007). Using
various types of functionalization, it was possible to probe the local environment inside the
cells by confocal microscopy. To observe the internalization process of nanowires, 5 um long
gold nanowires (200 nm in diameter) coated with serum were added into a glass bottom
culture dish, which were placed in a CO, incubator on an inverted microscope. The images
were recorded by a CCD camera every 10 minutes as shown in figure 6. The internalization
process of the gold nanowire to the HeLa cells was recorded by the time lapse microscopy
for 4 hours. We found that the micrometer long metallic nanowires can be internalized by
cells without damaging the cells, which is important in cellular study.

Fig. 6. The phase contrast image of the serum coated gold nanowires internalized by HeLa
cell. Bar: 20 pm.

To investigate the capability of delivering DNA molecules into the cells through the
nanowires, the 5 pm long gold nanowires were functionalized with aminothiols, which
covered the nanowire surfaces with positive charges. The negatively charged plasmid DNA
molecules were attached to the nanowires through electrostatic interaction. To demonstrate
that the surface functionalized nanowires can carry the plasmids into the cytoplasm, a green
fluorescence protein expressing plasmid (pAcGFP1-Actin, BD) was coated on the gold
nanowires. For visualization purposes, the plasmid DNA on the nanowire surfaces were
further labeled with YOYO-1, which emitted a strong green fluorescence when bound to a
double strain DNA, and the cells were stained with Image iT LIVE Plasma Membrane and
Nuclear Labeling Kit as shown in figure 7. From the confocal image, it can be clearly seen
that the 5um long functionalizd gold nanowires coated with plasmid were located inside the
cell. Knowing that the gold nanowires can delivery plasmid into cells, it is important to
investigate the functionality of plasmids on the gold nanowires. Shown in figure 8 is the
combined DIC and confocal image of the fibroblast cell expressing GFP using gold
nanowires as the gene carrier. This experiment confirmed that the micrometer long
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aminothiol modified gold nanowires can not only protect plasmid DNA molecules from
degradation but also release plasmid NDA molecules inside the cells.

ES

Fig. 7. Stacked confocal image of nanowires in HeLa cell

Fig. 8. The combined DIC and fluorescence image of plasmid coated nanowires and
fibroblast cell expressing green fluorescence proteins. Nanowires are indicated by the red
circles. The bar is 20 um.

To further demonstrate that it was possible to monitor the local environment of the
nanowires, the LysoSensor Yellow/Blue, which exhibited pH dependent dual emission
spectra for intracellular environment study, was modified to the surface of nanowires. The
LysoSensor coated gold nanowires inside the 3T3 cells were measured by confocal
microscope as shown in figure 9. In the acidic environment, the emission of the LysoSensor
dyes is in the range of 500 to 600 nm, which shifts to 410 to 500 nm region in the less acidic
environment. In this experiment, the LysoSensor Yellow/Blue dyes was incubated with the
2 um long amino-modified gold nanowires. LysoSensor coated nanowires can be used to
probe to the acidic organelles such as endosomes or lysosomes. It was found that the
emission from LysoSensor coated nanowires was in the green region indicating the
environment around nanowires was less acidic. By monitoring both the DIC image of the
nanowires and confocal image of the probe molecules as a function of time, the evolution of
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the local environment around the nanowires can be explored. In general, this approach can
be extended to other types of probe molecules or biological assays.

Fig. 9. The confocal image of the gold nanowires coated with LysoSensor inside HeLa cell.
Bar: 20 pum.

6. Nanowire for gene delivery

Gene therapy is one of the promising strategies in the treatment of various diseases such as
AIDS, cancer. The challenge of in vivo gene therapy is to develop safe and efficient gene
delivery system. For the gene therapy to be used in the clinical applications, it requires the
development of efficient DNA delivery vehicles that can be synthesized both easily and in
large quantities. It has been demonstrated that the viral vectors can provide the most efficient
gene transfer. Viral vectors were originally developed as an alternative to the transfection of
the naked DNA in the molecular genetic experiments. So far, several types of viral vectors
have been developed for the gene transfection including retroviruses, lentiviruses,
adenoviruses, and adeno-associated viruses. However, the immuno-response induced by the
viral vectors has raised a lot of concerns of using viral vector as the gene delivery system.

To reduce the immuno response, non-viral vectors, such as calcium phosphate, cationic
lipids, cationic polymer, and dendrimers, have been recently developed. These non-viral
vectors have been shown to exhibit lower transfection efficiency than the viral vectors.
However, they are believed to be safer than viral vectors. Recent research efforts for the
development of non-viral vectors have been focused on the improvement of their
transfection efficiency. Non-viral vector approach usually involved the use of plasmid DNA
or oligonucleotides, which are considered to be safer than the viral rectors. With recent
advances in nanotechnology, researchers are now routinely synthesizing various
nanomaterials with desire properties. Therefore, nanomaterials may also be used as the
carriers for gene delivery. In recent reports, polymer nanoparticles or nanowires have been
introduced as the vehicles for the drug delivery to enhance the cellular uptake efficiency.
For this purpose, nanomaterials have been developed to incorporate with DNA molecules
such that they can directly facilitate cellular interactions. The nanomaterial based drug
delivery systems are being developed to overcome the barrier of size, stability, charge
density, and biodistrution, which may lead to novel therapeutic strategies for the treatment
of a variety of inherited or acquired diseases.
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Since the metallic nanowires are capable of carring DNA into cells, they may be used as the
vectors for gene delivery. To measure the optimal condition biding efficiency of the plasmid
to the nanowires, we have examined 5 different concentrations of 5 pm long aminothiol
modified gold nanowires (5 x 103, 2.5 x 104, 5 x 104, 2.5 x 105, 5 x 105 / ml), which were mixed
with 50 ng of the DsRed-Monomer-golgi plasmid DNA for 24 hours (Kuo et al., 2008). The
complexes with nanowires were then mixed with XYBR dyes and loaded in an agarose gel.
The result is shown in figure 10 where the plasmid bands in land 5 and 6 were missing that
at these concentrations all the plasmids were bound to the nanowires. Therefore, we
estimated that the binding efficacy for the plasmid DNA molecules on the 5 pm long
aminothiol modified nanowires were about 1 pg/nanowire. The zeta potential of the
plasmid bonded gold nanowires was measured to be -9.3+0.5mV, which clearly indicated
that DNA bound to gold nanowires to form complex. The DNA gold nanowire complex
could protect the DNA molecules from the attack of the DNA nucleases.

01 2 3 4 5 6

Fig. 10. Agarose gel electrophoresis of the aminothiol modified gold nanowires and plasmid.
Land 0 is the DNA marker. Land 1 is the 50 ng plasmid DNA without nanowires. Land 2 to
6 are the mixture of 50 ng plasmid DNA with increasing numbers of the gold nanowires (5 x
103,2.5 x 104, 5 x 104, 2.5 x 105 ,5 x 105).

To test the transfection efficiency of the aminothiol modified gold nanowires, 5 pm long
nanowires with concentration of 105 nanowire/ml was mixed with the 50 ng of DsRed-
Monomer-golgi vector and incubated over night. Two cell lines, NIH 3T3 and HeLa S3, were
used in this experiment. The control experiments were conducted with dendrimer based
commercial transfection agent (PolyFect) and calcium phosphate. The transfection efficiency
for the naked plasmids was also measured. The viability of the cells incubated with the
transfection reagents was checked separately by staining the cell with trypan blue 24 hours
after the transfections. The transfection efficiency was calculated by measuring the ratio of
the number of cell exhibited red fluorescence to the total number of the cells on the surfaces
and normalized to the cell viability. Shown in figure 11 are the combined DIC and
fluorescence images of 3T3 cells 24 hours after transfection using four different transfection
reagents. The viability of the 3T3 cells 24 hours after transfection was measured to be 90%,
65%, 65% and 71% for gold nanowires, PolyFect, calcium phosphate and naked DNA,
respectively. It is clear that aminothiol modified gold nanowires exhibited the highest
transfection efficiency with very low toxicity for 3T3 cells. Previously, we have shown that
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more than 30% of the gold nanowires could be internalized by the 3T3 cells within 8 hours,
which may explain the high transfection efficiency of the micrometer long gold nanowires.

Fig. 11. The combined DIC and confocal images of 3T3 cells 24 hours after using (a) gold
nanowires (b) PolyFect (c) calcium phosphate (d) naked DNA as the transfection reagents.
Bar: 100 um

Fig. 12. The combined DIC and confocal images of HeLa cells 6 days after using (a) gold
nanowires (b) PolyFect (c) calcium phosphate (d) naked DNA as the transfection reagents
Bar: 100 pum
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Fig. 13. The transfection efficiency measured for different transfection reagents for (a) 3T3
cells (b) HeLa cells.

As for the HeLa cells, the condition changed. Very little amount of cells were transfected 24
hours after incubation with all transfection reagents despite of the fact that more DNA
molecules were used. After a few days, the cells started to exhibited red fluorescence.
Shown in figure 12 are the combined DIC and fluorescence images of the transfected HeLa
cells six days after transfection. The viability of the HeLa cells 24 hours after incubation with
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the transfection reagents was measured to be 95%, 87%, 86% and 90% for gold nanowires,
PolyFect, calcium phosphate and naked DNA, respectively. HeLa cells seemed to resist to
the addition of the transfection reagents. Therefore, lower cytotoxicity as well as lower
transfection efficiency was measured for the HeLa cell lines. The transfection efficiencies of
four different reagents for both cell lines are summarized in figure 13. In both cases, the gold
nanowires exhibited the highest transfection efficiency while very little cytotoxicity to both
cells lines was measured. To achieve higher transfection efficiency for other transfection
reagents, DNA loading in the pg region was needed (Akita et al., 2004). Therefore, we
concluded that the micrometer long nanowires could effectively deliver plasmid DNA into
both 3T3 and HelLa cells.

7. Conclusions

Metallic nanowires with various aspect ratios have been synthesized using AAO template
deposition. Four different surface modification schemes including serum, alkanethiols,
mercapto acids and aminoalkylthiols were used to functionalize the surfaces of the metallic
nanowires. It was found that all surface modifications expect aminothiols produced
negatively charged gold nanowires. Therefore, the amino presenting gold nanowires were
used bind the negatively charged plasmid DNA molecules.

The cytotoxicity of the micrometer long metallic nanowires with various aspect ratios and
surface modifications have been investigated. It was found that the serum coated nanowires
exhibited the least cytotoxicity with a LDsg value around 150 pg/ml, which was less than
those measured for the smaller gold nanoparticles. All other surface functionalized
nanowires possessed some degree of toxicity, which depended on the surface charge.
Among them, the mercapto acid modified nanowires were the most toxic nanowires. For the
same type of surface modification, HeLa cell, which can grow in suspension, were found to
be more resistant to the addition of the nanowire solution. As for the nanowires with
different aspect ratio, the cytotoxicity experiments indicated that nanowires with different
aspect ratios exhibited the same degree of toxicity. However, the uptake efficiency for the
shorter nanowires was measured to be higher than the longer nanowires. Therefore, we
concluded that the internalized nanowires with higher aspect ratio were more toxic than the
shorter one, which explained that the LDsy value for the nanowires was lower than that of
the low aspect ratio nanorods. This conclusion also agreed with the cytotoxicity experiment
for the spherical nanoparticles where the nanowires were found to be more toxic than the
spherical nanoparticles.

We have also demonstrated that the 5 um long nanowires with surface modifications were
capable of delivering plasmid DNA molecules, which has been visualized and recorded on
an optical microscope. In addition, LysoSensor was attached to the nanowires revealing the
local environment of the nanowires. By monitoring the color change of the Lysosensor on
the nanowires, it was found the nanowires stayed in the less acidic environment indicting
that nanowires never escaped from the endosome/lysosome complexes.

The transfection efficiency of the surface functionalized nanowires has also been studied. It
was found that the transfection efficiency of the aminothiol modified gold nanowires was
the highest among the tested transfection reagents while almost no cytotoxicity was
observed for gold nanowires under our experimental condition. It was also shown that it
was possible to trace the nanowires inside the cells with sub-micrometer resolution.
Therefore, we concluded that the micrometer long nanowires could be used for probing
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living cells with several advantages including easy fabrication and surface modification
process, high transfection efficiency with very low cytotoxicity and readily observable by a
microscope.
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