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Chapter 1

Introduction
1.1

Wire-shaped ferromagnetic materials

Wire-shaped ferromagnetic materials, that have been researched since the last
century and are also at the center of attraction of today‟s research in material science,
can be categorized mainly in two; microwires (MWs) and nanowires (NWs). The
MWs have diameters typically within the range of ~ 1 to 100 µm whereas the NWs
have the diameter less or of the order of 100 nm. The MWs can be several centimeters
long whereas the NWs can have lengths of several micrometers.
MWs that have been fabricated for many years are made of alloys rich in
ferromagnetic elements (Fe, Co, Ni etc.) depending on the interest in various sensing
applications such as pulse generators, position and field sensors, rotational counters,
magnetostrictive delay lines etc.1, 2 The technological interests in amorphous MWs are
related either to their characteristic single-domain wall propagation during
magnetization reversal that determines their bistable magnetic behavior3 or their soft
magnetic behavior important for GMI effect.4 Additionally, MWs with positive or
vanishing magnetostriction show natural ferromagnetic resonance (NFMR) at
microwave frequencies that make them suitable for high frequency applications such
as radar technology.5 On the other hand, MWs are important for basic micromagnetic
studies6 due to their simple magnetic domain structure. The amorphous MWs are
fabricated by rapid solidification from the melt of the alloys.7,
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The synthesis

processes determines their cylindrical shape and the amorphous nature of the MWs.
The amorphous MWs may be fabricated with or without a glass (Pyrex like) coating.
The glass coat protects the metallic MWs from surface corrosion. Additionally, the
glass coat reinforces the magnetoelastic anisotropy in contrast with amorphous MWs
without the glass coat. First glass coated amorphous MWs were prepared in 1950s by

1

Ulitovsky7 employing a modified technique that was previously introduced by Taylor
in 1924.9 Recently, attempts made to fabricate multilayered MWs consisting of several
cylindrical microlayers with different magnetic behaviors and offering spin-wave-like
or the asymmetric magnetoimpedance responses.10
The main interest in the research on ferromagnetic NWs is due to their
potential applications in recording media11-13 and spintronics systems.14-17 In case of
magnetic storage media, the magnetization of a single NW treated as a single bit of
data which is either „0‟ or „1‟ depending upon the direction of magnetization which
may be „up‟ or „down‟ respectively. Propagation of DWs along the NWs by sending
spin polarized current pulse current (where the spins of the conduction electrons are
polarized) pulse or applying a magnetic field is the basic concept of spintronics. DW
propagation through a NW opens up the possibility to store hundreds bits of data in a
single NW.18 It is possible to transport information through the NWs by the use of DW
motion within the NWs. Study of DW dynamics in NWs is one of the most exciting
research areas today. 14-17 In these regards, DW velocity, current density of the spin
polarized current, precessional frequency of DW etc. are the important parameters to
concern.

14-18

Permalloy NWs show large anisotropic magnetoresistance (AMR) and

hence easy to probe in the investigation of domain wall dynamics in the NWs make
them important for spintronics applications.19 The two dimensional arrays of NWs
show unique magnetic behavior depending upon NWs diameter, length, material of the
NWs and on inter NW separation. 20 Highly ordered arrays of NWs can be used as data
storage media in perpendicular magnetic recording systems. Multilayered NW, i.e.
NWs that have different nanolayers made of different materials can show giant
magneto resistance (GMR) effect.21 The unique resistive properties of multilayered
NWs are potentially important for data read/write heads in magnetic storage systems.
Investigation of NWs is also important for exploring the micromagnetism. 6
The NWs are polycrystalline or single crystalline and made of ferromagnetic
metals and their alloys. Magnetic nanowires can be prepared by various methods, such
as E-beam lithography, chemical routes, electrochemical deposition etc.22 Among
which, the electrochemical deposition is proved to be the modest, simplest and cost
effective synthesis procedure. In this process, a porous diamagnetic membrane (few
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microns thick) is used to deposit metallic NWs within the pores (diameter ~ few
nanometers) of the membrane electrochemically. Membranes that are generally used
for the purpose can be made of alumina or polycarbonate. The NWs have the same
diameter as nano pores and are uniform in length throughout the membranes. The
synthesis technique was first introduced by George E. Possin who reported the
fabrication of tin, indium and zinc NWs by electrochemical deposition in 1969.23 In
1975, magnetic properties of electrodeposited Co nanowires and Co-Ni alloy NWs
within the pores of alumina membranes were investigated (Kawai & Ueda, 1975).24 In
1986, as an application to perpendicular magnetic recording medium, alumina
membranes containing Fe NWs were fabricated (Tsuya et al., 1986).25 Magnetization
curling process in perpendicular direction was studied by Huysmans et al.26 using Fe
NW arrays in alumina membrane in 1988. In 1990, influence of the packing density on
the magnetic behavior was investigated using alumite media containg magnetic
nanowires by Zhang et al.27 At the same time, nanoporous polycarbonate membranes
are also used to synthesize metallic NWs (including nickel, cobalt magnetic NWs).28
Nano sized pores in the dielectric polycarbonate membranes are produced by the rapid
passage of heavy ions (such as those emitted from a radioactive transuranium isotope)
through the dielectric material that creates nuclear damage tracks or the parallel pores
within the material.29 In polycarbonate membranes, the pores are randomly distributed
in the membranes. In 1995, Masuda and Fukuda in Japan developed30 highly ordered
nanoporous alumina membranes via electrochemical anodization of aluminum. Since
the time, highly ordered porous alumina membranes have attracted many international
groups as a template material for the synthesis of magnetic nanowires.31

1.2

Magnetic domains

Magnetic domains are the regions within a magnetic material that have distinct
magnetization directions where all the magnetic spins are parallel to each other. The
domains are separated by boundaries where the spins slowly rotate from one particular
direction to other (i.e. the transition from one domain to other) and are called domain
wall (DW). The dimension of a typical domain is of the order of 10 nm and the DWs,
3

that may be Neel or Bloch kind of walls, have the typical dimension of few atomic
layers to several nanometers.

32

In a ferromagnetic material, the domains are formed

due to the ferromagnetic exchange interaction and the anisotropy energy of the
materials. The positive exchange interaction, which is an inherent characteristic of all
the ferromagnetic materials, tries to orient the neighboring spins parallel to each other
within a domain. Whereas, the anisotropy energy, that may originate due to the
peculiar shape, stress or crystalline structure of the material, try to orient the
neighboring spins along the anisotropic direction within the domain. Shape anisotropy
originates from the asymmetry in shape of a magnetic material. The demagnetizing
field due to the free magnetic charges on the surface of the material is found to be
different at different directions of the material. Whereas, different interaction of orbital
and spin magnetic moment along different direction of a particular crystal lattice
generates the magnetocrystalline anisotropy within a material. Thus, within a
ferromagnetic material, the exchange interaction and the anisotropy field compete with
each other and form a peculiar domain and DW distribution within a particular
magnetic material.
The domain structures for MWs had been thoroughly investigated in various
literatures.1,

33

In glass coated amorphous MWs, the domain distribution is mainly

determined by the stresses that develop during synthesis processes and the cylindrical
shape of the wires. The MWs are formed by rapid cooling of molten alloy coated with
a glass coating on its surface. During the process, a gradient of stress is developed in
the cylindrical alloy fibers. The outer surface of the alloy fiber cools faster than the
inner core region of the alloy. The stress and the cylindrical shape of the MW promote
a single domain inner core within the alloy MW.1 Depending on the magnetostrictive
nature of the MW, the rest portion of the MW i.e. the outer shell is subdivided in many
small domains as depicted in Fig. 1.1 and Fig. 1.2. Fig.1.1 shows the schematic
diagram of possible domain structure of a negative magnetostrictive MW. It shows an
inner core single domain with magnetization parallel to the axis of the MW. Here, the
outer shell is subdivided in many small domains with consecutively opposite
circumferential magnetization. Fig. 1.2 shows the same for a positive magnetostrictive
MW having outer shell domains with random magnetizations.

4

Figure 1.1. Possible domain structure of a negative magnetostrictive wire-shaped amorphous magnetic
material.

Figure 1.2. Possible domain structure of positive magnetostrictive wire-shaped amorphous magnetic
material.

In bulk systems, one can observe multi-domain structure defined by Neel or
Bloch domain walls32. But we know that, the domain structure in a cylindrical shaped
MW is divided in to a cylindrical single domain inner core (IC) and a multidomain
outer shell (OS). The diameter of inner core cylindrical single domain can occupy
more than 50% of the diameter of MW.1 Here the domain structure is determined by
stress induced anisotropy in the MWs during synthesis, the cylindrical shape and
composition of the MWs. Therefore in NWs, which have diameters of ~ 100 nm,
single domain structure governed by shape anisotropy due to their cylindrical shape

5

may be possible. However in micromagnetic frame work, the NWs may take other
complex remanent states.
Ideally, NWs have uniaxial anisotropy with a preferential magnetization
direction along the axis of the NW. The anisotropy originates from the self
demagnetizing field due to their cylindrical shaped structure and depends on the aspect
ratio (length/diameter) of the NWs. Other anisotropies also present in the NWs. The
magnetic spins near the surfaces of NWs realize less coordination numbers than the
spins in the inner portions of the NWs. Thus due to the large surface to volume ratio in
NWs compared to bulk systems (e.g. Wires and may even MWs), the anisotropy
corresponds to surface energy has a significant contribution to the magnetic free
energy of the NWs. The controlled synthesis of the NWs promotes crystallinity in the
NWs and single crystal NWs can easily be obtained. Hence the magnetocrystalline
anisotropy can have significant role depending on the crystal structure of the NWs.
The domain sizes are comparable to the sizes of the NWs and the interplay among the
exchange interaction and various anisotropies within the NWs gives unique spin
distributions to them. Their remanent states have been calculated using micromagnetic
framework by various researchers.34-40 Considering all these energy terms and
assuming a classical ferromagnetic exchange interaction as written in Eq. 1.1, the total
magnetic free energy for a ferromagnetic NW can be written as in Eq. 1.2 below,

Eex = -



Jij Si . Sj = - J S2

ij



cos ϕi,j

[1.1]

neighbors

E = ʃ [(cJS2/a){(mx)2 + (my)2 + (mz)2 }
+ wa – ½ M.Hd – M.Ha ]dτ + ʃ wadS

[1.2]

By minimizing the free energy (Eq. 1.2) using micromagnetic simulations,
researchers have shown two possible remanent state configurations for NWs. They
found a critical diameter Dc ~ 3.5 λex that defines the transition point between the two
states38 where, λex is the exchange length of the material. Exchange length is the
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dimension of the region in which the exchange interaction of a particular spin exists.
However, the simulations were carried out for NWs with aspect ratio (length/diameter)
less than 3.5.38 When the diameter of the NWs is less than Dc, the remanent state is
flower state, where the spins are arranged parallel to each other with small radial tilts
at both ends of the NWs. On the other hand, if the NWs have diameters greater than
Dc, vortex remanent state is favorable within the NWs.36, 38 In vortex state, the spins
are not parallel to each other and oriented in the circumferential direction. Schematic
diagrams of the two states are shown in Fig.1.3. For cobalt, Dc = 24.5 nm and for
nickel, Dc = 70 nm. In an infinite NW, the magnetostatic energy during the curling
reversal reduces to a minimum compared to a finite cylinder. The energy barrier to the
reversal is then entirely the exchange energy.32 As a result the value of the critical
diameter decrease in infinite cylinder. In case of vortex NWs, surface energy term
stabilizes the vortex state.41

Figure 1.3. Schematic diagrams of flower (left) and vortex (right) remanent states of NW.

For an isolated NW, both the flower and vortex state develop an axial easy
direction of magnetization which can be detected by MH loop measurements with the
external applied field parallel and perpendicular to the NW. It can be seen that, the
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NW is hardly magnetized when the external magnetic field is applied perpendicular to
the NW axis whereas it saturate easily when the applied field is along the NW axis.
Furthermore, the flower state has higher remanent magnetization than the vortex state
as it is evident from the spin distribution in the two states. However, the flower state
follows a coherent reversal and produces a square shaped magnetic hysteresis loop
with a large coercivity. Whereas, NW with vortex state follow curling reversal mode
and produces non-quadrilateral hysteresis loops with low remanence and low coercive
field values compared to the flower state.

1.3

Magnetically interacting nanowires

Electrodeposition technique of synthesizing NWs in porous membranes
produces a two dimensional arrays of NWs. That means, millions of NWs are arranged
in a two dimensional hexagonal or squared mesh or randomly. Here it is obvious that,
if the NWs are closely spaced, they should interact with each other magnetostatically.
If one assumes each of the NW as a single magnetic dipole then the simplest form of
the magnetostatic interaction is the dipolar interaction. In ideal case the dipoles should
have low aspect ratios and should be infinitely far away from each other. 42 The dipole
assumption of individual NWs and dipolar approximation not necessarily hold when
the length of the NWs are many orders of magnitude longer than their diameters and
inter-wire spacings. Using the assumption, it was shown earlier in 1998 that the dipolar
magnetostatic interaction between nanodots in a two dimensional (2D) array changes
the magnetization process compared to the one of a single nanodot.43 Later in 2000s,
the dipolar approximation extensively used for explaining the magnetic properties of
arrays of NWs even when their lengths are comparable to the NW diameter and
interwire spacings.44 The studies established that, the dipolar interaction among the
NWs (considering each NW as single magnetic dipole) play the dominating role in
determining the magnetic properties of arrays of NWs which are significantly different
from the individual NWs. However at the same time, other approaches also made by
other researchers. M. Vazquez at. el. (2000) works on a model, which divides a NW
into thousands of cubic cells each of which contains a point dipole parallel to each
8

other and then consider the dipolar interaction between the nearest neighbor inter-wire
point dipoles.45 This approach is more realistic compared to the consideration of each
NW as single dipole as described earlier. The nature of magnetostatic interaction is
difficult to simulate when the pores are randomly distributed in the membranes but
possible45 considering the average inter-wire distance. The other way to calculate the
magnetostatic interaction field was introduced by Clime et al (2006) where they
assumed each NW consisted of linear chain of tiny dipoles. They calculated the field
produced by a single NW and then for the whole array on a particular test NW.46 In
this regard, the whole 2D array can be divided in two regions. One is the nearest
neighbor discrete distribution of the NWs. For longer NWs, it was seen that the field
produced by it and hence the interaction with other NWs is more concentrated at the
ends of the NWs, breaking its dipolar approximation. Beyond the discrete region, the
NWs can be considered as continuously distributed and their effect, the same as that of
a thin film. This mean field approach is more realistic to calculate the interaction at
saturation taking both dipolar and non-dipolar interaction among the NWs depending
on its length. It shows an increase in axial saturation field of the NWs with the length
dominated by the axial interaction between the NWs whereas, the transverse saturation
field decreases upon increasing the length of NWs. The field acted on a particular NW
by

the

others

opposes

(antiferromagnetic-“AFM”

coupling)

and

supports

(ferromagnetic-“FM” coupling) the magnetization along the axial and transverse
direction respectively. The interaction field strength along the transverse direction is
half of the axial direction. However, these models are valid throughout the hysteresis
for the flower state (point dipoles are parallel to each other) of the NWs at remanence
but not for vortex state.

1.4

Objective of the work
The magnetic properties of a single cylindrical shaped NW are difficult to

investigate in detail unambiguously due to small dimension of the NWs which in turn
limits the performance of the measuring instruments. However, attempts were made in
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order to investigate the magnetic hysteresis loops of single cylindrical shaped NW
using micro-SQUID instruments.47 Study on template grown NWs is an alternate way
to investigate the NWs as it is possible to tailor the NW diameter, inter-wire separation
etc. by changing the template‟s geometrical parameters. If once the ceramic porous
membranes can be synthesized successfully with high accuracy, then it is very easy
and cost effective to make 2D arrays of NWs with various dimensions repeatedly
using the membranes. The approximate results of single NW can be found by
increasing the inter-pore separation of the membranes. Here in this work, we prepared
and investigate several NWs of different materials using commercial membranes.
Later we tried to synthesize alumina membranes by ourselves and got successive
success. We also tried to synthesize cylindrical hollow nanotubes. But as beginner in
the field of wire-shaped nanomaterials, we hoped at the start of our work that, study of
wire-shaped microwires can make us comfortable and help us to understand the
domain structures and magnetic properties of wire-shaped nanowires. Magnetic
properties of MWs can change by inducing various anisotropies such as applying
stress or annealing under different conditions. These studies can throw light on the
domain structure of the MWs. Hence, we planned to study first the magnetic properties
of amorphous MWs in presence of stress and after passing short duration current pulse
though the MWs.
We started the study of NWs of ferromagnetic elements such as Ni, Co. The
physical and structural properties are needed to investigate first to get a flavor of the
system. With the change in aspect ratio at different NWs diameters and inter wire
spacings, how the magnetization of the arrays of NWs changes that remained one of
our goals. These studies are important for their use in high density storage media. Co
rich alloy NWs are recently used for perpendicular storage materials. High coercive
NWs are one of the prime needs to achieve the goal. In this regard extensive research
is going on for alloy NWs, e.g. CoPt, FePt alloy NWs.48-50 Lithographically made
single planar NWs (squared cross section) are studied by magneto optical Kerr signal
measurements and electrical measurements to study the domain wall dynamics in NWs
in the interest of spintronics systems.12-15 We tried to study the magnetization of
isolated cylindrical Ni NWs as the similar study has been performed for planar NWs.
Alumina membrane is the starting material of synthesizing NWs. Controlled
10

electrochemical anodization of aluminum leads to the formation of porous alumina
oxide membrane. Within the scope of the thesis, we also tried to synthesize highly
ordered porous alumina membranes. Permalloy NWs are found to be probed easily for
DW dynamics study as it has significant anisotropic magneto-resistance.51 Hence, the
preparation and study of permalloy NWs is the other goal of the work. Nanotubes are
another interesting nanostructure as it has unique magnetic properties different from
NWs and give the possibility to produce core shell nanowires. Nanotubes exhibit a
core-free magnetic conﬁguration leading to uniform switching fields, guaranteeing
reproducibility52,

53

and due to their low density they can float in solutions making

them suitable for applications in biotechnology.54 Proper synthesis of NTs is critical
what we have also tried in the thesis.

1.5

Outline of the thesis
In this thesis we report magnetization study of ferromagnetic amorphous alloy

(cobalt rich) microwires (MWs) under different stressed and current pulse annealed
conditions. Whereas, geometrical and crystal structure along with magnetization
process of two dimensional (2D) arrays of cobalt, nickel, cobalt-platinum alloy
nanowires (NWs) are investigated in detail. NWs are grown within the pores of
commercially purchased alumina and polycarbonate membranes. However, it is
possible to synthesize the alumina membranes in laboratory. An elaborate description
of the synthesis technique and homemade alumina membranes are given at the
beginning of the thesis. In addition, synthesis of nickel-iron alloy NWs and nickel
nanotubes (NTs) are described briefly at the end of the thesis.
Glass coated alloy MWs with two different compositions are received from
Instituto de Magnetismo Aplicado, Madrid, Spain. The compositions of the alloys are
Co83.2Mn7.6Si5.8B3.3 and (Co0.93Fe0.07)63Ni10Si11B16 and are amorphous in nature. Surface

morphology of the MWs is studied by electron microscope and confirms the uniform
diameter (~ 14 & 20 µm respectively) of the alloy cores with a glass coating (~ 5.5
µm) on the surface of the cores of MWs. The MWs are several centimeter long and
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free of corrosion due to the glass coating. DC magnetic hysteresis loops of the MWs
are recorded under different stressed conditions and after passing short current pulses
through the MWs. Observed experimental results are in accordance with the inner
single domain core surrounded by outer multi domain shell structure of the alloy cores
of MWs.
Two dimensional arrays of ferromagnetic NWs of Co, Ni and CoPt are
successfully synthesized within the pores of alumina and polycarbonate membranes by
DC electrodeposition technique. NWs have diameters typically ranges from 50 to 275
nm and are several microns long. Surface morphological characterizations of the NWs
indicate uniform length of the NWs throughout the membranes. Ni NWs show fcc
crystalline phase. However, Co NWs have hcp phase and upon decreasing the wire
diameter, Co NWs become more crystalline. Thermal annealing changes the
crystalline phase of Co0.5Pt0.5 NWs from fcc to L10 fct phase. In order to better
understand the annealing effect in arrays of CoPt NWs in a better way, a comparative
study on CoPt nanoparticles (NPs) has been done. The NPs are prepared in miceller
media synthesized by chemical process and have an average particle size of ~ 6 nm.
Magnetization study of the arrays of NWs are performed using vibrating
sample magnetometer (VSM) and superconducting quantum interference device
(SQUID) indicates strong magnetostatic interaction among the NWs which dominate
over the other anisotropies (e.g. shape, magnetocrystalline) of the NWs. In most of the
cases, the interaction makes the transverse direction of the NWs as easy direction of
magnetization. Whereas in case of arrays of Co NWs with diameter 50 and 150 nm, we
observe a directional change of magnetic easy axis of the NWs from axial to the
transverse direction of the NWs upon increasing their length. The observed directional
change of easy axis in 50 nm Co NWs is in accordance with the dipolar interaction
model of interacting NWs. But, the 150 nm NWs does not follow the dipolar
interaction model as observed in static hysteresis loop measurements and in their
dynamic response measurements probed by ferromagnetic resonance (FMR)
measurements. We conclude that, the magnetostatic interaction among the NWs is not
dipolar in nature at all the circumstances which need a rigorous theoretical
formulation.
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Magnetic hysteresis loops of three isolated Ni NWs with diameter 300 nm are
measured successfully by magneto optical Kerr signal measurement. Experimental
observation indicates the easy axis of the NWs along their length i.e. opposite to the
case of arrays of the NWs. Here, the shape of the hysteresis loop is determined by the
shape anisotropy of the NWs.
Magnetization study of thermally annealed 2D arrays of Co0.5Pt0.5 NWs show
enhanced coercivity of ~ 6.4 kOe compared to the as prepared NWs (~ 500 Oe).
Comparatively, the thermally annealed Co0.5Pt0.5 NPs show an enhanced coercivity of
~ 4.4 kOe. Observed experimental facts indicate stress development on the NWs by
alumina matrix during annealing and the enhanced coercivities are the consequence of
large magnetocrystalline anisotropy of the nanostructures.
We synthesize highly ordered porous alumina membranes by two step
anodization technique with an average pore diameter of ~ 50 and 70 nm. We anodize
thin sheet of 99.99% pure aluminum in various acidic electrolyte solutions. The
arrangements of the pores are highly ordered and upon proper post treatment of the
porous oxide layers, the hexagonal cell structures are observed in the membranes. The
removal of aluminum base using mercury chloride solution is critical to open the pores
and obtain a smooth surface at the back side of oxide membranes which is ideal for
electrodeposition of metal NWs. At our early stage of research on the membranes,
ZnO NWs are successfully grown chemically within the pores of the membranes in
order to investigate the magnetic properties of the NWs.
Arrays of FeNi alloy NWs with diameter 50 & 200 nm are prepared in porous
alumina template by DC electrodeposition technique. The NWs are very uniform in
length throughout the membranes whereas the compositions of the NWs are confirmed
by energy dispersive X-ray analysis. X-ray diffraction pattern indicates fcc crystalline
phase of the NWs. Ni NTs are prepared by slow deposition of Ni2+ ions within the
pores (pore diameter ~ 200 nm) of alumina template. Surface morphological study of
the NTs done by electron microscopes confirms the hollow cylindrical structures of the
NTs.
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Chapter 2

Experimental Details
2.1

Preamble

In this chapter, we elaborate various experimental set-ups employed to
synthesize the nanostructures along with their characterization processes that are used
during the investigations presented in this thesis work. We develop homemade set-ups
to synthesize the porous alumina membranes and nanoparticles (NPs). While the
nanowires (NWs), nanotubes (NTs) are synthesized employing a commercial
electrochemical cell. Thermal evaporation and RF (radio frequency) sputtering
techniques to prepare gold thin films on alumina membranes and Si/SiO2 substrates are
described in detail.
The structural and phase characterizations of the samples are done using SEM,
FESEM, TEM, HRTEM, EDX, SAED and XRD. The magnetic characterizations are
carried out employing MFM, VSM, SQUID-VSM, FMR magnetometer and using a
MOKE set-up. The detail of lithography process that is used to make the patterns on
Si/SiO2 substrate for MOKE samples is described here as well.

2.2

Synthesis techniques

2.2.1 Electrochemical anodization

Electrochemical anodization is a simple and elegant way to synthesize porous
oxide films on a conducting metal surface such as aluminum (Al).1-3 We engineer
porous alumina membranes in our laboratory by two step anodization of pure
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aluminum using a homemade electrochemical cell set-up. The schematic diagram of
the set-up is shown in Fig. 2.1. The cell consisted of two electrodes: Cathode - a thin
(~ 1 mm thick) copper (Cu) sheet connected to the negative terminal of a power supply

Figure 2.1. Schematic diagram of the experimental set-up for anodization of thin aluminum sheet.

Figure 2.2. Experimental set-up of the anodization of thin aluminum sheet (left), a close view of the
elctrochemcial cell consisting of cathode: Cu ribbon and anode: thin Al sheet inside the backelight
structure (right-top) and a close view of the backelight structure (right-bottom).
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and Anode – a thin (~ 130 µm thick) aluminum (Al) sheet connected to the positive
terminal of the power supply. The Cu sheet is connected with the negative terminal of
the power supply. The experimental set-up that is developed in our laboratory is shown
in Fig. 2.2. The back side and selected portion of front side of the Al sheet is covered
by Bakelite to restrict the growth of oxide film only to a selected area on the front side
of Al sheet as shown in Fig. 2.2.
Under a suitable constant potential difference across the electrodes, thin porous
oxide film starts to grow over the aluminum surface.4 In our case we maintained a
potential difference within the range of 60 V to 64 V to maintain a constant current
density of ~ 2 mA / cm2 across the electrodes. The voltage drops across the electrodes
changes with the anodization time due to the growth of non-conducting oxide layer on
the aluminum surface.
The growth mechanism and details of synthesized alumina membranes are
described in chapter 4. The conversion of aluminum in to alumina film on the Al
surface is an exothermic reaction. Depending upon suitable choice of electrolyte
solution and under a typical potential difference, porous type oxide film develops
during the anodization process. The porous oxide film growth with uniform pore
distribution is attributed to the thermally assisted, field accelerated dissolution of oxide
at the base of pores. This dissolution of oxide layer at pore bottom and formation of
new oxide layer at metal/oxide interface needs to maintain a dynamic equilibrium. 5 In
order to attain the equilibrium we maintain a constant temperature of 11 0C by
immersing the cell in a temperature bath.
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2.2.2 Electrodeposition of NWs and NTs

Electrodeposition technique is a cost effective and relatively simple process to
synthesize nano-structures compared to the lithography processes e.g. optical, electron
beam, ion beam lithography etc.6 We employed a commercial set-up (Autolab) in
order to prepare ferromagnetic NWs and NTs within the nano pores (diameter ~ 50 –
300 nm) of alumina and polycarbonate membranes having thickness of ~ 5 and 60 µm
respectively.
The set-up consists of an electrochemical cell and a power supply. Schematic
diagram of the set-up is shown in Fig. 2.3. The electrochemical cell is consists of three
electrodes: working, counter and reference electrodes. The working electrode is
generally the substrates on which the required electrochemical depositions are carried
out. To deposit the metal ions in the pores of membranes in order to synthesize NWs
and NTs, we use the membrane as a working electrode. One side of the membranes is
therefore coated with a conductive gold layer of ~ 100 nm thickness by RF sputtering
technique. In case of metal deposition from the aquas solutions of their salts, the
working electrode is connected to the negative terminal of the power supply.
During the deposition, the electrochemical reaction is carried out between the
working and counter electrodes. We use either a gold or a platinum wire as the counter
electrode having the purity of ~ 99.99% commercially purchased from sigma-aldrich.7
The reference electrode is a Ag/AgCl calomel electrode that is used to measure the
other electrode potentials with respect to it. The set-up used in our laboratory is shown
in Fig.2.4. The cell has the volume capacity of ~ 20 cm3 for the electrolyte solutions.
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Figure 2.3. Schematic diagram of three electrode electrochemical cell used to deposit NWs and NTs in
alumina membranes.

Figure 2.4. Electrodeposition set-up used to deposit NWs and NTs
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NWs and NTs are deposited in the pores of alumina membranes by choosing
typical potential of corresponding depositions from linear sweep voltametry (LSV).
The LSV gives us a voltage versus current profile for a particular electrolyte solution
for a particular choice of electrodes. LSV scanned between 0 to – 1.5 is presented in
Fig. 2.5. Up to a certain value of the applied voltage, the current remain near zero
value with the increase in voltage indicating no deposition of cations at cathode. After
which the current suddenly increases and attain a maximum value followed by
saturation. The sudden increase in current indicates metal ion deposition at cathode.
Simultaneously, the pH value of the solution during the LSV scan is also recorded.
The pH graph shows a spike near the potential where the sudden jump in current value
has started. We choose a potential of deposition just after the pH spike and very near to
the start of the jump in current value. Choosing higher potentials may incorporate
foreign ions (e.g) depositions and hence avoided.

Figure 2.5. LSV profile for typical Ni (top), Co (bottom) NWs deposition in porous alumina
template.

Formation of NWs is the consequence of metal ions depositions on gold thin
film at the pore bottoms in the nano channels of the membranes. Usually higher rate of
ion deposition leads to formation of NW whereas the lower rate leads to NT formation
within the nano channels. We prepare Ni and Co NWs under the constant potential of
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~ 0.85, 0.9 V respectively (see Fig. 2.5). Details of all the NWs including NiFe alloy
NWs and Ni NTs are described elaborately in the following chapters of the thesis.

2.2.3 Thermal deposition

Thermal evaporation is a technique commonly used to deposit thin films of
metals. The metal source is heated up to evaporate in a vacuum chamber that maintains
a pressure of ~ 10-6 mbar. At an elevated temperature, the thermal energy of surface
atoms of the metal becomes greater than the binding energy of the same and they
become free from the metal surface. Under such high vacuum atmosphere the typical
mean free paths of the evaporated particles are in the range of few meters. That large
mean free path allows the particles (atoms/molecules) to travel to the target object
(substrate) where they deposited. On the substrate, the deposited particles lower their
energy through the dissipation of heat and make a thin film of the source material.
Generally a diffusion pump is employed to achieve such high vacuum within the
chamber to extract all unwanted gaseous particles within the chamber. However, hot
objects within the chamber (e.g. heating filament, molybdenum boat in our case)
produce unwanted vapors that limit the quality of the vacuum. A cooling system is
employed to keep the chamber and substrate holder temperature at normal.
In case of metallic oxide thin film deposition, the deposition is carried out in
the presence of oxygen so that the metal can react to produce oxide film. Perhaps, the
oxygen atoms can collide with the metallic particles within the chamber and reduce the
amount of vapor that reaches the substrate. The quality of the film (i.e. uniformity in
thickness, contamination free) is mostly depending on the quality of vacuum within the
chamber and the quality of the substrate on which the film is deposited. As the
evaporated materials approach the substrate from a particular direction, the rough
surface of the substrate thus leads a non uniform deposition of thin film. A schematic
diagram of the set-up is shown below in Fig. 2.6.
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Figure 2.6. Schematic diagram of thermal evaporation.

2.2.4 Sputtering deposition

DC (direct current) Sputter deposition is a physical vapor deposition process
for depositing thin films of metals. Sputtering means ejecting material from a target
and depositing it on a substrate. Fig. 2.7 shows the schematic diagram of a sputter
deposition system. The target is the source material. Substrates are placed in a vacuum
chamber and are pumped down to a prescribed process pressure. Prior to the sputtering
coating process a vacuum of ~ 10-5 mbar must be achieved. Once the appropriate
pressure has been reached a controlled flow of an inert gas such as argon is introduced.
Sputtering starts when a potential difference is applied between the target and substrate
holder causing a plasma or glow discharge. The negative terminal is connected to the
target material. Positive charged gas ions generated in the plasma region are attracted
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to the negatively biased target plate at a very high speed. This collision creates a
momentum transfer and can eject atomic size particles from the target.
If the energy transferred to a lattice site is greater than the binding energy,
primary recoil atoms can be created which can collide with other atoms and distribute
their energy via collision cascades. A surface atom becomes sputtered if the energy
transferred to it normal to the surface is larger than about three times the surface
binding energy (approximately equal to the heat of sublimation). These particles are
deposited as a thin film into the surface of the substrates. A schematic diagram of the
deposition technique is shown below.
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Figure 2.7. Schematic diagram of sputter deposition.

For efficient momentum transfer, the atomic weight of the sputtering gas
should be close to the atomic weight of the target, so for sputtering light elements neon
is preferable, while for heavy elements krypton or xenon are used. Reactive gases can
also be used to sputter compounds. The compound can be formed on the target surface,
in-flight or on the substrate depending on the process parameters.
Magnetron sputtering can be done either in DC or RF (radio frequency) modes.
DC sputtering is done with conducting materials. If the target is a non conducting
material the positive charge will build up on the material and it will stop sputtering. In
such a situation, RF sputtering is employed. In magnetron sputtering which has almost
no restrictions on target materials, magnets are used to increase the percentage of
electrons that take part in ionization of events and thereby increase the probability of
electrons striking the Argon atoms, increase the length of the electron path, and hence
increase the ionization efficiency significantly.
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Table 2.1 shown below is describing the differences of two deposition
processes, e.g. evaporation and sputtering.

EVAPORATION

SPUTTERING

low energy atoms

high energy atoms

high vacuum path

low vacuum, plasma path

•

few collisions

•

many collisions

•

line of sight deposition

•

less line of sight deposition

•

little gas in film

•

gas in film

larger grain size

smaller grain size

fewer grain orientations

many grain orientations

poorer adhesion

better adhesion

Table 2.1. Differences between evaporation and sputtering deposition.

2.2.5 Electron Beam (E-beam) Lithography

E-beam lithography technique uses a focused beam of electrons to create
patterns on desired substrate e.g., Si wafer at sub-micrometer length scale, in contrast
with optical lithography which uses light for the same purpose in creating larger
patterns.8,

9

Electron lithography offers higher patterning resolution10 than optical

lithography because of the shorter wavelength possessed by the 10-50 keV electrons
that it employs. Electrons can induce the deposition of substances onto a surface
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(additive), or etch away at the surface (subtractive). E-beam lithography is particularly
important in micro electronics, which require extremely precise placement of micro
sized circuit elements.

E-beam lithography allows scientists to design and place

elements at the smallest possible scale. Because electrons are charged particles, it is
necessary to perform E-beam lithography inside a vacuum.

E-beam Components
Fig. 2.8 shows schematic diagram of E-beam lithography system with a detail
view of electron optics used in the system. The process of E-beam lithography (EBL)
is simple, however, the schematics and the parts required are quite complex. A typical
EBL system mainly consists of the following parts:
1) An electron gun or electron source that supplies the electrons.
2) An electron optical column that 'shapes' and focuses the electron beam.
3) A mechanical stage that positions the substrate (Si wafer) under the electron
beam.
4) A computer system that controls the equipment.

Electron Gun
The electron gun which is the centerpiece behind E-beam lithography is an
apparatus that is able to “shoot” a beam of electrons in a specific direction. Two
common E-beam emitters are lanthanum hexaboride crystal and a zirconium oxide
coated tungsten needle. The emitter is first heated to produce and excite electrons on
the surface. Then, when a high voltage is applied, the excited electrons accelerate
towards a structure called the anode. By varying this voltage, the trajectory and the
focus of the beam can be manipulated.
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Electron Optical Column
The electron optical column is a system of lenses that, by a combination of
electromagnetism and optics, has the ability to focus the electrons into a concentrated
beam in a desired direction. Two parallel plates inside the column can be electrostatically charged to a precise degree; the resulting electric field is able to bend the
beam in a desired direction.
The mechanical stage positions the substrate (Si wafer) under the electron
beam which is automated by a computer. The computer system can control the whole
equipment.

Figure 2.8. Schematic diagram of E-beam lithography system.

Substrate manipulation
After the beam is directed and concentrated by the optical column, it is ready to
be focused on the surface of substrate. As with most lithography techniques, a
substance called a photoresist covers the surface. However, E-beam photoresists are
not as specific as other types. Technically, high energy electron bombardment will
cause bond breakage in any polymer. When the beam hits the surface, either an
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additive or subtractive reaction takes place as shown schematically in Fig.2.9. An
additive writing method uses the electrons to induce a deposition of a compound on
the surface. Subtractive writing methods use the e-beam to remove the sections of the
resist and surface. This method is common in creating masks for other lithographic
techniques such as UV lithography.
PMMA (poly methyl methacrylate) is the most commonly used photo-resist for
E-Beam. Before exposing the Si substrate under the electron beam, a thin/thick film of
PMMA is made on the wafer employing a spin coater. Knowing the film thickness for
particular spin speed the film is made with desired thickness.

Figure 2.9. Interaction of E-beam with resist (subtractive and additive).

Scanning Methods

Raster Scan: The e-beam is swept across the entire surface, pixel by pixel, with the
beam being turned on and off according to the desired pattern (see Fig.2.10). This
method is easy to design and calibrate, however, because the beam is scanned across
the entire surface, sparse patterns take the same amount of time to write as dense
patterns, making this method inefficient for certain types of patterns.
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Vector Scan: The e-beam “jumps” from one patterned area to the next, skipping
unwanted areas (see Fig.2.10). This makes the vector scan much faster than the raster
scan for sparse pattern writing. Adjustments to the beam can also be made relatively
easily. However, it takes longer for the beam to settle, making it more difficult to
maintain accurate placing for the beam.

Fig.2.10. A schematic diagram of raster scan and vector scan technique.

Disadvantages
The resolution of optical lithography is limited by diffraction, but this is not a
problem for electron lithography. The reason for this is the short wavelengths (0.2-0.5
angstroms) exhibited by the electrons in the energy range that they are being used by
EBL systems. However, the resolution of an electron lithography system may be
constrained by other factors, such as electron scattering in the resist and by
various aberrations in its electron optics.
When electrons are subjected directly to a surface, they tend to “scatter”
quickly. This phenomenon, known as electron backscattering,11-13 causes unwanted
reactions to take place outside of the focused electron beam. As a result, the resolution
of an E-beam is not limited to only the size of the focused beam. In addition to
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backscattering, the focused E-beam hitting the surface produces secondary electrons,
which can expose the resist as much as several micrometers away from the point of
exposure. These proximity effects14-16 can cause critical variations when dealing with
surfaces that need to be exact on the submicron level.

2.2.6 Miceller technique to synthesis NPs
CoPt alloy nanoparticles with various compositions of Cobalt and Platinum are
prepared by micellar technique. A micelle is an aggregate of surfactant molecules
dispersed in a liquid colloid. A typical surfactant molecule has a hydrophilic head and
a hydrophobic tail. While they form a spherical micelle in an aqueous solution, they
aggregate their hydrophobic “tail” regions in the micelle center and the hydrophilic
“head” regions in contact with surrounding solvent at the outside of the micelle.
Reverse micelle is just the opposite case of micelle with hydrophobic heads in the
micelle centre and hydrophilic tails at the outside in contact with the solvent. Fig. 2.11
below shows schematic diagram of a micelle and reverse micelle. By using elegant
synthesis techniques, nanoparticles of different materials can be synthesized at the
centre of reverse micelles.

Figure 2.11. Schematic diagrams of micelle and reverse micelle.
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We use all the reagents of analytical grade and purchased from Sigma-Aldrich.
The water used is of Millipore grade. Cobalt sulfate and hexachloro platinate salts are
used as sources of Co and Pt, respectively. These salts are taken in different ratios and
are dissolved in TX-100 micellar medium under Argon atmosphere in a round bottom
flux as shown in Fig 2.12. The laboratory set-up for the synthesis is shown in Fig.
2.12. The mixture is stirred for 30 min then it is heated at 80 0C. Sodium borohydride
and oleic acid are added to it under stirring and heating condition. The solution turned
into black after the addition of sodium borohydride. The particles are separated from
the mixture by the method of centrifugation and purified by washing the particles
several times by ethanol to remove TX-100 micelles. We prepare CoPt alloy
nanoparticles with different ratios of Co and Pt such as Co:Pt = 90:10, 75:25, 50:50,
25:75 and 10:90 in at%. The particles are dispersed in hexane and dropped on silicon
wafer to make the thicker ﬁlm of all ﬁve samples. These films are subjected for heat
treatment at 900

0

C for 1 hour under N2 and H2 atmosphere and different

measurements are done on the samples before and after the heat treatment to
investigate the properties of the particles.

Figure 2.12. Schematic diagram of synthesis of NPs employing miceller technique (a),
laboratory set-up for the synthesis (b).
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2.3

Surface morphological and structural characterization techniques

2.3.1 Electron Microscopes (EMs)

Electron Microscopes are microscopic instruments that use a beam of highly
energetic electrons to examine objects on a very fine scale of submicron length.17 This
examination can yield information about the topography (surface features of an
object), morphology (shape and size of the particles making up the object),
composition (the elements and compounds that the object is composed of and the
relative amounts of them) and crystallographic information (how the atoms are
arranged in the object). EMs function exactly as their optical counterparts except that
they use a focused beam of electrons instead of light to "image" the specimen and gain
information as to its structure and composition. The Transmission Electron
Microscope (TEM) was the first type of EM to be developed first in 1931 and is used
to "see through" the specimen.18 However, the Scanning Electron Microscope (SEM)
debuted in 1935 with the first commercial instruments around 1965.19-20 Its late
development was due to the electronics involved in "scanning" the beam of electrons
across the sample.

Scanning Electron Microscope (SEM)
The basic steps involved in all EMs are the following: A stream of electrons is
formed in high vacuum (by electron guns). This stream is accelerated towards the
specimen (with a positive electrical potential) while is confined and focused using
metal apertures and magnetic lenses into a thin, focused, monochromatic beam. It is
basically similar to the electron optical column described in E-beam lithography
system earlier (see Fig. 2.8). The sample is irradiated by the beam and interactions
occur inside the irradiated sample, affecting the electron beam. These interactions and
effects are detected and transformed into an image. The above steps are carried out in
all EMs regardless of type.
In SEM (Schematically shown in Fig. 2.13), the electron beam is
thermionically emitted from an electron gun fitted with a tungsten filament cathode
and focused in vacuum into a fine probe that is rastered over the surface of the
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specimen. The electron beam passes through scan coils and objective lens that deflect
horizontally and vertically so that the beam scans the surface of the sample. SEM
works on a voltage between 2 to 50kV and its beam diameter that scans the specimen
is 5 nm-2 µm. Other types of electron emitters include lanthanum hexaboride (LaB6)
cathodes and field emission guns (FEG),23 which may be of the cold-cathode type
using tungsten single crystal emitters or the thermally-assisted Schottky type, using
emitters of zirconium oxide. When the primary electron beam interacts with the
sample, the energy exchange between the electron beam and the sample results
deceleration of incident electrons through the energy dissipation and produces a
variety of signals. These signals include secondary electrons, backscattered electrons,
diffracted backscattered electrons, characteristic X-rays, visible light (cathodoluminescence) and heat. Secondary and backscattered electrons are conventionally
separated according to their energies.24 Detectors of each type of electrons are placed
in the microscope in proper positions to collect them.
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Figure 2.13. Schematic diagram FESEM shows the parts of the microscopes.

Emission of secondary electrons by inelastic scattering of incident electrons
produces the SEM micrograph of the sample. Due to the very narrow electron beam,
SEM micrographs have a large depth of field yielding a characteristic threedimensional appearance useful for understanding the surface structure of a sample.
Whereas, characteristic X-rays produced by inelastic collisions of the incident
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electrons with electrons in discrete orbitals (shells) of atoms in the sample are used for
elemental analysis. The process is known as energy dispersive analysis of X-ray
(EDAX).

Fig.2.14. FESEM micrograph of alumina membrane (top) and Ni NWs (bottom).
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Fig.2.15. EDAX spectra obtained from Ni NWs.

A field-emission cathode in the electron gun of a SEM (FESEM) provides
narrower probing beams at low as well as high electron energy, resulting in both
improved spatial resolution and minimized sample charging and damage. The sample
preparation include a thin gold coating on the sample (mainly for electrically non
conducting samples) to avoid static charge accumulation during SEM imaging. Fig.
2.14 shows the FESEM micrographs of alumina membrane and Ni NWs. The EDAX
spectrum of Ni NWs is shown in Fig. 2.15.

Transmission electron microscope (TEM)
Our use of TEM mainly exploits two different interactions of electron beamspecimen; unscattered electrons (transmitted beam) and elastically scattered electrons
(diffracted beam). Schematic diagram of a TEM is shown in Fig. 2.16.
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Figure 2.16. Schematic diagram of electron optics of a TEM.

In case of transmitted beam, incident electrons are transmitted through the thin
specimen without any interaction occurring inside the specimen. The transmission of
unscattered electrons is inversely proportional to the specimen thickness. Areas of the
specimen that are thicker will have fewer transmitted unscattered electrons and so will
appear darker, conversely the thinner areas will have more transmitted and thus will
appear lighter. This mode of operation to create contrast in image is known as bright
field imaging mode. In order to take microscopic images of ferromagnetic nanowires
(NWs) and nanoparticles (NPs), we place them on carbon grids that are specially made
for TEM imaging purpose.21 Standard TEM grid has typical diameter of ~ 3.05 mm
with a thickness and mesh size ranging from a few to 100 μm. Pretreatments of the
NWs and NPs are done before placing them on carbon grid. Alumina and
polycarbonate membranes that are used to prepare the NWs are dissolved chemically
using 2M NaOH and chloroform solution respectively. NWs are washed carefully
using distilled water and then the residual is ultra-sonicated in ethyl alcohol for few
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minutes to free the bare NWs from gold thin film. The sonication also helps to detach
the magnetic NWs from each other. In case of NPs, ultra-sonication has done to the
particles in ethyl alcohol to detach the magnetic particles from each other. After
sonication, we drop the ethyl alcohol solutions containing NWs and NPs on the TEM
grids using micropipette. Proper pretreatment is necessary to get good quality images
of nanostructures. Fig. 2.17 shows the TEM micrograph of 200 nm Co NWs.

Fig.2.17. TEM micrograph of Co NWs.

In case of crystalline sample, the electron beam undergoes Bragg scattering and
disperses electrons into discrete locations in the back focal plane as shown in Fig.2.18
below. The desired Bragg reflections can be selected by specific placement of
objective apertures at back focal plane. Thus only parts of the sample that are causing
the electrons to scatter to the selected reflections will end up projected onto the
imaging apparatus producing diffraction contrast.
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Figure 2.18. Schematic diagram of image forming by E-beam.

Another part of the incident electrons are scattered (deflected from their
original path) by atoms in the specimen in an elastic fashion (no loss of energy). These
scattered electrons are then transmitted through the remaining portions of the
specimen. All electrons follow Bragg's Law and are scattered according to

2d sin   n

[2.1]

Where λ is the wavelength of the rays, θ is the angle between the incident rays
with respect to the surface of the crystal and d is the spacing between layers of atoms.
All incident electrons have the same energy (thus wavelength) and enter the specimen
normal to its surface. All incident electrons that are scattered by the same atomic
spacing will be scattered by the same angle. These scattered electrons can be collated
using magnetic lenses to form a pattern of spots; each spot corresponding to a specific
atomic spacing (or crystalline plane). This pattern can then yield information about the
orientation, atomic arrangements and phases present in the area being examined. Fig.
2.19 shows electron diffraction patterns of polycrystalline and single crystalline Co
NWs.
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Fig. 2.19. SAED patterns of Co NWs.

The radius of circular rings in the diffraction patterns are measured using the
microscopic length scale and then compared with the standard diffraction data of the
corresponding elements or compounds provided by ICSD (Inorganic Crystal Structure
Database).22

2.3.2 X-Ray Powder Diffraction

X-ray crystallography relies on the dual wave/particle nature of x-rays to
discover information about the structure of crystalline materials. X-ray powder
diffraction is a common technique for the study of crystal structures and atomic
spacing.
The physics and mathematics describing the generation of monochromatic Xrays and the diffraction of those X-rays by crystalline powders are very complex.
However in precise, X-rays are generated by a cathode ray tube, filtered to produce
monochromatic radiation, collimated to concentrate, and directed toward the
sample.25 X-rays can be considered waves of electromagnetic radiation. Upon
incidence on crystalline sample, atoms within the sample elastically scatter the X-ray
waves, primarily through the atom‟s electrons.

The regular array of scatterers

(electrons) within a crystalline sample produces a regular array of outgoing spherical
waves of scattered X-rays. Although these waves cancel one another out in most
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directions through destructive interference, they add constructively in a few specific
directions, determined by Bragg's law stated in Eq. 2.1. These diffracted X-rays are
then detected, processed and counted. By scanning the sample through a range of 2θ
angles, all possible diffraction directions of the lattice should be attained due to the
random orientation of the powdered material. Conversion of the diffraction peaks to dspacings allows identification of the elements/compound present in the sample because
each element/compound has a set of unique d-spacings. Typically, this is achieved by
comparison of d-spacings with standard reference patterns (ICSD).
Powder diffractometers come in two basic varieties: θ-θ in which the X-ray
tube and detector move simultaneously or a θ-2θ in which the X-ray tube is fixed, and
the specimen moves at ½ the rate of the detector to maintain the θ-2θ geometry. Our
X-ray Panalytical system is a θ-2θ system. In both systems the geometry shown in the
diagram in Fig.2.20 is maintained during data collection.
The angles and intensities of diffractions are recorded electronically using a
detector, electronics and specialized software resulting in a plot of 2θ (horizontal axis)
vs. intensity (vertical axis) for the specimen. Fig. 2.21 shows a typical XRD pattern
obtained from fcc crystalline Ni NWs.
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Fig.2.20. X-ray Diffraction optics used in θ/2θ mode.
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Fig.2.21. XRD pattern of Ni NWs.

2.4

Magnetic characterization techniques

2.4.1 Magnetic Force Microscopy (MFM)
MFM is a special type of Scanning Probe Microscopy (SPM)26 where a
sample can be scanned by a magnetic probe in order to gather information about
the properties of the surface of a magnetic sample.27 Another type of SPM is
Atomic Force Microscopy (AFM).
In case of AFM, the probe is a very tiny sharp tip at the end of cantilever.
Cantilever can be made of single-crystalline silicon, silicon dioxide (SiO2),
or silicon nitride (Si3N4).With AFM the force between the surface and the probe is
measured. There are two different modes to achieve this goal. In contact mode,
the tip is directly in contact with the surface and the interaction force is dominated
by Van der Waals interaction. Whereas, the tapping mode is a non contact mode.
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A drive signal is applied by a piezoelectric crystal with typical frequencies
ranging from 10 kHz to 1 MHz28 to the "Tapping Piezo", mechanically oscillates
the probe at or near its resonance frequency. The interaction between the tip and
the surface changes the cantilever oscillation amplitude or the phase relative to the
Drive Signal (see schematic in Fig. 2.22).

Figure 2.22. Schematic of the Tapping Mode

In case of MFM, the AFM Tips are coated with a thin (< 50 nm) magnetic
film (such as Ni or Co), which not have negligible coercivity, so that the tip
magnetic state (or magnetization M) does not change during the imaging. The
magnetic tip is sensitive to the out-of-plane component of the stray field
originating from a magnetic sample (e.g. from a domain wall). During these
modes each scan line is recorded twice. First, the topographic information of the
line is recorded using the AFM Tapping Mode. This information is used during
the second scan in order to keep the cantilever always at a certain probe sample
distance, called Lift Height. During this scan the magnetic tip is only sensitive to
the magnetic stray field from the sample. Therefore the combination of these two
modes enables an accurate localization of the magnetic stray fields on the
magnetic structure along with a good matching of topological artifacts.
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Figure 2.23. Schematic diagram of MFM tip scan over a magnetic surface.

In MFM measurements, the magnetic force between the sample and the tip can
be expressed as
F = µ0 (m.) H

[2.2]

Where m is the magnetic moment of the tip (approximated as a point
dipole), H is the magnetic stray field from the sample surface, and µ0 is the magnetic
permeability of free space. The stray magnetic field from the sample can affect the
magnetic state of the tip, and vice versa. Thus, interpretation of the MFM
measurement is not straightforward. For instance, the geometry of the tip
magnetization must be known for quantitative analysis. Fig. 2.23 shows schematic
diagram of the magnetic tip movement over a magnetic sample. The stray field of the
MFM tip magnetizes the sample surface locally along its own direction of
magnetization as it close to the sample area. Typical resolution of 30 nm can be
achieved,29 although resolutions as low as 10 to 20 nm are attainable.30 Fig. 2.24 below
shows typical AFM and MFM micrographs of Ni NWs. In MFM micrographs, the
bright spots corresponding to the magnetic stray field at the portion of the sample
upward from the page and the black regions corresponds to the downward stray field.
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Fig. 2.24. AFM (left) & MFM (right) micrographs of Ni NWs.

2.4.2 Vibrating Sample Magnetometer (VSM)

Vibrating sample magnetometer (VSM) is based on Faraday‟s law that states,
an emf (electromotive force) will be generated in a coil if there is a change in flux
linking the coil. The induced emf in a coil with „n‟ turns with a cross-sectional area of
„a‟ can be written as,
V = -na(dB/dt)

[2.3]

When the coil is positioned in a constant magnetic field,
B = µ0H

[2.4]

Now if we place a magnetic sample having magnetization „M‟ near the coil,
then
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B = µ0 (H + M)

[2.5]

The corresponding flux change can be written as
∆B = µ0M

[2.6]

The induced emf in pick-up coils expressed at the beginning thus can be
rewritten as
Vdt = -naµ0M

[2.7]

The above equation implies that the output signal of the coil is proportional to
the magnetization M but independent of the magnetic field in which the magnitude of
M is to be determined.
Schematic diagram of a VSM is shown in Fig. 2.25. In a VSM, the sample is
subjected to a sinusoidal motion (of frequency ) and the corresponding voltage is
induced in suitably located stationary pickup coils.
The electrical output signals of these latter coils has the same frequency . Its
intensity of proportional to the magnetic moment of the sample, the vibration
amplitude and the frequency . The schematic diagram of the set-up is shown in fig f
below. The sample to be measured is centered in the region between the poles of a
electromagnet which can generate a uniform magnetic field H0. A thin vertical non
magnetic sample rod (made of plastic/quartz) connects the sample holder with a
transducer assembly located above the magnet. The transducer converts a sinusoidal as
drive signal (generated by an oscillator/amplifier circuit) into a sinusoidal vertical
vibration of the sample rod. The sample is thus subjected to a sinusoidal motion in the
magnetic field H0.
Pickup coils made of copper and mounted on the poles of the magnet pick up
the signal resulting from the motion of the sample. However, though the pick-up coil
signal at the vibration frequency  is proportional to the magnitude of the moment of
the sample, it is also proportional to the vibration amplitude and frequency. Thus the
moment readings taken simply by measuring the amplitude of the signal are subject to
errors due to variation in amplitude and frequency of vibration. In order to avoid this
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difficulty, a nulling technique is introduced employing a vibrating capacitor for
generating a reference signal that varies with moment, vibration amplitude and
frequency in the same manner as the signal form the pickup coils. When these two
signals are processed in an appropriate manner, it is possible to eliminate the effects of
vibration amplitude and frequency shifts. In that case, one obtains readings that vary
only with the moment of the sample.

Fig. 2.25. Schematic diagram of VSM.

In case of NWs, we measured the corresponding hysteresis loops at two
different orientations of the samples as shown in Fig. 2.26. The NWs are placed either
parallel to the external uniform magnetic field H0 named as out-of-plane (OP)
configuration or perpendicular to H0 named as in-plane (IP) configuration. The phrases
„out-of-plane‟ (OP) and „in-plane‟ (IP) are coined from the orientation of the flat
planes of alumina or polycarbonate membranes within which the NWs are deposited.
The magnetization per unit volume or per unit mass of the NWs is difficult to measure
as the NWs are within the membranes (which are very fragile and pores are not well
arranged). We rather interested in the nature of magnetization curve of the NWs and
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want to do comparative studies of the magnetization processes of the nanostructures.
Hence, we normalized the magnetic moment values in hysteresis loops recorded by
VSM. We follow the same technique later for V-SQUID measurements.
The VSM in our laboratory (Lakeshore make) has maximum magnetic field
generating capability of 2.1 T without cryogenic system and 1.76 T can be achieved
with LN2/LHe dewar between the coils. The moment versus temperature or
temperature dependent hysteresis loops can be measured using a cryogenic system
(Liq. N2) that can operate within a temperature range of 80 to 400 K with temperature
stability of ±0.2 K and temperature resolution of 0.001 K. Noise level of 1.25 µemu
(RMS value) in moment measurement can be achieved using the system.31

Fig.2.26. placement of NW samples between the pole pieces of VSM magnet.

2.4.3 Superconducting Quantum Interference Vibrating Sample
Magnetometer (S-VSM)

S-VSM or SQUID -VSM is the most sensitive and effective device available
till now to detect magnetic moment/field in less time compared to the usual SQUID
magnetometer. This magnetometer is a kind of combination of two magnetometers, the
conventional high speed VSM and the high sensitive SQUID. Unlike the copper
detection coils in a conventional VSM, magnetic ﬂux in SQUID–VSM is detected by
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SQUID sensors. Signal created by sample vibration is frequency modulated to separate
the sample signal from the instrumental artifacts. The size of the signal is independent
of the vibration frequency. Similar to a SQUID, a superconducting second order
gradiometer detection coil used in MPMS SQUID–VSM detection coil produces a
current in response to local magnetic field disturbances, rather than to a change in
magnetic flux as in the case of the VSM coils. Figure 2.27 is a simplified model of the
MPMS SQUID–VSM detection hardware. The current in the detection coil is a
function of the sample position. The detection coil can be considered as consisting of
three loops, the upper loop has a single turn wound clockwise, the middle one has two
turns wound anti-clockwise and the lower one has a single turn wound clockwise. The
sensor in the MPMS SQUID–VSM is the well-known Josephson junction, which is a
device consisting of superconducting-insulating-superconducting (SIS) tri-layer
junction. The basic equations governing the Josephson junction are

U (t ) 


,
2e t

I (t )  IC sin  (t )
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[2.8]

Here, U(t) and I(t) are the voltage and current through the Josephson junction,
Ic is the critical current of the junction and ϕ(t) is the phase difference between the
wave functions in the two superconductors. In case of no emf is applied through the
Josephson junction, a constant DC current flows through it. If a constant DC voltage is
applied then an ac current flows with a frequency (2e/h)U. When a magnetic moment
is kept in the loop containing a Josephson junction,32 an emf is induced in the loop,
which induces a current with a frequency decided by the Josephson equations. The
MPMS SQUID–VSM detects the change in currents or frequency to deduce the
magnetic moment of the sample.
There are two types of SQUIDs, DC or AC. The MPMS SQUID–VSM works
on the principle of DC SQUID, consisting of two Josephson junctions connected in
parallel so that the electrons tunneling through the junctions demonstrate quantum
interference depending upon the magnetic field within the loop.
The MPMS SQUID–VSM is capable of providing magnetic fields in the range
±70 kOe with field ramp possible as high as 700 Oe/s and sample temperature ranging
from 1.8 K to 400 K. Sensitivity is 1 × 10-8 emu at zero magnetic field and 5 × 10-8
emu at 70 kOe with 4 seconds data averaging.33
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Fig.2.27. Schematics of the SQUID-VSM detection system

2.4.4 Ferromagnetic Resonance (FMR) Spectrometer
FMR is a spectroscopic (FMR) method to measure magnetic properties by
detecting the precessional motion of the magnetization in a ferromagnetic sample.
FMR absorption is the analog of paramagnetic and nuclear resonance absorption. The
ferromagnetic effect was found originally by Griffiths34 and further confirmation has
been reported by Yager and Bozorth.35 A theory of the resonance effect has been
proposed by C. Kittel.36
From a macroscopic point of view, the applied static magnetic field H0causes
the total magnetic moment to precess around the direction of the local field Heff, before
relaxation processes damp this precession and the magnetization aligns with Heff. If the
sample is irradiated with a transverse radio frequency field (microwaves of typically
1–35 GHz), and if the rf frequency coincides with the precessional frequency, the
resonance condition is fulfilled and the microwave power is absorbed by the sample.
The motion of the magnetization is described by the Landau-Lifshitz-Gilbert equation:
∂M/∂t = -γ (M × Heff) + G/γ(Ms) 2 [M × ∂M/∂t]
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[2.9]

The first part in right hand side corresponds to the precession. However, the
second part introduces a viscous damping (Gilbert damping constant G). The effective
magnetic field Heff includes the applied DC field, the rf microwave magnetic field
component, the demagnetizing field (shape anisotropy) and the magnetocrystalline
anisotropy field. γ is the gyromagnetic ratio γ =gµB/ħ. The principal result of the
theory36 is that the resonance condition for a plane surface should be given by
ω0 = γ (BH)1/2

[2.10]

Instead of the Larmor condition ω0 = γH; here ω0 is the frequency at
resonance; γ is the magneto-mechanical ratio for an electron spin; H is the strength of
the static magnetic field and B is the magnetic induction in the specimen.
Microscopically, the H field creates a Zeeman splitting of the energy levels,
and the microwave excites magnetic dipole transitions between these split levels. Since
it is difficult to vary the microwave frequency over larger ranges, the DC magnetic
field H0 is varied instead.
Usually the absorption derivative is measured. During the measurements, the
angular orientation of pumping field and static field are maintained as depicted in Fig.
2.28 while the schematic diagram of the set-up is shown in Fig. 2.29. The resonance
signal resembles a Lorentzian lineshape. The resonance field position Hres depends on
the angles, anisotropy parameters, g-factor, and magnetization of the sample. The
linewidth ΔH is directly connected to the relaxation processes.
In ultrathin films, Gilbert damping is commonly used to describe the
relaxation. But several other possible relaxation paths are also known, e.g. twomagnon scattering, spin-pumping effect, etc., which can contribute to the linewidth.
The anisotropy constants can be easily deduced from angle dependent measurements
of single crystalline samples. For magnetic multilayers, also the interlayer exchange
coupling constant can be determined by FMR in absolute units.
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Figure 2.28. Orientation of static and dynamic magnetic field in a right angle FMR
configuration.

Figure 2.29. Schematic diagram of FMR set-up.
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2.4.5 Magneto Optical Kerr Effect (MOKE) magnetometer
We use the magneto-optical Kerr effect (MOKE) to assess the magnetization
behavior of electrodeposited NWs. Membranes are dissolved chemically in order to
free the NWs employing an ultra-sonicator. Individual NWs are then placed on Si/SiO2
substrates and then used as sample for MOKE measurement. In this non-destructive
surface sensitive technique, polarization-modulated LASER light reflects from the
surfaces of magnetic NWs in the presence of a sweeping magnetic field. Since the
LASER is an electromagnetic field, the magnetic field of the sample interacts with the
light to cause a very slight change in the incident LASER‟s polarization and ellipticity.
We measure these changes in the LASER light as an intensity change through nearlycrossed polarizers, recording the intensity as a function of the applied magnetic field.

Figure 2.30. Schematic diagram of the table top MOKE set-up.

We measure the longitudinal or transverse magneto optical Kerr effect where
the magnetization lies in the plane of sample substrate. Schematic diagram of the setup is shown in Fig. 2.30. The polarizer and analyzer are kept at crossed with respect to
each other before the measurement starts. An attenuator is used to decrease the
LASER power of the diode LASER source to 3.5 mW. Beam expander expands the
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beam which is later converged to a fine elliptical LASER spot of dimension 5×7 µm
using a plan-concave lens. The reflected beam is diverged and parallel beam is
produced using another lens. The intensity of the reflected beam is detected by a high
resolution Si detector. All the parts are available from Thorlabs. In presence of an
alternating magnetic field (f ~ 17 Hz) produced by the external magnet placed near the
sample (see Fig. 2.30), the magnetization of the sample changes followed by a change
in polarization angle of the reflected beam. Thus the intensity detected at the detector
is change which is proportional to the change in magnetization of the sample. The λ/4
plate is introduced to reject the change in ellipticity of the beam reflected from the
sample substrate. The laboratory set-up is shown in Fig. 2.31.

Figure 2.31. Laboratory set-up of MOKE measurements for NWs.
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Chapter 3

Study of glass coated amorphous MWs
3.1 Preamble

Among the soft magnetic materials, wire shaped amorphous magnetic
materials exhibit peculiar magnetic behavior due to their novel synthesis techniques.
Amorphous wires with diameter ≤ 100 µm (therefore termed as microwire, MW) show
excellent soft magnetic properties. MWs with large positive magnetostriction show
bistable magnetic hysteresis loop. Sharp change in magnetization makes them ideal for
“jitterless” pulse generator.1 Whereas, MWs with near zero or vanishing
magnetostriction show giant magnetoimpedance (GMI) effect. Observed GMI effects
in MWs pointing towards their possible applications in stress sensors.2 Furthermore,
the MWs have gained the interest of researchers in order to get a better understanding
of micromagnetism for their simple magnetic domain structure. The MWs that have
been most widely investigated are composed of TMxSiyBz where TM is one of the
transition metals (e.g. Fe, Ni, Co) with the index x ranges typically from 0.7 – 0.8.3 On
the other hand, y and z are typically in the range of 0.1-0.2. Other transition metals
such as Cr occasionally added to improve corrosion resistance. 3
There are mainly two ways to synthesize the MWs: In-rotating-waterquenching technique and quenching & drawing technique. In the first case, the molten
metal stream is ejected from the orifice of a quartz tube and then projected onto a
water layer formed by centrifugal force on the internal surface of a rotating cylinder.
The technique is first introduced by Ohnaka.4 The second process uses Pyrex like glass
tube which is placed within a high frequency induction heater.5,

6, 7

The alloy with

desired composition in the form of a pellet is put inside the glass tube. At an elevated
temperature, the metal melts within the tube and the temperature is also sufficient to
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melt the Pyrex or similar insulating glass. The molted alloy took the form of a droplet.
During the process, a glass envelope form on the metal droplet. A glass capillary is
then drawn from the viscous melt and wound on a rotating drum. A running cold water
jet solidifies the melt rapidly followed by the formation of metallic MW with the glass
coated on its outer surface. The typical inner metallic core diameter that can be
achieved by the process is about ~ 1 - 30 µm and the glass coating has thickness of ~ 2
- 10 µm. The insulating coating of glass provides corrosion resistance to the MWs and
offers electrical insulation. Due to lack of crystal structure, the magnetocrystalline
anisotropy is almost negligible in these materials. Internal stresses developed within
the MWs during the rapid solidification of the melt gives rise to magnetoelastic
anisotropy, the main source of anisotropy.
In this chapter we are investigating the magnetic domain structure of the MWs
via the magnetic hysteresis loops measurements of the MWs under different physical
conditions. These studies will help us to understand the domain structure and magnetic
properties of magnetic nanowires which are discussed in the following chapters.

3.2

Experimental
We study cobalt rich glass coated amorphous MWs with two different

compositions of Co83.2Mn7.6Si5.8B3.3 and (Co0.93Fe0.07)63Ni10Si11B16. The microwires
were received from Instituto de Magnetismo Aplicado, Madrid, Spain. The surface
morphology of the MWs is studied by scanning electron microscope (SEM). Before
the microscopic study we remove the glass coatings from the surface of the MWs very
carefully using sharp edges, for example razor blades. The DC magnetic hysteresis
loops of the MWs are measured by a conventional DC magnetization set-up where the
MWs are magnetized using a air core solenoid and the change in magnetic flux
through a pick-up coil is recorded and then integrated using a fluxmeter. Magnetic
hysteresis loops are measured under different stresses applied to the MWs. The MWs
are stressed out using different weights applied at one end of the MWs keeping the
other end fixed [see Fig.3.1(a)] and magnetic hysteresis loops are recorded for each
load. The stresses are calculated by knowing the weights and the cross sectional area
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of the MWs. DC magnetic hysteresis loops are also measured after passing different
number of current pulses through the MWs. The pulses are generated by an electronic
circuit using IC 555 [see Fig. 3.1(b)] that produces current pulses of 12 sec width and
100 mA DC current amplitude. During the passage of the current pulses through the
MWs, the MWs are subjected to joule heating accompanied by a circumferential
magnetic field according to Ampere‟s law. The effect of the short duration heat
annealing of the DC magnetic hysteresis loops of the Co83.2Mn7.6Si5.8B3.3 MWs in the
presence of the magnetic field is then studied by their DC magnetic hysteresis loops
measurements.

Figure 3.1. (a) Laboratory arrangement for applying pressure to the MWs and (b) Current pulse
generating circuit using IC555.

3.3

Results and Discussions

3.3.1 Structural properties
Fig. 3.2 (a) and Fig. 3.2 (b) show the SEM micrographs of the
Co83.2Mn7.6Si5.8B3.3 and (Co0.93Fe0.07)63Ni10Si11B16 MWs respectively. From the
micrographs the glass coating on the surfaces of the metal core of the MWs is evident.
It is observed that the diameter of the metal core and the thickness of the surrounding
glass coating are uniform throughout the length of the MWs. In case of
Co83.2Mn7.6Si5.8B3.3 MWs, the glass coating has a thickness of ~ 5.3 µm while the inner
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metallic core has the diameter of ~ 14.7 µm. The (Co0.93Fe0.07)63Ni10Si11B16 glass
coated microwires have a thickness of glass coating ~ 5.4 µm and the inner core has
the diameter of ~ 20.5 µm.
The synthesis procedure (quenching & drawing procedure) of the MWs
supports the formation of several centimeter long MWs with smooth surfaces of the
metallic core covered by glass coating. This is observed in SEM micrographs where
we merely have seen any surface defects. The scratches observed in SEM micrographs
are believed to be due to the cutting of the MWs before the SEM study.

Figure 3.2. Scanning Electron Microscopy (SEM) image of glass-coated amorphous (a)
Co83.2Mn7.6Si5.8B3.3 microwire and (b) (Co0.93Fe0.07)63Ni10Si11B16 microwire.

3.3.2 Magnetic properties and Domain structure
Fig. 3.3 shows three hysteresis loops of a Co83.2Mn7.6Si5.8B3.3 MW under three
different stresses e.g. 0, 220 and 440 MPa. The external magnetic field applied along
the axis of the MWs has the upper limit of 10 Oe. The hysteresis loops show sharp
jump at the start of the switching followed by a slow increase in magnetization
towards saturation with the increase of external magnetic field along the opposite
direction. The loops are thus not square in shape. It is to be noted that the switching of
magnetization in the MWs is observed to be increases with the increase in applied
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tensile stress (i.e. 0 MPa < 220 MPa < 440 MPa). In contrast, the slow saturation
process of MWs after the switching (i.e. when the applied field is directed at opposite
direction) is decaying slowly with the increase in stress. The coercivity of the
hysteresis loops is also observed to be decreasing with the increase in stress. In precise
we can state that, the hysteresis loss of the MWs is decreasing with the increase of
applied tensile stress.
Fig. 3.4 shows the hysteresis loops of Co83.2Mn7.6Si5.8B3.3 MW before and after
heat treatment with different current pulses (e.g. 1, 2, 3 and 4 current pulses).
Hysteresis loops are found to shear as the MWs are treated by the current pulses.
Furthermore, the shear nature of the loops (i.e. low initial susceptibility) increases as
we increase the number of pulses passing through the wires. The sharp switching is
prominent in as-quenched sample which is also observed in the MW after single pulse
heat treatment. However, the sharp switching starts to disappear after the MW is
treated with two pulses and completely disappear in the MW which is treated with four
consecutive pulses (see Fig. 3.4).
In order to explain the observed experimental results, it is necessary to
understand the domain structure of the glass coated amorphous MWs. The MWs are
synthesized in quenching and drawing procedure followed by the rapid cooling from
melt. The process accompanied by a strong mechanical stress on the metal core
induced by the surrounding glass coating due to their different thermal coefficient.
However, the composition of the alloy defines the magnetostriction of the MWs. For
example, Fe based alloy shows positive magnetostriction while Co based alloy show
negative magnetostriction.3 On the other hand, MWs containing Co : Fe ≈ 16 : 1 can
show nearly zero magnetostriction.3 It is believed that the unique stress distribution
within the metallic core and the nature of magnetostriction of the MW together define
all the unique magnetic characteristics of the MWs.8 The corresponding
magnetoelastic and shape anisotropies determines the domain structure and hence the
magnetization process.9, 10
During the rapid quenching of the melt in the synthesis procedure, the outer
layer of the melt solidifies first followed by shrinking of inner core of the same. The
delay in shrink of inner core of the melt develops a radial tension in the wire. Perhaps
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the radial tension increases towards the centre of the MWs due to the differential
cooling process and as a consequence, an axial stress is developed in the inner core. In
summary, two distinct regions are developed within the wires: inner core where the
axial stress exists and outer layer where the radial stress exists. The transition between
these two regions is expected to occur gradually over a few atomic layers. Volumes of
the two regions depend largely on the magneto-elastic coupling of the material. The
stresses are long range in character and play a crucial role in defining the domain
structure of the MWs. Domain structure of the MWs can be derived from axial
magnetic hysteresis loops combined with domain observation by magneto optical Kerr
effect or Bitter technique.11 In case of glass coated MWs, it is difficult to observe the
domain structure by the later techniques due to their reduced dimension compared to
the water quenched MWs.7 However, the domain structure in glass coated MWs is
very similar to the water quenched MWs. Detail study on domain structure can be
found in literature8-10,

12, 13

all of which indicate the possible domain structure in

amorphous MWs as shown in Fig. 3.5 and Fig. 3.6.
Fig. 3.5 shows the typical domain structure of a negative magnetostrictive
amorphous MW. Whereas, Fig. 3.6 shows the same for a positive magnetostrictive
MW. The domain structure consist of a single domain core (inner core or IC) having
magnetization parallel to the axis of the MW and a multidomain outer shell (outer shell
or OS) with transversely oriented magnetization. In case of negative magnetostrictive
MW, the OS magnetization is circular (see Fig. 3.5) and for positive magnetostrictive
MW, it is radial (see Fig. 3.6).
The sharp switching observed in the hysteresis loops of as quenched
Co83.2Mn7.6Si5.8B3.3 MW (Fig.3.3) as discussed earlier is a consequence of switching of
the IC domain upon reversing the external field. After the switching, the slow
saturation in the opposite direction is attributed to the OS magnetization. As we
applied an external stress (220 MPa) along the axis of MW, the IC increases in volume
results an enhanced sharp switching (Fig.3.3). On the other hand, the slow saturation
after the switching decreases perhaps due to the decrease in OS volume. Hysteresis
loop corresponds to 440 MPa shows further enhancement of sharp switching for
greater IC volume whereas less OS signature is evident.
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Figure 3.3. Axial hysteresis loops of the amorphous Co83.2Mn7.6Si5.8B3.3 MW at various stress values.
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Figure 3.5. Possible domain structure of a negative magnetostrictive wire-shaped amorphous magnetic
material.

Figure 3.6. Possible domain structure of positive magnetostrictive wire-shaped amorphous magnetic
material.
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In contrast to the stress dependent results, heat treatment using current pulses
indicates an opposite response of the MWs (Fig. 3.4). It is seen that, the sharp jump in
magnetization near zero field is decreased in the MW treated with single current pulse.
Upon increasing the number of current pulses, the sharp jump observed during
switching slowly disappears and it completely disappears on sending four current
pulses. On the other hand, the slow rise at higher field is increased in the current pulse
treated MW indicating an enhancement of OS volume. The current pulse generates
heat to the MW which allows the OS to expand in volume at the cost of the IC. The
volume enhancement of the OS is more preferable because of the presence of circular
magnetic field corresponding to the current pulse. As the IC volume decrease, the
sharp jumps during switching disappear with increasing number of pulse. This is just
the opposite case of application of a tensile stress to the MWs where the IC volume
increases upon increasing the stress.
We

studied

another

amorphous

microwire

with

the

composition

(Co0.93Fe0.07)63Ni10Si11B16. We plot the hysteresis loops of as quenched and stress
induced MWs in consecutive panels in Fig. 3.7. We observe, the applied stresses (209
MPa and 431 MPa) enhanced the sharp switching in the MWs compared to the as
quenched condition. These indicate the enhancement of IC volume.
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Figure 3.7. The dc magnetic hysteresis loops of the glass-coated amorphous (Co0.93Fe0.07)63Ni10Si11B16
microwire in absence of stress, in presence of 209 MPa and 431 MPa stress.
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3.4

Conclusions
Magnetization process of amorphous glass coated MWs with the composition

of Co83.2Mn7.6 Si5.8B3.3 and (Co0.93Fe0.07)63 Ni10Si11B16 MWs are studied in detail under
different stressed and current annealing conditions. Surface morphological
characterizations done by electron microscope shows the MWs are uniform in
diameter throughout their length. Inner metallic core of the MWs have average
diameters of ~ 14.7 and 20.5 µm respectively with the glass coating thickness of ~ 5
µm. It is assumed that, magnetic domains in MWs have two distinct regions, namely
IC and OS. IC is a single domain with magnetization along the axis of the MWs.
Whereas, the OS is a multidomain region with transverse magnetization. Low field DC
magnetic hysteresis loops are recorded at different conditions of the MWs. MWs
subjected to external tensile stress along their length show increase in sharp switching
indicating the increase of IC volume increases at the cost of OS. Conversely, sending
current pulses (100 mA) of short duration (12 sec) have reverse effect on the MWs.
They heated up the MWs in the presence of circular magnetic field associated with the
current sending through the MWs. As a result, the OS volume increased at the cost of
IC which is just reverse the case of stressed MWs. All the results are in accordance
with the inner core-outer shell domain structure of the MWs.
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Chapter 4

Synthesis and characterization of
anodic alumina membrane
4.1 Preamble
Nanotechnology is a result of miniaturization of devices and the development of
specific instrumentations leads us to the nanoworld. It allows us to do surface
engineering at nano scale resolution. One of the main aspects of nanotechnology is to
fabricate various nanostructures, particularly the inexpensive formation of periodically
ordered structures (e.g., nanopores, nanotubes and nanowires arrays) with a periodicity
of less than 100 nm, has triggered extensive activities in research. The unique
properties of the arrays or of an integral functional unit consisting of multiple
nanostructures are the result of collective behavior and interactions among them
producing response of the system as a whole.1 Highly ordered nano materials have
potential use in the future technologies in the fields as nanophotonic, photocatalytic,
microfluidic and sensing devices, as well as functional electrodes and magnetic
recording media.1-3
Lithography patterning is the earliest technique to produce various nanostructures
(e.g. nanoparticles, nanowires, nanotubes) arranged in highly ordered arrays.4
Following all the processing steps of various lithography techniques (e.g. electronbeam, ion-beam, X-ray, interference or holography lithography) with ultra high
precision, it is possible to fabricate highly ordered nanostructures with periodicity less
than 50 nm.5-8 However, two serious drawbacks that exist in these processes are: low
aspect ratio (the ratio of length to diameter) of the formed nanostructures and the high
cost of their preparations. These limit the applications of lithography techniques to the
laboratory scale. In order to overcome such drawbacks, nanoimprint lithography (NIL)
as a high-throughput and low-cost method has been developed for fabricating
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nanometer-scale patterns.9 Template synthesis in nanometer scale however proved
now another elegant, inexpensive and technologically simple approach for the
fabrication of various nanoscale sophisticated materials (e.g. arrays of nanowires,
nanotubes).10,

11

The templates can be synthesize by electrochemical anodization of

thin metal sheet (thickness of micrometer length scale) of aluminum, tin or zinc.
Depending upon various anodization conditions and surface topology of the metal
surfaces, nano sized pores start to form in the oxide layer on the metal surface.
Directional growth of the pores within the metal oxides can gives rise to an oxide
membrane (have a thickness of several microns) with highly ordered nano-channels
(diameters of the channels are in nanometer length scale) with a periodicity within a
range from few nanometers to several nanometers. We synthesize highly ordered
porous alumina templates by electrochemical process. In this chapter we discuss the
synthesis procedure of the templates and their structural and magnetic properties.

4.2

Types of alumina oxide films
Alumina templates or membranes consist of self-organized nanopores can be

made by anodization of thin aluminum sheet in an electrochemical cell. The detail of
the experimental set-up is discussed earlier in chapter 2. The anodization of aluminum
can result in two different types of oxide films: a barrier type film, and a porous oxide
film. Films of controlled morphology may be developed by appropriate selection of
electrolyte and film-forming conditions. Thus, films grown at high current efficiency
in largely near-neutral electrolytes at ambient temperatures are highly uniform in
thickness and relatively compact; such films are termed as barrier films. It has seen
that barrier films may develop at current efficiencies of film formation above
approximately 60%.12,

13

However, irrespective of the current density, the relatively

high field developed across the alumina gives rise to Al3+ egress and O2- or OHingress through the anodic film.
In acidic electrolytes, or selected alkaline electrolytes, the relatively compact
barrier-type anodic films on aluminum no longer develop as a result of anodic
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polarization. Examination of the resultant film at appropriate magnification and
resolution reveals a relatively regular porous oxide film.14 The pores, of cylindrical
section, pass normally to the macroscopic aluminum surface but are separated from it
by a relatively compact barrier layer of scalloped appearance.
In an alumina membrane, each hollow pore is surrounded by alumina wall and
can be consider as a cell. Hence, the pore diameter is defined as the diameter of the
pores, wall thickness is the thickness of the alumina wall separating two nearest
neighbor pores and interpore distance is the centre to centre distance of two
consecutive pores. Ideally, an alumina template will consist of closed packed arrays of
hexagonally arranged cells and can be represented schematically as shown in Fig. 4.1
below. The alumina templates or membranes consist of nanopores and are generally
characterized by given parameters such as pore diameter, wall thickness, barrier layer
thickness and interpore distance.

Figure 4.1. (a) Schematic diagram of idealized structure of porous alumina template obtained from
anodization of thin aluminum sheet and (b) a cross sectional view of the anodized layer

The pore diameters of the membranes can range from few nanometers to hundreds
of nanometers by altering the anodization conditions. On the other hand, the depth of
the fine parallel channels can even exceed 100 µm. Research on the growth,
morphology and composition of porous anodic films on aluminium have received
tremendous attention due to high level of perfection that can be achieved quite easily
at various stages in their development. It is known that the major anodic film

78

parameters (such as, barrier layer thickness and pore and cell diameters) are directly
dependent upon the anodization voltage.15

4.3

Growth mechanism
A particular barrier and porous type anodic films with particular surface

morphology can be synthesized by anodizing pure aluminum under specific conditions
in various electrolytes allows incorporation of species from the electrolyte. Such an
ability to control morphology, particularly for porous anodic films, as well as up-take
of electrolyte species, enables tailor making of anodic films for particular applications.
For example, relatively large diameter pores are generated by anodizing at high
voltages in phosphoric acid compared with the fine pores in the anodic films which are
developed rapidly by anodizing in sulphuric acid.
It was previously accepted that the nature of electrolyte used for anodization of
alumina is the key factor which determines the type of oxide grown on the surface.16-18
However, more detail studies later revealed that, there is no distinct difference in the
selection of an electrolyte used for the formation of barrier or porous films during the
anodization of aluminum.19-22 For porous oxide film of alumina, the film growth is
associated with localized dissolution of oxide, as a result of which pores start to form
on the barrier type oxide film.
It is possible to fabricate alumina oxide membrane by two step anodization of a
thin sheet of aluminum using proper acidic solution. In the first anodization, the barrier
layer formed followed by the pore nucleation on the aluminum surface. The oxide
removal from the surface of the oxide film is carried out by keeping the sample in a
mixture of 6% phosphoric acid and 1.8% chromic acid at an elevated temperature of
600 C for 10-15 minutes. Following the chemical removal of oxide, a periodic concave
triangular pattern formed on the aluminum surface acts as self-assembled masks for
the second anodizing. The second time anodization leads to the growth of the pores
inside the aluminum and form a porous membrane. During the anodization of
aluminum, the growth of oxide layer takes place at the metal/oxide interface at the
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pore bottom, and involves the conversion of a preexisting, naturally occurring film on
the surface into a barrier-type film and further into a porous oxide layer. The porous
oxide growth accompanied with a thin and compact barrier layer at the pore
bottom/electrolyte interface which continuously dissolved by locally increased field,
and a new barrier layer at the metal/oxide interface rebuild.
However, the growth mechanism of porous alumina oxide is not known very
clearly e.g. which oxygen carrying anion species O2- or OH- ions are involved in the
anodic process. The generation of OH- ions in an anodizing electrolyte solution can
occur in two ways: the simple splitting of water or by cathodic reduction of water
followed by the reaction with dissolved oxygen as described below,
H2O + 2e-

2OH- + H2

O2 + 2H2O + 4e-

4OH-

[4.1]
[4.2]

The possible ways of the generation of O2- ions at the electrolyte/oxide interface
are: adsorption of OH- ions by oxygen vacancy annihilation12 or from water following
the interaction with adsorbed electrolyte anions13 in the process as shown in Fig. 4.2.
In the letter process, OH- ions may also be produced.
The anodic polarization of the Al sheet in acidic electrolyte solution leads to the
formation of amorphous oxide film growth on the surface of the Al sheet according to
the following reactions:
2Al3+ + 3H2O

Al2O3 + 6H+ + 6e-

[4.3]

Al2O3 + 3H2O + 3e-

[4.4]

and
2Al + 6OH-

2Al + 3O2-

Al2O3 + 6e-

[4.5]

The growth of oxide occurs mainly at oxide/metal interface for typical acidic
electrolyte solutions containing sulfuric, phosphoric, chromic, acetic, oxalic acids etc.
It is widely accepted that, the pore formation is attributed to the thermally assisted,
field accelerated dissolution of oxide at the base of the pores. The growth of porous
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alumina involves the inward migration of oxygen containing ions (O2- / OH-) from the
electrolyte through the barrier layer and simultaneous outward drift of Al3+ ions across
the oxide layer (shown in Fig. 4.2). In the steady state of the process, i.e. during the
formation of porous oxide structure, a dynamic equilibrium is maintained between the
local field assisted dissolution of barrier layer at pore bottom/electrolyte interface and
the rate of new barrier layer formation at metal/oxide interface.

Figure 4.2. Schematic illustration of ions movement and dissolution of oxide barrier layer at pore
bottom in a typical sulfuric acid solution.

The side reactions that are responsible for the evolution of oxygen14-15 near
metal/oxide interface are as follows:
2H2O

O2 + 4H+ + 4e-

[4.6]

4OH-

2H2O + O2 + 4e-

[4.7]

Or alternately,
2O2-

O2 + 4e-

[4.8]

At high anodizing potential, it is observed that the generation of oxygen is also
possible through the following reaction:
H2O2

O2 + 2H+ + 2e-

[4.9]

The evolution of oxygen bubbles may enhance further near the metal/oxide
interface due to the presence and compositions of impurities or second phase
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particles.15,

16

It is suggested that oxygen evolution is directly connected with the

growth of porous alumina film and it is useful for testing from barrier-type to poroustype coatings.17
For steady state porous oxide growth, the locally increased field at the
electrolyte/oxide interface affects the dissolution of oxide in the pore bases.18
Moreover, the oxide growth rate at the metal/oxide interface increases due to the
increasing field assisted dissolution of oxide. The field assisted dissolution starts from
the polarization of Al-O bonds, followed by the removal of Al3+ ions from the oxide
structure.19 The removal of Al3+ ions occurs more easily in the presence of the field.

4.4

Synthesis and microstructures of porous oxide films
In order to prepare alumina membrane in a more simple way, we first try to

anodize a thin sheet of aluminum (Al) with the thickness of ~ 135 nm and dimension
of ~ (5 × 10) mm using phosphoric acid. The aluminum sheet has the purity of ~
99.998% and purchased from Sigma Aldrich. The sheets are available with prior
electro-polished. One side of the sheets is covered by a Bakelite structure (Fig. 2.2 in
chapter 2) so that only the other side of aluminum comes to the contact of electrolyte
solution. The concentration of the phosphoric acid solution is 0.42 M. A constant
voltage of 34 V is applied between the Al thin sheet and Au wire (the cathode). The
anodization is carried out at room temperature for 10 minutes. After the first
anodization, the FESEM images are taken and shown in Fig. 4.3. The cross sectional
view of the membrane shows the formation of channels with a radius of ~ 80 nm and
length of ~ 2 to 2.5 µm. Moreover, the channels are seems to be cross linked with each
other. The pore initiation from the top surface (Fig. 4.3) is neither regular nor easy to
observe as most of the pores on the surface are blocked with alumina. In order to see
the effect of time, we increased the time and did an anodization for 1 hour and the
FESEM micrograph of the resultant alumina film as shown in Fig. 4.4. In this case, the
pores can be seen from the top surface of the film with an average radius of ~ 80 nm.
The surface of the film has seen to be covered with residual alumina confirmed by
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EDX and XRD which are started to dissolve during the anodization by phosphoric acid
solution.

Figure 4.3. Alumina membrane prepared using 0.42 M H3PO4 under a constant potential of 34 V for 10
minutes at room temperature: (left) side view, (right) top view.

The time and voltage both are then increased to 14 hours and 64 V
respectively. The right panel in Fig. 4.4 shows the FESEM micrograph of top surface
of the alumina film. In this case, the top surface of the alumina film is free from
residual alumina due to the long time interaction of film surface with the phosphoric
acid. However, most of the pores are blocked on the surface whereas the pores with
lower diameters get opened in the process.

Figure 4.4. Top view of alumina membrane prepared at room temperature using 0.42 M H 3PO4 under a
constant potential of 34 V for 1 hour (left) and at 68 V for 14 hours (right).
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In order to accelerate the pore opening process by etching out the alumina from
top surface of the film, we add 0.001 M of chromic acid. We hoped, the growth of the
nano channels through the aluminum would also enhance by the use of chromic acid.
An anodization of a similar aluminum sheet is carried out for 1 hour and 40 minutes
keeping the voltage constant at 34 V. The SEM study reveal (see Fig. 4.5), the pore
formation on the surface of the alumina film is quite irregular. The diameter also varies
in a wider range from ~ 50 nm to 250 nm.

Figure 4.5. Top view of the alumina membrane prepared by using 0.001 M H 2CrO4 mixed with 0.42 M
H3PO4 solution under a constant potential of 34 V for 1 hour 40 minutes at room temperature.

As far we observe, the single step anodization using phosphoric acid or mix with
chromic acid is not good for preparing highly ordered porous membrane with parallel
nano channels through the membrane without any cross link among them.
With the target fixed for getting highly ordered porous membrane, we use oxalic
acid (C2H2O4) electrolyte solution. The concentration of oxalic acid is taken as 3 wt%
as the voltage maintained at a constant value of ~ 60 to 62 V to achieve a current
density of 2mA/cm2. The anodization is carried out at 110 C to dissipate the heat
generated during the exothermic reaction of conversion of aluminum in to alumina.
The first anodization is carried out for 10-30 minutes. After the first anodization, oxide
removal from the surface of the film is carried out as described earlier. The selfassembled mask on aluminum after the first anodization followed by oxide removal is
shown in the SEM micrograph in Fig. 4.6.
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Figure 4.6. FESEM micrograph of alumina layer on aluminum sheet after first anodization
followed by post treatment.

The second anodization is conducted then at same potential used for the first
anodization. Finally the hexagonally arranged nanopores structure is detached from the
base aluminum using mercury chloride (HgCl2) solution. If desired, the pore opening
and widening of the resultant alumina membrane can be done using 5% phosphoric
acid solution. The alumina membranes are then characterized by SEM, FESEM and
the micrographs are shown in Fig.4.7.
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Figure 4.7. FESEM micrographs of alumina membranes obtained after two step anodization at 60
V for 2 hrs. (a) & (b) The top surface of the membrane. (c) Back side of the membrane after partial pore
openning treatment using phosphoric acid. (d) The pore bottoms on the backside of membrane.

The FESEM micrographs of the resultant membrane show uniform pore
formation [Fig.4.7(a), 4.7(b)] on the top side of alumina membrane though a large
region. Whereas the backside of the membrane after partially pore open region is
shown in Fig.4.7(c). A close view of the pore bottom is shown in Fig. 4.7(d). It is
observed that the pores are arranged in a hexagonal pattern within the membrane. In
Fig.4.8 we can see a closer view of a selected region of the top surface of the
membrane. It shows an average pore diameter of ~ 73 nm with an average pore
seperation of ~ 145 nm.
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Figure 4.8. A high resolution FESEM micrograph of the top surface of alumina membrane after
two step anodization at 60 V for 2 hrs.

Different pore diameters can be achieved using different potentials of anodization
and different time of pore widening treatment. Fig.4.9 shows the SEM micrographs of
the top surface of membrane obtained after two step anodization under a potential
difference of ~ 64 V followed by a pore widening treatment in phosphoric acid. It
shows a wide range formation of uniform pores. The average diameter of the pores is ~
100 nm. Pore widening process is a sophisticated process during which the alumina
going to dissolve in acidic solution at some elevated temperature (typically ~ 600 C)
and widened the pore diameter. Here, the applied potential is nearly same as previous
but with the pore widening treatment the average pore diameter of ~ 100 nm is
obtained.
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Figure 4.9. SEM micrograph of top surface of alumina membrane prepared using a potential of ~
64 V for 2 hrs followed by a pore opening and widening treatment in phosphoric acid. (a) Long range
formation of uniform pores, (b) a close view (c) a closer view with pore parameters measurements .

Fig.4.10 shows the FESEM micrographs of alumina membrane prepare by two
step anodization process under a potential of ~ 55 V. The pore opening treatments are
partially performed in this case. The micrographs clearly show the hexagonal shape of
the cells with a hexagonal close-packed arrangement among themselves. The average
pore diameter is of ~ 50 nm with an average center to center distance between the
pores is of ~ 134 nm.
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Figure 4.10. FESEM micrograph of alumina membrane obtained by two step anodization using a
potential difference of ~ 55 V for 2 hrs (a) followed by a partial pore opening treatment, (b) a close view
of the surface with pore diameter measurements, (c) a close view of the surface with pore separation
measurements.
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Figure 4.11. FESEM micrographs of the alumina membrane prepared using two step anodization
under a potential of ~ 55 V for 2 hrs (a) pore bottoms at the back side of the membrane after dissolving
the aluminium base by HgCl2 (b) A closer view of the pore bottom with a partially open region (c) & (d)
cross sectional view of the membranes (e) & (f) typical views of the edges of the membranes.
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The pore bottoms of the membrane are shown in Fig.4.11 (a) and (b). The closer
view of the pore bottom on the back side of the membrane [Fig.4.11 (b)] shows a clear
hexagonal structure of the pore cell. The cross sectional view of the membrane
[Fig.4.11(c), 4.11(d)] shows the uniform growth of the channels through the membrane
and are not cross linked with each other. The typical edges of the membranes are
shown in Fig 4.11(e) and 4.11(f) which shows the sharp edges of the membranes. The
second anodization performed under a potential difference within a range of 55-64 V
for 2 hour duration typically produce a membrane with thickness 41.25 µm and is
shown in Fig.4.12.

Figure 4.12. FESEM micrograph of a cross sectional view of a typical membrane synthesized by
two step anodization process using different potential differences from 55 to 64 V for 2 hrs.
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4.5

Elemental and crystalline phase characterization
Elemental study of the membranes is performed by EDAX. The EDAX spectra

are shown in Fig. 4.13 and indicate the presence of Al and O. The XRD pattern
obtained from powder diffraction of the alumina membrane after dissolving the Al
base shown in Fig.4.14. The powder diffraction has no distinct peak and indicates the
amorphous nature of the membrane synthesized using oxalic acid solution.

Figure 4.13. EDAX spectra of alumina membranes prepared in lab.
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Figure 4.14. XRD spectra of alumina membranes prepared using oxalic acid solution.

4.6

Magnetic characterization
It is well known that, pure aluminum is paramagnetic in nature at room

temperature. During the anodization of aluminum, the conversion of aluminum to
alumina oxide started to form on the surface of aluminum. The magnetic state of
alumina membrane after being taken out from the aluminum base has been studied by
VSM. Magnetization loop of the membrane measured at room temperature indicates
diamagnetic phase as shown in Fig. 4.15. The data points (red) in up-side down
triangle indicate the MH loop of a membrane placed in a diamagnetic sample holder
used for VSM. The data points in triangular symbol (green) indicate the MH loop of
the sample holder only. However, the linearly fitted curves of the MH loops are
represented by orange and deep green solid lines for membrane with sample holder
and bare sample holder respectively. The solid line in violet color thus indicates the
sample holder subtracted diamagnetic MH loop of the membrane only. From the curve
it is observed that the membrane has a week diamagnetic property with lower initial
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susceptibility than the sample holder. The Al and O are both paramagnetic in nature
but while they form the amorphous Al2O3, it becomes diamagnetic because of the
covalent bond form between them.

Exp. data of AAO + Sample Holder
Fitted curve for AAO + Sample Holder
Exp. data of Sample Holder only
Fitted curve for Sample Holder
Theoretical curve for AAO only

Magnetization (memu)

0.50
0.25
0.00
-0.25
-0.50

-16

-8

0
8
Field (kOe)

16

Figure 4.15. Experimental MH loops of AAO membrane with sample holder (red triangle with up-side
down) and of sample holder only (green triangle). Linearly fitted straight lines for membrane with VSM
sample holder (orange) and for VSM sample holder only (deep green). Sample holder subtracted
theoretical straight line for AAO membrane only (solid line in violet color).

4.7

Synthesis of Zinc-Oxide nanowires using the AAO membrane

Two dimensional arrays of Zinc-Oxide (ZnO) NWs using the alumina
membranes have been synthesized by simple wet chemical process. The membranes
with an average pore diameter of 50 nm have been used in this purpose. The NWs are
formed within the pores of the membranes by dipping the membranes into saturated
0.1 M solution of Zn(CH3COOH), 2H2O prepared in ethanol followed by drying and
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annealing of the membranes. The membranes are used to dipped within the solution
for four to five days so that the solution can reach inside the nanopores. The surfaces
of the membranes are washed very carefully to remove the acetate solution from the
surface. The membranes then kept at room temperature till they become dry. Thermal
annealing of the membranes at 4500 C for 2 hrs has done at the last stage of the
synthesis procedure. During the annealing of the templates, arrays of ZnO NWs form
within the nanopores through the decomposition of the acetate salt. In order to dope
the NWs with different atomic % of Potassium (K), one can add selective amount of
potassium acetate to the zinc acetate solution.
The SEM characterizations of the NWs are performed after dissolving the
membranes in 2 M NaOH solution and are shown in Fig. 4.16 (a). It shows the clear
formation of the NWs. The X-ray diffraction patterns confirm the formation of undoped and K-doped ZnO hexagonal wurztite crystal structure as are shown in Fig. 4.16
(b). The XRD patterns clearly show the distinct peaks of ZnO. The diffraction peaks
correspond to Al is because of the presence of aluminium substrate beneath the
alumina membrane.

Figure 4.16. (a) SEM micrograph of ZnO NWs after dissolving the membrane by NaOH solution with
an inset showing a single NW and (b) XRD spectra of undoped and K-dopped ZnO NWs.
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The elemental analysis of the NWs has performed by EDAX whereas the
optical and magnetic properties have been characterized by photoluminescence
spectroscopy and vibrating sample magnetometer respectively and the detail of the
work can be found in reference [33].

4.8

Conclusions

We successfully prepare the Alumina membranes using oxalic acid solution by
a two step anodization process. Structural characterizations done by electron
microscopes clearly show the formation of uniform pores with hexagonal cell
structure. A dynamical equilibrium between the local field assisted dissolution of the
barrier layer and conversion of Al into Al2O3 at metal/oxide interface help to grow the
nano-channels through the oxide film converting all the sample into porous membrane.
Anodization of Al is an exothermic reaction. At an elevated temperature,
phosphoric acid solution can open the pore on the anodized surface of Al. But, one
step anodization is no good even using a mix solution of chromic and phosphoric acid.
Post anodization treatments both after the anodization are crucial to clean or open or
widen the pores. It is possible to grow pores with different diameters by using different
anodization potential and employing different post anodization treatments. The
elemental analysis is done by EDAX whereas the amorphous nature of the membrane
is confirmed by XRD patterns.
Magnetic measurements are astonishing as we observe weak ferromagnetic
hysteresis loops for the Al base and Al base/AAO film composite. The samples are
prepared and measured with highest sincerity to avoid any contamination. The
measurements repeatedly show ferromagnetic nature of the samples. The Al base/AAO
composite and the annealed Al bases show enhanced ferromagnetism compared to
mere Al base and un-annealed Al base respectively. As there are no other sources of
ferromagnetism present in those sample, we believe the ferromagnetism is originated

96

from the localized defects that form within the Al base and Al base/barrier layer
interface during the anodization.
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Chapter 5

Structural and magnetic properties of
2- dimensional arrays of Ni NWs
5.1

Preamble

Research on ferromagnetic NWs has attracted increasing interest in material
science because of their potential applications in various fields, particularly in high
density perpendicular magnetic storage.1–4 Highly ordered arrays of magnetic NWs
show novel and interesting magnetic properties different from those of bulk and thin
films and sensitively depend on their sizes, shapes, and the interactions between
them.5–7
Among the various methods for preparing NWs, electrodeposition technique is
widely used because of its simplicity, cost effective and sophistication. In this method,
various ferromagnetic metals such as Fe, Co, Ni and their alloys can deposit into the
nanopores of silica, alumina, or polycarbonate porous substrates or membranes by the
electrodeposition technique.8–10 The process leads to the formation of two dimensional
(2D) arrays of thousands of NWs within the membranes with their long axes parallel to
each other. Elongated shape of the NWs determined their shape anisotropy that plays a
dominating role in governing the magnetic properties of a single NW such as,
magnetic easy direction, coercivity, remanence etc.
Magnetic behavior of the arrays of NWs is determined by the magnetic nature
of individual NWs controlled by the geometrical shape and orientation of crystal axes,
texture as well as by the magnetostatic interactions among the NWs. In the present
work, Ni NWs with diameters of ~ 150 and 275 nm are prepared in alumina membrane
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by the electrodeposition method. Surface morphology and structural characterization
of the NWs are done in detail. Magnetic properties of the arrays of NWs, such as
magnetic hysteresis loops and hence the coercivity, squareness are studied at various
temperatures between 80 and 350 K for different aspect ratio AR (= length/diameter)
of the NWs. The experimental results suggest the development of magnetic easy axis
perpendicular to the wire axes with vortex remanent state4, 5, 11 in the NWs. Attempt
has made to investigate the magnetic hysteresis loops of three isolated NWs by
magneto optical Kerr effect (MOKE) measurement.

5.2

Experimental

Synthesis of Ni NWs
2D arrays of Ni NWs are fabricated within the pores of alumina membranes by
simple DC electrodeposition method. The thickness of a 13 millimeter circular
alumina membrane is approximately 60 µm with nano-sized pores of average diameter
of ~ 150, 275 nm and a pore density of ~ 109 /cm2. To use it as an electrode, one side
of it was coated with a conductive gold layer of ~ 0.1 µm thickness by the thermal
evaporation technique. All electrochemical deposition of Ni NWs is carried out in a
three electrode electrochemical cell supported by a potentiostat as described in chapter
2.
The gold-coated membrane is used as working electrode and acts as cathode
whereas a platinum (or gold) wire and a saturated Ag/AgCl electrode are used as the
counter and reference electrodes respectively. Ni is electrodeposited at room
temperature using an aqueous electrolyte containing 0.57 M of NiSO4 and 0.32 M of
H3BO3. Boric acid is used as buffer solution and the pH of the solution is adjusted
between ~ 3.5 and 4.0. The constant potential for the electrodeposition is chosen as
−0.85 V followed by linear sweep voltametry results. Electrodeposition is performed
for different durations in order to obtain NWs with different lengths (hence different
aspect ratios, ARs).
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5.3

Results and discussions

5.3.1 Structural and elemental properties

In structural characterization of the NWs, we study the geometrical structure
of the NWs by scanning electron microscope (SEM). The micrographs obtained
through the study gives us an idea of surface morphology of the NWs and determine
their length and diameter. We did structural characterization of the NWs using powder
X-ray diffraction (XRD) and the elemental study is done by energy dispersive analysis
of X-ray (EDAX). In order to do the SEM, FESEM study and EDAX analysis of NWs,
the alumina membranes are dissolved in 2 M of NaOH solution at room temperature.
SEM micrographs of NWs are also often taken without dissolving the alumina
membranes. Ni NWs with the diameter of 150 nm are shown in the SEM micrographs
in Fig. 5.1. The left micrograph in Fig. 5.1 shows the NWs, within alumina membrane,
having length of 1.4 µm i.e. the AR ~ 9 and the right micrograph shows the NWs,
without alumina membrane, having length of 28.4 µm i.e. the AR ~ 189. The
micrographs also indicate the uniformity in length and diameter of the NWs.

Figure 5.1. SEM micrographs of Ni 150 nm NWs (left) having length of ~ 1.4 µm within the alumina
pores and (right) having length of ~ 28.4 µm after dissolving the alumina membrane.
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Figure 5.2. FESEM micrographs of Ni 275 nm showing the NWs after dissolving the alumina
membranes. (top left) Side view of the NWs having average length of ~ 1.37 µm, (top right) side view
of the NWs having average length of ~ 2.1 µm, (bottom left) top view of 1.37 µm long NWs and
(bottom right) top view of 2.1 µm long NWs.

Fig. 5.2 shows the FESEM micrographs of 275 nm NWs after dissolving the
alumina membranes. Micrographs clearly show that the NWs are very stable and did
not break due to the alumina dissolving process. Different lengths of the NWs,
confirmed from SEM and FESEM micrographs, are obtained by changing the time of
deposition of Ni within alumina membranes during the electrochemical deposition.
The length of the 150 nm NWs is varied from 1.4 µm (AR ~ 9) to 28.4 µm (AR ~ 189)
whereas the same for 275 nm NWs is varied from 1.37 µm (AR ~ 5) to 7.7 µm (AR ~
28.
Powder X-ray diffraction pattern of 275 nm NWs is recorded and shown in Fig.
5.3. The XRD peaks correspond to either face-centered-cubic Ni or gold as shown in
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this figure. The average crystallite size in the NWs calculated from various peaks of
XRD using the Scherer equation is ~ 29 nm. The (200) peak of Ni in the XRD pattern
is fitted with Lorentzian for determining the crystallite size and shown in the inset of
Fig. 5.3. EDAX spectra obtained from the NWs is shown in Fig. 5.4 and indicate that
the NWs are free from sulphur and boron contamination as they are developed under
the negative potential of −0.85 V and the SO42- and BO33- anions did not get deposited.
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Figure 5.3. X-ray diffraction pattern of 275 nm Ni NWs. Inset: (200) peak of fcc Ni fitted with
Lorentzian.
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Figure 5.4. Energy dispersive analysis of X-ray (EDAX) spectra of Ni NWs.

5.3.2 Magnetic properties of arrays of Ni NWs

The magnetic measurements of the arrays of NWs are done by keeping the
membranes intact. Fig.5.5 shows the OP (external applied field parallel to the wireaxis) and IP (external applied field perpendicular to the wire axis) isothermal magnetic
hysteresis loops of arrays of 150 nm NWs with different aspect ratios (ARs) recorded
at room temperature. For all the samples, we observe that, the rate of increase in
magnetization with the external magnetic field in the OP hysteresis loops is much
slower than that in the corresponding IP hysteresis loops. Remanence in the OP
direction is also much smaller compared to the IP counterpart. Along the IP direction,
magnetization saturates at a lower field compared to the OP direction. All these
characteristics indicate the direction of the easy magnetization of the NWs is
perpendicular to the wire axis. Similar behavior of having IP easy magnetic axis in 275
nm NWs is observed in Fig. 5.6 which shows the magnetic hysteresis loops in IP and
OP directions for different ARs of 275 nm NWs.
The remanence (< 0.45Ms, Ms the saturation magnetization) and coercivity (<
300 Oe) of the hysteresis loops are quite small for the NWs. The reversal of the NWs
is an important aspect of the remanent state of the NWs. It is important to know the
remanent state of the NWs with the help of micromagnetism. In order to investigate
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the magnetic properties of arrays of NWs, it is first obvious to understand the domain
structure or the magnetic spin distribution within a single NW.
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Figure 5.5. IP and OP magnetic hysteresis loops of arrays of 150 nm Ni NWs having an aspect ratio of
(a) ~ 8 (b) ~ 37 (c) ~ 82.7 and (d) ~ 189.
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Figure 5.6. IP and OP magnetic hysteresis loops of arrays of 275 nm Ni NWs having an aspect ratio of
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The magnetic spin distribution within a NW is determine by its exchange
interaction, shape anisotropy (originated from the self demagnetizing field),
magnetocrystalline anisotropy (originated from spin-orbit coupling of crystalline
structure of the NW), surface anisotropy (uneven coordination number of the spins
near the surface of the NW) etc. Diameters of the NWs, which are about few
nanometers, are often comparable to the magnetic domain wall widths that make them
hard to accommodate multidomain structures and promote to form single domain
structure. However, various micromagnetic calculations were performed in this regard
based on Landau Lifschitz–Gilbert equations to determine the remanent states of
cylindrical shaped magnetic materials.4,

5, 11

In case of NWs with diameter below

3.5λex, λex being the exchange length, the spin magnetic moments within the NW lies
parallel to each other and directed along the length of the NW with a small radial tilt at
both ends. This configuration produces very high axial remanence Mr (~ Ms, the
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saturation magnetization) and is termed as the “flower” state. With the increase in
diameter, more precisely above 3.5λex, the spin magnetic moments, within the NW,
begin to tilt in the circumferential direction, giving rise to a “vortex” configuration.
The axial remanence decreases as the vortex develops. Though the calculations were
done mostly for the cylindrical NWs with low ARs (< 3) but, it is still significant for
high ARs.4,

5, 11

It was shown earlier somewhere else12–14 that the surface-induced

anisotropy stabilizes vortex states in cylindrical ferromagnetic NWs at high ARs.
In case of magnetic thin films with a thickness in the nanometer range, uniaxial
anisotropy along the direction normal to the layer surface is developed due to induced
orbital moments near the surface and interfaces.15, 16 This well established fact in thin
films12–14 suggests that magnetic anisotropy can also be induced in NWs by the lateral
surfaces because of a similar microscopic origin. In some materials, this surfaceinduced anisotropy exceeds the magnetocrystalline anisotropy by orders of magnitudes
and stabilizes the vortex configuration when the length of the wire is much higher than
the diameter.12 For Ni, λex = 20 nm and thus the critical diameter of Ni NWs is 70
nm.11 However, compared to flower structure, it is relatively easy to move a vortex
wall through the wire with vortex structure. Hence, the observed low remanence and
coercivities of the hysteresis loops in Fig. 5.5 and 5.6 indicate vortex remanent state
within the NWs.
In case of two dimensional (2D) arrays of NWs, magnetostatic interactions
among the NWs play an important role in governing their magnetic properties,
especially when the length or diameter of the NWs are comparable to the inter-wire
distance.17 For simplicity, each NW can be consider as magnetic dipole. Therefore, the
dipolar magnetostatic interaction field produced by surrounding NWs on a particular
test NW in a 2D arrays system can have two contributions: the field 2πMsf produced
by the charges on the cylindrical wire surfaces of surrounding NWs which tries to
make the perpendicular direction of the test NW as easy magnetic direction and the
field 4πMsf produced by the free charges at both ends of the surrounding NWs which
tries to make the axial direction of the test NW as magnetically hard, where f is the
filling factor of the NWs or porosity of the alumina membrane (it is the ratio of the
total cross sectional area of the pores to the membrane‟s flat surface area). Hence,
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combining these two contributions with the shape anisotropy of the test NW, the net
effective magnetostatic field (Heff) can be written as17
Heff = 2πMS −2πMSf −4πMSf

[5.1]

Here, f is the filling factor and f  d/D , the ratio of the NW diameter (d) to the
inter-wire distance (D). In Eq.5.1, the first term is the self-demagnetizing field 2πMS of
a NW, i.e. the shape anisotropy. The Eq. 5.1 can be rewritten as
Heff =2πMS – 6πMSf

[5.2]

Eq.5.2 show, how the magnetostatic interaction field (6πMSf) determines the
magnetic easy axis either along axial (OP direction) or along the transverse (IP
direction) direction of the NWs. In case of the NWs that are well separated, due to
self-demagnetization field and relatively small magnetostatic interaction among them,
it is possible that the direction of easy magnetization lies parallel to the axes of the
NWs, giving rise to a large OP remanence.3,

4

But, the easy axis can turn in to the

perpendicular direction of the NWs if the NWs are close enough (a large value of f) to
produce a strong magnetostatic interaction field greater than the shape anisotropy field.
In our study, the pores and hence the NWs are randomly arranged. Thus, an exact
calculation of the filling factor f considering a square or hexagonal mesh of NWs
within the membranes may give wrong information. However, the observed transverse
or IP magnetic easy axes of the 150 and 275 nm NWs in Fig. 5.5 and 5.6 can be
qualitatively explain by the dipolar interaction field for a dense arrays system as
described above.
The variation of squareness (= Mr/Ms, Mr being the remanent magnetization
measured from hysteresis loops) with the AR in case of 150 and 275 nm NWs are
shown in Fig. 5.7 and Fig. 5.8 respectively. The sqaurenesses (Fig.5.7) of 150 nm
NWs at different ARs are measured at room temperature (300K). It shows an increase
in IP squareness and slow decrease in OP squarness with the AR of the NWs. On the
other hand, the squarnesses of 275 nm NWs at different ARs are measured both at 80
and 300 K (see Fig. 5.8). Here, the change in AR changes the IP and OP squarnesses
significantly. After an initial decrease at lower values of the ARs, the squarnesses
started to increase at higher ARs. Here, the trends of variation of both squarnesses are
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almost same at both the temperatures and the values are almost same in case of OP
squarnesses at all the ARs. Micromagnetic calculations3–5,

11, 14

states that, the

transition from flower to vortex state takes place when a tilt in the magnetization
develops near the base of a cylindrical-shaped particle and the magnetization forms a
helical structure. The magnetization lies closer to the base plane due to the increase in
particle size. In the flower state, the squarness is close to 1 and decreases
monotonically as the vortex develops resulting small values of squarnesses.
Furthermore, as the magnetic easy direction of a single NW is along the length of the
NW dominated by shape anisotropy, the OP squarness must be higher than the IP
squarness. However, the magnetostatic interactions among the NWs can change the
scenario. We have dense arrays of NWs with inter-wire distances comparable to the
diameter of the NWs and smaller than the lengths of the NWs. Hence, the
magnetostatic interactions among the NWs are strong enough to dominate over the
shape anisotropy of individual NW. Here in Fig. 5.7 and 5.8, the higher IP squarnesses
compared to OP squarnesses of all the NWs is the signature of IP easy axes which is a
consequence of domination of magnetostatic interaction over the shape anisotropy of
the NWs. With the increase in length (i.e. AR) of the NWs, the magnetostatic
interaction increase among the NWs due to stronger magnetic field produced by the
neighboring NWs. Point to note here, the IP interaction field (2πMSf) produced by free
charges on the cylindrical surfaces of NWs tries to make the transverse direction of
NWs as easy. And, the OP interaction field (4πMSf) produced by free charges at both
ends (the flat surfaces) of NWs tries to make the axial direction of NWs as hard. As a
consequence, with the increase in AR, the OP direction becomes magnetically harder
and the IP direction becomes easier direction of magnetization. The increase in IP
squareness and slow decrease in OP squareness in 150 nm NWs with increase in AR,
though not very clearly but indicate the increase in interaction field with the increase
in AR (length) of the NWs. In case of 275 nm NWs, the inter-wire separation (i.e. the
separation between the cylindrical surfaces of two neighboring NWs ~ 35 nm) is very
smaller than the NW diameter ~ 275 nm. In this circumstance, the array system can be
considered as continuous distribution of NWs similar to thin film. Thus, as the AR
(length) of the NWs increase (the situation as similar to the increase in thickness of a
thin film), the OP direction becomes magnetically easier (explains the increase in OP
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squarness in Fig. 5.8) and IP direction becomes the harder (explains the decrease in IP
squarness in Fig. 5.8). However, influence of NWs characteristic is also present in the
array systems resulting in the increment of IP squarnesses at higher ARs of the NWs
(Fig.5.8). Near the same values of OP squarnesses at 80 and 300 K for all the ARs of
275 nm NWs (Fig.5.8) indicate no change of self demagnetization values (or the
strength of shape anisotropy) of the NWs in the arrays (or the demagnetization values
of the approximated thin film systems) with temperature. Using the same argument
one can assume that, no change in magnetostatic interaction among the NWs. But, a
significant change in IP squarnesses is observed with the change in temperature. At
low temperature (at 80K), the IP squarnesses are low compared to OP squarnesses
measured at relatively higher temperature of 300K. The phenomena are more clearly
depicted in the plot of squarness at different temperatures for different ARs of 275 nm
NWs in Fig. 5.9. OP squarness does not change significantly for the change in
temperature and the IP squarness remain higher than OP squarness and increase slowly
with temperature. For Ni NWs with fcc polycrystalline structure, magnetocrystalline
anisotropy is small as Ni fcc structure has a low magnetocrystalline energy of ~ -0.5 ×
105 ergs/cm3. The alumina has low thermal expansion coefficient (~ 5×10 -6
meter/milliKelvin) compared to Ni (~ 13×10-6 meter/milliKelvin) and we prepare the
NWs at room temperature. Thus, the stress induced anisotropy is also low. Thus, it is
not very clear to us that, who increases the IP squarness upon increasing the
temperature.
Change in coercive field value with respect to ARs of 150 and 275 nm NWs
are plotted in Fig. 5.10 and Fig. 5.11 respectively. Coercivities of 150 nm NWs are
measured only at room temperature (300K). The coercivities of 275 nm NWs are
measured at various temperatures. Coercivities at 80 K and 300 K of 275 nm NWs at
various ARs are plotted in Fig. 5.11. The OP and most often the IP coercivity increase
with the increase in AR in both the NWs. At a particular temperature, the OP
coercivity is always higher than the IP coercivity at all the ARs. Fig.5.12 shows the
change in coercivity of 275 nm NWs having different ARs with respect to temperature.
It also shows the OP coercivity is always higher than the IP one for any particular
arrays of NWs. It is previously discussed that, the low coercivity observed in the NWs
(< 280 Oe) is a consequence of vortex remanent state of the NWs. However, for a
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single NW, the strong shape anisotropy along OP direction can produces higher
coercive field value compared to IP direction. But, a dipolar kind of magnetostatic
interaction in a 2D array of NWs tries to reduce the OP coercivity to attain a lower
energy state of the array system. However, the interaction does not remain dipolar in
nature in case of vortex NWs during magnetization reversal (more specifically below
the saturation fields in hysteresis loops) as then the individual NWs cannot be treated
as magnetic dipoles. Because, within a vortex NW, the spins are not parallel to each
other rather orient in circumferential direction. The nature of interaction is complex for
vortex NWs and not clearly known which makes tough to predict its effect on
coercivity of the arrays. It may possible that, in defining the coercive field value of
arrays of NWs, the shape anisotropy of individual vortex NW took a decisive role that
makes the OP coercivity higher than the IP one (Fig.5.11, 5.12) through a curling
reversal. The nanopores of alumina membranes are not always cylindrical with inner
surfaces perfectly smooth enough to create NWs without any domain wall pinning site.
During the reversal, any significant surface roughness of NWs can act as pinning site
of vortex wall which results an increment of coercive field values upon increasing the
AR (length) of the NWs (Fig.5.10, 5.11). OP and IP coercivities of the NWs decrease
with the increase in temperature (Fig.5.12). With the increase in temperature, the
thermal fluctuations of spin magnetic moments within the NWs increase which results
a decrement of coercivity as observed in most of the ferromagnetic materials.
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Figure 5.7. Variation of squarness (Mr/Ms) of Ni 150 nm NWs with respect to aspect ratio at room
temperature.
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Figure 5.8. Variation of squarness (Mr/Ms) of Ni 275 nm NWs with respect to aspect ratio at room
temperature (300K) and at 80K.
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temperature (300K).
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Fig.5.11. Variation of coercivity of Ni 275 nm NWs with respect to aspect ratio of NWs measured at 80
and 300K.
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Fig.5.12. Temperature dependence of IP and OP coercivities of Ni NWs having different ARs.
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5.3.3 Magnetization measurement of three isolated Ni NWs

In order to understand the magnetization dynamics of arrays of NWs it is
always important to understand the dynamics for a single NW. We tried to measure
the magnetic hysteresis loops of single NW employing a magneto optical Kerr effect
(MOKE) set-up. The schematic diagram of the set-up is shown in Fig. 2.30 in chapter
2. The detail of the set-up is also described in the same chapter. In MOKE
measurement, we projected an unpolarized LASER ray on the sample and measured
the Kerr rotation of the ray after being reflected from the sample kept under an
alternating magnetic field. It is assumed that the change in Kerr rotation is linearly
proportional to the change in magnetization of the sample under the external magnetic
field. Thus the change in Kerr rotation with the change in external magnetic field gives
the MH loop of the sample.
We separate the NWs by ultrasonication after dissolving the alumina
membrane using NaOH solution. Then we place the NWs on Si/SiO2 chips. However,
it is a challenging task to detect MOKE signals coming from the NWs. For an isolated
single NW, it is obvious that the signal (S) to noise (N) ratio (S/N) extremely small.
Moreover, it is also a rather difficult task to find the isolated NWs on the Si/SiO2
substrate. To locate the NWs on the chips we make gold patterns on the Si/SiO2 chips
by E-beam lithography. The detail of the technique is described in chapter 2. A thin
film of PMMA is prepared on the chip and various gold patterns of micro-meter
dimensions are made on that by E-beam lithography. The micro patterns are shown in
Fig. 5.13 taken by an optical microscope.
The NWs are placed on the gold patterned Si/SiO2 chip and then found by
using scanning electron microscope (SEM). Knowing the coordinates of the identified
NWs on the chips (see Fig.5.14 (a) for three isolated NWs on Si/SiO2 substrate), the
NWs are then investigated by MOKE set-up. The SEM micrographs of such an
isolated bunch of three NWs are shown in Fig. 5.14 (b).
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Figure 5.13. Optical images of gold micro patterns on Si/SiO2 chips made by E-beam
lithography.
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Figure 5.14. SEM micrograph of (a) three isolated NWs with gold markers on Si/SiO 2 substrate and (b)
the three isolated NWs in a close view.
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Figure 5.15. MOKE hysteresis loop for three isolated Ni NWs placed on Si/SiO 2 chip. The external
magnetic field is parallel to the NWs axes.
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It is clear in the SEM micrograph that, the NWs are parallel and attached to
each other. The diameter of the NWs is ~ 300 nm with an average length of ~ 7 µm.
The MOKE signals are detected by a high resolution Si diode detector while the
external alternating magnetic field has a maximum strength of ~ 400 Oe with a
frequency 17 Hz. The spot size of the LASER beam is about 5 × 6 µm. The magnetic
hysteresis loop recorded for the three isolated NWs is shown in Fig. 5.15. The loop is
recorded while the magnetic field is kept parallel (OP configuration in VSM
measurements) to the NWs axes.
In Fig. 5.15, a sharp jump during reversal is observed in the hysteresis loop. In
contrast, arrays of NWs show a sheared hysteresis loop in OP direction in VSM
measurement (Fig. 5.6). This is due to the magnetostatic interaction among the NWs.
We change the angle between the applied magnetic field and NW axis from 90 0 to 00
and measure the hysteresis loops at few different angles. Fig. 5.16 shows the magnetic
hysteresis loop of the NWs while the applied field is perpendicular the NWs axes (IP
configuration in case of arrays of NWs). The reversal here is not as in OP direction and
becomes sheared. The VSM measurements indicate vortex remanent state in the NWs.
Here in OP direction magnetization the relatively sharper jump in reversal compared to
VSM measurement indicate the absence of magnetostatic interaction among the NWs
which generally tries to shear the jump. The three NWs are attached to each other here
and thus may be treated as a unified system.
We plotted the change in coercive field with the applied external field angle
and is shown in Fig. 5.17. The coercivity of the loops decreases slowly upon
increasing the angle of applied field. This is perhaps due to the decrease in shape
anisotropy as we increase the angle between the applied field and NW axes. The other
anisotropies such as magnetocrystalline, magnetostatic interaction among the NWs are
weak to counter act the shape anisotropies of the NWs.
It is difficult to detect the MOKE signals for such isolated cylindrical NWs as
the most of the incident beam is randomly scattered by the cylindrical surface of the
NWs. Moreover, the gold pattern Si/SiO2 substrate adds some additional noise and
decrease the S/N ratio. MOKE signal detection from single NW is thus really a
challenging task and need more sophistication in the set-up and in sample preparation.
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Figure 5.16. MOKE hysteresis loop for three isolated NWs while the external magnetic field is
perpendicular to the NWs axes.

Figure 5.17. Plot of coercive field with respect to the external applied field angle.
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5.4

Conclusions

Highly uniform and dense arrays of nickel NWs with an average diameter of ~
200 nm are prepared varying the AR from 3.5 to 28. Structural characterization of the
NWs reveals the fcc crystalline phase of the NWs and are free from any contamination
as confirmed by EDAX spectra. The typical crystallite size is found to be of ~ 29 nm.
Room temperature isothermal magnetic hysteresis loop measurements in IP and OP
configuration of the external magnetic field indicate the magnetic easy axis of the
arrays of NWs along their perpendicular direction (IP). The experimental results are in
accordance with the vortex configuration of NWs. With this configuration, substantial
OP coercivity and remanence are possible at high ARs of the NWs.
MOKE measurement of three isolated NWs shows sharp magnetization
reversal indicating OP easy axis due to shape anisotropy and low magnetostatic
interaction among the NWs. The decrease in coercivity upon increasing the angle of
applied external field indicates the decrease in shape anisotropy in perpendicular
direction (IP) of the NWs.
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Chapter 6

Magnetic behavior of 2-dimensional
arrays of Cobalt nanowires: Influence
of aspect ratio
6.1

Preamble
A renewal of interest in ferromagnetic nanowires (NWs) has surged recently

triggered by their possible use in spintronic devices and more specifically in nonvolatile memory (MRAM), magnetic logic devices1–3 and low Ohmic loss devices. 4
Fabrication and magnetic properties5 of two dimensional (2D) arrays of NWs are
important not only from the fundamental physics point of view but also from the
technological aspect, owing to their potential applications in perpendicular recording
media6 and in field, current and biological sensors based on the giant magnetoresistance effect.7-12
Magnetic properties of a NW are governed by various anisotropy energies such
as shape, magnetocrystalline, surface anisotropy of the NW.13 But in case of 2D arrays
of such NWs, another anisotropy developed due to the magnetostatic interaction
among the NWs14, which can play a dominating role over the other anisotropies as
seen earlier in case of array of nanodots.15 Each NW can be assumed as magnetic
dipole and the interaction may be dipolar in nature if the diameter of the NWs is
negligible compared to the inter-wire distance. But, when the NWs are closely spaced
i.e., when the inter-wire distance is comparable to the NW diameter, the interaction
among the NWs may not be considered as dipolar interaction. In the present chapter,
we describe the synthesis procedure of 2D arrays of Co NWs electrodeposited in
alumina and polycarbonate membranes in detail. The typical diameters of the NWs are
50, 150 and 275 nm. We did a detail study of the structural properties of the 2D arrays
as well as of the individual NWs. The NWs show a change in crystal texture on
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decreasing the wire diameter. We investigate the static and dynamic magnetic response
of the arrays. Study of magnetic properties revealed that NWs had vortex state and the
magnetostatic interaction among the NWs, which is complex in nature, changed the
magnetic easy axis from the axial to the transverse direction of the NWs at some
higher aspect ratios (AR = length/diameter) on increasing their length.

6.2

Experimental

Synthesis of Co NWs
Arrays of Co NWs are prepared employing electrodeposition method within the
pores of polycarbonate membrane with average pore diameter d ~ 50 (σ ~ 2) nm and of
alumina membrane with d ~ 150 (σ ~ 6) and 275 (σ ~ 7) nm, where σ is the standard
deviation. The membranes are commercially available from Whatman (UK).16 The
average thickness of the polycarbonate membrane is ~ 6 (σ ~1) m and that of alumina
membranes is ~ 60 (σ ~ 1) m. The average inter-pore distance (D), i.e. the center to
center distance of the nanopores is 250 nm (σ ~ 80) for the pores of diameter 50 nm
and ~ 185 (σ ~ 6) and 310 (σ ~9) nm for the pores of diameter150 and 275 nm
respectively. All electrochemical depositions of Co NWs are carried out at room
temperature using an AUTOLAB-30 potentiostat. To use the membrane as an
electrode, one side of it is coated with a conductive gold layer of ~ 0.1 μm thick using
thermal evaporation technique. The gold-coated membrane is used as a working
electrode (cathode) whereas a platinum foil and saturated Ag/AgCl are used as the
counter and reference electrode respectively. The backsides of the membranes are
covered by adhesive plastic tapes to prevent deposition on that side during
electrodeposition. The deposition is carried out at a constant voltage of 0.9 Volt
maintained between the working and counter electrodes. The potential of deposition is
determined by linear sweep voltametry in a conventional three-electrode cell (20 c. c.
capacity) for the particular electrolyte and for the above mentioned electrodes used for
the synthesis. A saturated Ag/AgCl electrode is to be chosen as the third electrode, i.e.
the reference electrode. Co is electrodeposited from an aqueous electrolyte solution of
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0.9 M of CoSO4 and 0.8 M of H3BO3. The pH of the solution is maintained at ~ 3.4 (σ
~0.5) recorded by a pH meter. Under the constant potential, the Co2+ ions move
towards the working electrode (gold coated alumina membranes) and enter in to the
nano channels (nano pores) within the membranes. The ions are then become
electrically neutral as soon as they come in contact with the gold film at the pore
bottoms.

6.3

Results and discussions

6.3.1 Structural properties
The NWs are expected to take the cylindrical shape of the nano-channels of the
membranes used for the synthesis. In order to do the structural characterization of the
NWs, the alumina membranes are dissolved in 2M solution of NaOH at room
temperature. The polycarbonate membranes are dissolved using chloroform solution.
A field emission scanning electron microscope or FESEM (JEOL, JSM –6700 F) is
employed to study the surface morphology of the NWs and to determine their length
and diameter. The crystal structures of the samples are confirmed by x-ray diffraction
(X‟Pert Pro, Panalytical) and selected area electron diffraction (SAED) pattern is taken
by a high resolution transmission electron microscope or HRTEM (JEOL-2010).
Composition of the NWs is determined by energy dispersive x-ray scattering or EDAX
spectra obtained from the isolated NWs during their imaging by FESEM.
FESEM micrographs of the nanowires taken after dissolving the membranes
clearly show the formation of Co-nanowires with uniform length and diameter and are
shown in Fig. 6.1 (a), (b) and (c) for the NWs with diameters of ~ 50 nm, 150 and 275
nm, respectively. Fig. 6.1 (d) shows the top view of the 275 nm NWs array after
dissolving the alumina membrane. All the micrographs indicate that the lengths of the
nanowires are uniform. We did the microscopic study for various NWs synthesized by
electrodeposition process using different deposition time. We found the length of the
NWs is linearly proportional to the time of deposition. Therefore the ARs of the NWs

127

for a particular diameter are varied by changing the length of the NWs. For each
diameter, length of the NWs is varied by changing the deposition time and hence AR
of the NWs. The ARs of the NWs are varied from ~ 3.7 to 410.
The lengths of the NWs are varied by changing the time of deposition of the
NWs during synthesis. Lengths of the NWs obtained by using different deposition time
are confirmed by FESEM study and are shown in Fig. 6.2 for 275 nm NWs. The plot
of the length of NWs against deposition time is shown in Fig. 6.3. It clearly shows the
length of the NWs is a linear function of deposition time. EDAX study of the NWs
confirms that, the NWs are composed of cobalt (see Fig. 6.4). The residual alumina
membrane in the etched samples is the source of Al in EDAX pattern. The observed
Au peaks in EDAX spectra are due to the presence of Au thin film beneath the alumina
membrane. Presence of oxygen peaks indicates the surface oxidation of the nanowires
on removing the template. Similar results are obtained for the NWS with other
diameters.
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Figure 6.1. FESEM micrographs of the NWs with average diameters (a) 50 nm (b) 150 nm and (c) 275
nm. (d) Top view of 275 nm NWs.
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Figure 6.2. SEM micrographs of Co 275 nm NWs obtained for the deposition time of (a) 45 min, (b) 55
min, (c) 65 min & (d) 90 min.
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Figure 6.3. Length of NWs against the deposition time of NWs indicating a linear relationship between
them.

Figure 6.4. EDAX pattern of 275nm NWs after dissolving the membrane in NaOH solution.

X-ray diffraction (XRD) pattern for the arrays of 275nm NWs is shown in Fig.
6.5. The XRD pattern of the NWs is recorded keeping the membranes intact. The two
peaks at 2θ=41.53o and 75.81o correspond to hcp (100) and (110) planes of Co
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respectively which indicating the hcp phase of the NWs. It further indicates that Co
NWs are not oxidized. It is perhaps because of the membranes which prevents the
surface oxidation of the NWs. The second peak also corresponds to the (220) peak of
the fcc structure of cobalt. But, the absence of most intense peak of fcc Co, i.e. the
(111) peak in the spectra indicate that the NWs have no fcc phase.

Figure 6.5. XRD pattern of 275nm NWs indicating hcp phase of Co NWs.
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Figure 6.6. TEM micrograph of 150 nm NWs after dissolving the membrane in NaOH solution.

Transmission electron microscopic (TEM) studies of the NWs are performed
after dissolving the alumina and polycarbonate membranes in NaOH and chloroform
solutions for respectively. Such a TEM micrograph of 150 nm NWs is shown in Fig.
6.6. It clearly shows the cylindrical shape of the NWs with a uniform diameter
throughout the length. These kinds of NWs are ideal for transport property
measurements if the surfaces of the NWs are cleaned properly.

Figure 6.7. SAED patterns of (a) 275nm, (b) 150nm and (c) 50nm NWs after releasing the NWs from
the membranes. The electron beam incidents on the curved surface of the NWs and perpendicular to
their axes.
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The crystal structure of the NWs after releasing them from the membranes are
also studied by selected area electron diffraction (SAED) study. SAED patterns
obtained from a single NW with diameter 275nm, 150nm and 50nm are shown in Fig.
6.7 (a), (b) and (c), respectively. The diffuse rings from the 275nm wire indicate its
polycrystalline structure and shows the diffraction patterns obtained from (100) and
(110) plane of hcp phase. The observation is consistent with the XRD pattern.
However, the texture of the hcp crystal phase improved as we decrease the
nanowire diameter. In 150nm wire diameter, circular ring with hexagonal spots of hcp
phase are observed from (200) and (020) planes and the circular ring corresponds to
polycrystalline (101) plane of hcp Co. SAED pattern of 50nm wire diameter shows
single crystalline hcp (hexagonal close packed) phase with diffraction spots from (010)
and (100) planes. During the study, the electron beam was projected perpendicularly to
the axes of NWs and the patterns indicate the textured c-axis perpendicular to the
length of the NWs.
The increase in crystalline texture on decreasing the diameter is the
consequence of increased pressure at smaller diameter during the electrodeposition17 as
other parameters during synthesis are kept the same. Diffraction patterns of cobalt
oxide are also identified in SAED patterns (Fig.6.7) as expected in bare NWs after
dissolving the membranes.
As the NWs are magnetic, we employed a magnetic force microscope (MFM)
along with an atomic force microscope (AFM) to study the bare NWs coming out from
the gold thin film after chemically dissolving the membranes. The MFM micrographs
along with the AFM data are shown in Fig. 6.8 and Fig. 6.9.
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Figure 6.8. AFM (left) and MFM (right) micrographs of bare 275nm Co NWs after dissolving the
membrane.
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Figure 6.9. AFM (left) and MFM (right) micrographs of bare 275nm Co NWs after dissolving the
membrane.

The magnetic tip of MFM magnetizes the NWs in a close vicinity of the tip.
Colors in the micrographs indicate the intensity of magnetization of the nanostructures
within the samples. The brightest (white) and darkest (black) colors signify the spin
upped and spin downed NWs respectively. The MFM micrographs show the most of
surface area of the samples are covered with neither white nor black spots, indicating
perpendicular magnetization of the NWs with respect to their length. The
corresponding AFM micrographs show clear formation of NWs of the same samples.
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6.3.2 Magnetic properties
All the magnetic measurements of the arrays of NWs are done keeping the
membranes intact. The room temperature isothermal magnetic hysteresis loops of the
arrays of NWs are measured by a SQUID (Quantum Design, MPMS) and a vibrating
sample magnetometer or VSM (Lakeshore). Dynamic response of the arrays of NWs
with the diameter 150 nm having the ARs of 50 and 400 are studied by a
ferromagnetic resonance set-up (Bruker make) at room temperature.
In Fig. 6.10, 6.11 and 6.12 we plotted the magnetic hysteresis loops recorded
for 50, 150 and 275 nm NWs respectively at two different orientations of the external
applied magnetic field Ha : parallel to the length (L) of the NWs, described as the “Out
of plane” (OP) and perpendicular to it, denoted as “In plane” (IP) configuration. In
above mentioned figures, hysteresis loops in solid lines correspond to the IP
configuration and the same in dotted line correspond to the OP configuration. In both
the configurations, we observed that the hysteresis loops are tilted and nonquadrilateral in shape with remanence magnetization Mr < 0.45Ms and coercivity Hc <
540 Oe, where Ms is the saturation magnetization.
Here it is noteworthy to remember that, in absence of an external magnetic
field, the equilibrium state of magnetization of a ferromagnetic nanostructure is
determined by the exchange interaction and other anisotropy fields like shape,
magnetocrystalline and surface anisotropy field.18 At sub-micrometer length scale,
various micromagnetic calculations based on Landau-Lifschitz-Gilbert equations
suggest two remanent states of an isolated cylindrical shaped NW: flower states at
lower diameters of NWs and vortex states at higher diameters of NWs.19-25
In flower state, the spins are parallel to each other and are oriented along the
NW axis. It follows a coherent magnetization reversal and produces square shaped
hysteresis loop with Mr ≈ Ms. Whereas in the vortex state, the magnetic spins are tilted
in the circumferential direction and make a certain angle to each other. In this state,
curling type of reversal takes place giving rise to a tilted non-quadrilateral hysteresis
loops with much low remanence and coercivity. A complex vortex state may also be
possible on increasing the diameter further.
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It is to be noted that, inside a cylindrical shaped bulk magnetic structure, one
can observe multi-domain structure defined by Neel or Bloch domain walls13.
However, in case of MWs (diameter ~ 100 µm), we know there exist a long (~ lengths
of MWs) cylindrical single domain inner core (IC) and a multidomain outer shell (OS).
The inner core cylindrical single domain can have radius more than 50% radius of the
MWs.26 Therefore, we can expect that, the NWs (diameter up to ~ 275nm) in our
present study can also possess single domain. However in micromagnetic frame work,
the NWs should have either flower or vortex structure instead of very well defined
domains separated by Neel or Bloch domain walls. The remanent state is in turn
modified by the magnetostatic interaction among the NWs when they are in arrays.22, 23
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Figure 6.10. Hysteresis loops of the NWs with diameter 50nm having AR ~ (a) 5.2 (b) 21 and (c) 86.
The dotted and solid curves are for applied field parallel (OP) and perpendicular (IP) to the axes of the
NWs respectively.
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Figure 6.11. Hysteresis loops of the NWs with diameter 150nm having AR ~ (a) 400, (b) 50 and (c) 7.
The dotted and solid curves are for applied field parallel (OP) and perpendicular (IP) to the axes of the
NWs respectively.
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Figure 6.12. Hysteresis loops of the NWs with diameter 275nm having AR ~ (a) 149, (b) 49.7 and (c)
12 respectively. The dotted and solid curves are for applied field parallel (OP) and perpendicular (IP) to
the axes of the NWs respectively.
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It is known that, the critical diameter (Dc) of a magnetic cylinder, beyond
which the flower state is unstable and vortex state develops, is proportional to
magnetic exchange length, λex = √A /Ms of the material, where A is the exchange
constant and Ms, the saturation magnetization of the material.23, 27 Ross et. al. found23
the Dc for a pure Co cylinder with AR within the range of 0.9 to 3.5 is about 24.5 nm.
Furthermore in case of infinite cylinder, the surface induced anisotropy28 stabilize the
vortex state in it25 and the value of Dc may even become lower due to less
magnetostatic energy.29 Here, we have the NWs with minimum diameter 50 nm.
Hence, all the experimental evidences indicate towards vortex remanent state within
the NWs used in our study.
In Fig. 6.10 (a) and Fig. 6.11 (c), 6.11 (b) for low ARs of the 50 and 150 nm
NWs respectively, we notice near the zero external magnetic fields, the OP
magnetization increases faster with the external field than the IP magnetization. This
type of sharper hysteresis loops along OP direction of the NWs indicates the OP as
their easy direction of magnetization. On the other hand, in Fig. 6.10 (b), 6.10 (c) and
6.11 (a), we notice IP easy axis at higher ARs of the NWs (AR ~ 21, 86 for 50 nm and
~ 400 for 150 nm NWs). In Fig.6.12, the IP hysteresis loops for 275 nm NWs were
always sharper than OP loops for all values of AR (~ 12, 49.7, 149) and no change in
easy direction is observed.
We estimate the squarenesses (Mr/Ms) and initial susceptibilities (initial) from the
hysteresis loops for all the NWs and plotted in Fig. 6.13 and 6.14 respectively. Here
the solid and dotted lines are the best fitted polynomial curves for the experimental
data obtained in IP and OP directions respectively.
We see the IP sqaureness is lower than the OP squareness for lowest two ARs
of the 50 nm NWs. As the AR increases, a crossover among the IP and OP squareness
is observed. At higher ARs of the NWs, the OP squareness is almost saturated i.e. no
change in squarness is observed there, while the IP sqaureness decreases slowly at
higher ARs. The phenomena of crossover the IP and OP easy axis is consistent with
the change in easy axis from OP to IP direction as observed in their corresponding
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hysteresis loops. In case of 150 nm NWs, OP squareness is always higher than the IP
squareness and no crossover is observed. Squareness in both the directions increases
first with the increase in AR, then decrease at higher ARs. At the highest AR ~ 400,
the OP squareness tries to merge with IP one indicating a tendency towards the change
in easy direction from OP to IP. However, the IP squareness is always remaining
higher than OP direction in case of 275 nm NWs.
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Figure 6.13. Squareness (Mr/Ms) along IP (open circles) and OP (open boxes) direction plotted
against the ARs of the (a) 50 nm (b) 150 nm and (c) 275 nm NWs. Solid and dotted lines corresponds to
the best fitted polynomial plot in IP and OP directions.
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The crossover of easy axes is more prominent in the plot of initial susceptibilities
along IP (IP) and OP (OP) as a function of AR of the NWs in Fig. 6.14 (a) for 50 nm,
6.14 (b) for 150 nm and 6.14 (c) for 275 nm NWs.

Figure 6.14. Initial susceptibility, χinitial vs. AR plot for both the IP and OP configurations of the NWs
with diameter (a) 50nm, (b) 150nm and (c) 275nm.
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oP is initially higher than IP at low ARs of 50 and 150 nm NWs. Upon
increasing the AR, a crossover between IP and OP has been seen at AR ~ 6 and 265
for 50 and 150 nm NWs respectively. These indicate a change in easy axis from OP to
IP on increasing the AR of the NWs. Whereas in Fig.6.14(c), the 275nm NWs show
higher IP compared to OP for all values of AR indicating no change in easy direction
on increasing the AR. The above mentioned directional change of easy axes can be
explained by considering the anisotropies present in the NWs.
The anisotropies that determine the shape of the magnetic hysteresis loops of a
NW are mainly the shape and magnetocrystalline anisotropies. In order to get an
estimate of shape anisotropy of a NW, demagnetization factors (Nd) of the NWs with
different ARs are calculated along their length (NdOP) and perpendicular to the NW
axis (NdIP).29 In Fig.6.15, we plotted the demagnetization fields along IP direction, HdIP
= NdIP Ms (closed circles) and along OP direction, HdOP = NdOP Ms (open circles) where
Ms = 1422 emu/cc of bulk Co is taken. It indicates, irrespective of the diameter of
NWs, the shape anisotropy along OP direction (~ HdIP) of a NW increases sharply up
to the AR ~ 43 beyond which it becomes almost saturated at a value ~ 2πM s = 8930
Oe.

Figure 6.15. Plot of calculated demagnetization field of the NWs with respect to their AR along OP and
IP direction.
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Therefore it is clear that, the shape anisotropy of the NWs in our study always
tries to make the OP as easy direction and remain constant beyond AR ~ 43. Hence, it
has nothing to do with the crossover of easy axis of NWs from OP to IP on increasing
the ARs of NWs.)
On the other hand, the magnetocrystalline anisotropy (Hk) remains constant for
a particular wire diameter irrespective of its AR and depends only on the crystallinity
of the NW. The magnetocrystalline anisotropy field for NWs used in our study can
achieve its highest value ~ 2K1/Ms = 7032 Oe for single crystalline NWs with diameter
50 nm, where K1 is the first order anisotropy constant and is equal to 5×105 erg/cc for
hcp phase.29 Hk is much lesser in 150 nm NWs as they consist of textured hcp as well
as polycrystalline phase. The direction of Hk is along the IP direction of the NWs
which is the direction of c-axis of hcp crystalline phase. The NWs with diameter 275
nm have poly-crystalline phase and thus have negligibly small magnetocrystalline
anisotropy. Thus the shape anisotropy always dominates over the crystalline
anisotropy for all the NWs we used in our study. As a consequence, the OP easy axis
of a single NW is determined by the resultant of these two anisotropies of a NW 30
contrary to the IP easy axis observed in some of our arrays of NWs.
In case of NWs arranged in a 2D dense array similar to ours, it is obvious to
consider the magnetostatic interaction (Hint) among the NWs. The shape anisotropy
does not change beyond AR ~ 43 and the magnetocrystalline anisotropy remain
constant at all ARs for a particular diameter of NWs. These indicate that, it is the
magnetostatic interaction that dominates over all other anisotropies and changes the
direction of easy axis from OP to IP (Fig. 6.14) opposed by shape anisotropy.
The simplest and almost well established model of the interaction among the
NWs is the dipolar interaction31, 32 while assuming the NWs themselves as magnetic
dipoles. In this model, it has assumed that the dipolar field of interaction increases
linearly with the volume of the NWs and inversely proportional to third power of interwire distance. The dipolar interaction field can derive as follows.
Given a single dipole P0 surrounded by an array (dimension m × n) of dipoles
on a 2D square lattice Pm, the interaction energy is
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E = Σi ( P0 . Pm ) / r3 – 3 {( P0 . r ) ( Pm . r )} / r5

[6.1]

This is equivalent to a ﬁeld HD acting on the dipole such that: E = - P0 . HD
- P0 . HD = Σi ( P0 . Pm ) / r3 – 3 {( P0 . r ) ( Pm . r )} / r5

[6.2]

Fig. 6.16 shows a schematic diagram of the dipolar interaction scheme for
applied field parallel and perpendicular to the NWs axes. The blue NW at the center
of the square grid indicates the P0 dipole (test NW) and the others indicate the Pm
dipoles.

Figure 6.16. Schematic diagram of the dipolar interaction model for applied field parallel and
perpendicular to the NWs axes. Blue NW is the test NW (P 0 dipole in Eq. 6.2 ) and the brown NWs are
the nearest neighbor NWs (Pm dipoles in Eq. 6.2).

We assume that the square lattice is of parameter D (average nanowire
separation). In order to estimate HD(Z) , we take P0 directed along the Z axis, P0 = (0, 0,
1) and - P0 . HD = - HD(Z).
At any node (m, n) of the lattice Pm = (PX, PY, PZ), and r = (mD,nD, 0), hence
P0 . r = 0, P0 . Pm = PZ.
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The field HD(Z) is then,
H D( Z )  



m , n  ,

( PZ / r 3 )  



m , n  ,

{PZ / D3 (m2  n2 )3/2 }

[6.3]

Taking all surrounding dipoles saturated along Z, P Z = MsV with V the total
volume:
H D ( Z )  M SV / D3 1/ (m2  n 2 )

3/2

[6.4]

m,n

The sum above performed with the conditions i,j ≠ 0 is explicitly written as



1/ (m2  n2 )

3/2

4

m , n  ,



1/ (m2  n2 )

3/2

[6.5]

m , n 1,

Numerically,



1/ (m2  n2 )3/2  1.05

[6.6]

m , n 1,

Hence,
HD(Z) = 4.2 MsV / D3

[6.7]

We move next to the evaluation of HD(X) . Take now P0 directed along the X
axis, P0 = (1, 0, 0), P = (PX,PY ,PZ) and r = (iD,jD,0), the dipolar energy writes
E = - P0 . HD = - HD(X) ,
E



P0 . P = PX

[6.8]

{r 2 PX  3D2 (m2 PX  mnPY )}/ r 5

[6.9)]

{PX (m2  n2 )  3(m2 PX  mnPY )}/ D3 (m2  n2 )5/2

[6.10]

m , n  ,

Hence,
H D( X )  



m, n  ,

If all the surrounding dipoles are saturated along X, PX = MsV, PY = 0, we get

148

H D ( X )  ( M SV / D3 )



(2m2  n 2 ) / (m2  n 2 )

5/2

[6.11]

m , n  ,

Exploiting the symmetry, we get

H D ( X )  4( M SV / D3 )



(2m2  n2 ) / (m2  n2 )5/2

[6.12]

m , n 1,

Numerically,



(2m2  n2 ) / (m2  n 2 )

5/2

 0.526

[6.13]

m , n 1,

Hence,
HD(X) = 2.1 MsV / D3 = - ½ HD(Z)

[6.14]

This proves the dipolar field along X is half its value along Z as used in the
text. The negative sign before HD(Z) in Eq. 6.14 indicates the interaction field along OP
direction opposes the magnetization. Similarly the positive HD(X) indicates that, it helps
the magnetization. In other words, the nature of interaction is anti-ferromagnetic
(AFM) kind in OP configuration and the magnitude is double to the ferromagnetic
(FM) nature of interaction in IP direction. Ideally the dipolar assumption holds good
when the dipoles are infinitely separated from each other as discussed in chapter 1. In
case of 2D arrays of NWs, when the diameter of the NWs is too small compared to the
inter-wire distance D, the approximation holds good.
The magnetostatic interaction influences both the coercive and saturation field
effectively. In order to understand the influence while the external field is applied in
OP direction, let us consider a couple of wires (Fig. 6.17). At high positive field, both
wires have magnetization pointing in the Z direction (OP direction). In such case, the
dipolar stray field of the NW opposes to the magnetization of the other wire. This
situation reduces the applied field, which is required to reverse magnetization of one
wire. Once the magnetization is reversed it creates a dipolar stray field along the same
direction of the magnetization of the non-reversed wire.
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Figure 6.17. Dipolar fields of interacting nanowires (a) with parallel
and (b) with opposite magnetization.

So, to produce the reversal of the magnetization of the second wire, a higher
negative field is needed. To summarize, the magnetostatic interaction between two
wires produce two effects: the coercive field is reduced (compared to the one of a
single NW) and the saturation field is increased. If the external field is applied
perpendicular to the NWs, the saturation field will reduce according to sign convention
of Eq. (6.14).
Considering all the anisotropies, the total anisotropy in IP and OP direction can
be written as
HIP = HD(X) + Hcrys = 2.1 MsV / D3 + Hcrys
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[6.15]

And
HOP = HD(Z) + Hsh = - 4.2 MsV / D3 + Hsh

[6.16]

Considering the above two equations the crossover of easy axis with the
increase in NW volume or AR can be explained. When the magnetostatic interaction
among the NWs dominates over the shape and magnetocrystalline anisotropies (Hsh >
Hcrys), the IP easy direction of the arrays of NWs can be explain [(Fig. 6.10 (b), 6.10
(c) and Fig. 6.11 (a)]. On the other hand when the NW volume V is very small, the
interaction field is weak compared to Hsh in OP direction resulting an OP easy axis
[Fig. 6.10 (a), 6.11 (b) and Fig. 6.11 (c)].
In Fig.6.18 we plotted the IP and OP anisotropy field Hani of the NWs
determined from the corresponding hysteresis loops, as a function of AR for each
diameter of the NWs. At low ARs, Hani is higher along IP direction for 50 and 150nm
NWs. At higher ARs, the opposite behavior was observed.
The crossover between the IP and OP anisotropy fields i.e. the directional
change of easy axis observed for 50 and 150 nm NWs at AR ~ 6 and 310 respectively.
The directional change in easy axis at relatively lower value of ARs for 50 nm NWs
perhaps due to higher inter-wire distance (~ 350 nm) among them compared to 150 nm
NW arrays. The directional change of easy axis from OP to IP on increasing the length
of 150 nm NWs at quite high values of their ARs contrary to the proposed dipolar
interaction model.31,

32

This indicate a complex nature of the interaction among the

NWs with large ARs. This is because of the uniform magnetic flux line distribution of
a dipole around it will change drastically if one increases the length of the dipole
infinitely. In such a situation, it is obvious that the flux lines and hence the dipolar
field will be more concentrated near the poles of the dipole than their length. Hence,
linear dependence of dipolar field strength with the volume of the NWs is certainly
doubtful. Furthermore, when the inter-wire spacing among the NWs (of the order of
few nanometers) are very small compared to the length of the NWs (of the order of
few micrometers) such a straight forward dipole assumption of NWs and the dipolar
interaction among them may lead us to wrong results.
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Figure 6.18. Heff vs. AR plot for both the IP and OP configurations of the NWs with diameter (a) 50nm,
(b) 150nm and (c) 275nm.

The remanence state of a single NW with such a diameter readily has the
vortex state. It lowers the OP remanence of individual NW. If dipolar interaction is
there then a crossover between IP and OP squarness is obvious. Only at highest aspect
ratio the OP squarness goes down (Fig. 6.13) to a very close value of the IP one. So the
observed nature of the squarness (Fig. 6.13) is little abnormal.
The IP squarness first increases and then decreases at highest aspect ratio like
the 50nm wire diameter. In 150nm NWs the crystalline anisotropy along IP direction is
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less than the 50nm NWs. It also enhances the OP squarness lead by the shape
anisotropy. In Fig. 6.13 (c) we assume the effect of thin film for the observed behavior
of the squarness as well as of the corresponding hysteresis loops. The IP squarness is
decreasing here with the increase in aspect ratio. It is due to the introduction of self
demagnetization field at higher aspect ratio produced by the free charges on the curved
surfaces of the NWs.
From these observations we can assume here the system of 2D arrays does not
attain merely an AFM ground state along the OP direction below the saturation field.
The interaction among the NWs is not dipolar in nature below the saturation field
perhaps due to the presence of vortex state within the NWs. The dipolar approximation
can only give us an intuitive idea about the change in easy axis from OP to IP direction
with the increase in aspect ratio. The prediction about the remanence as well as the
squarness is little difficult. Because the magnetostatic interaction is itself complex in
nature that influence the individual remanent state of a NW and the propagation of
vortex wall in more complex way.
In literatures, reports on more realistic theoretical models of the interactions
have been found where each saturated NWs are discretized into thousands of elemental
cubes within which the magnetization is uniform. Within a NW, the magnetizations of
the cubes are parallel to each other and make a resultant dipole. The dipolar
interactions are considered between those elemental cubes of two neighboring parallel
NWs.33 Further improvement has been made by L. Clime et. al.34 where they consider
both the dipolar and non-dipolar interaction among the NWs depending upon their
length. But according to their model, the directional change of easy axis may occur at
some lower value of ARs of the NWs. Furthermore, the models33, 34 are not complete
as well as they are unable to speculate the situations below the saturation fields in
hysteresis for vortex NWs.
For 275 nm NWs, the OP is always higher than IP [Fig. 6.14 (c)] and the
anisotropy field along OP is always higher than in IP [Fig. 6.18(c)] indicating no
directional change of easy axis on increasing the AR. It may perhaps due to the fact
that the NW diameter ~ 275 nm is much greater than the inter-wire separation ~ 35nm.
So, they behave like thin films made of a continuous distribution of NWs in the array.
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Similar kind of behavior for arrays of Ni nanowires with diameter ~275nm is
previously described in this thesis (chapter 5).35 Here interestingly, the initial
susceptibility curves for the 275 nm NWs [Fig. 6.14(c)] tend to merge at higher ARs
indicating a competition between thin film and NW characteristics of the system.
Ferromagnetic resonance (FMR) study of NWs is believed to be a more
sophisticated and direct approach to study the angular dependence of anisotropy field
and hence defining the magnetic easy axis of a particular array of NWs with a
particular AR.11, 14, 32 We investigate here the angular dependence of anisotropy field of
150 nm NWs with two distinct ARs ~ 50 and 400.
FMR studies were performed by placing the membrane of the samples in the
resonant cavity in such a way that the axes of the NWs are along the z-axis of a
cartesian coordinate system (Fig. 6.19).

Figure 6.19. Schematic diamgram of the NWs arrangement in FMR measurement.
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The microwave pumping field hrf with frequency (ν) ~ 24 GHz (k-band) was
always oriented perpendicular to the applied bias field Ha and the axes of the NWs.
The magnetization M and applied bias field Ha can be described by the polar and
azimuthal angles (θ, Ф) and (θH, ФH) respectively in a spherical coordinate system
where Ha,z = Ha Cos θH , the projection of Ha along Z-axis. We varied the angle θH of
Ha from 0 to π with respect to the wire axis keeping ФH = 0. The strength of the bias
field was varied from 0 to 1.7 kOe for each θH. FMR derivative spectra at 5o interval of
the applied bias field were measured for the arrays of NWs. Typical FMR absorption
data for empty resonator, with NW sample (150 nm NWs, AR ~ 50) applying a DC
magnetic field at 1600 and resonator subtracted the FMR data of the arrays of NWs are
shown in Fig. 6.20 (a), (b) and (c) respectively.

Figure 6.20. FMR absorption data for empty resonator (a), arrays of 150 nm Co NWs having AR ~
50 with the applied DC magnetic field at 1600 (b) and resonator subtracted sample data (c).
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Typical sequences of FMR derivative spectra upon sweeping the bias field (Ha)
at different θH are shown in Fig.6.21 and 6.22 for arrays of NWs with diameter ~
150nm and AR ~ 50 and 400 respectively.
The field dependent absorption peaks correspond to FMR absorption peaks and
the field corresponds to maximum absorption is taken as the resonance field (Hres)
from the cobalt NWs. The minor peaks are originated perhaps due to the presence of
different crystalline texture and surface anisotropy in the NWs. Hres shifts to higher
field for shorter NWs and to lower values for longer ones on changing θH from 00 (OP
direction) to 900 (IP direction). We have measured ФH dependence of IP resonance
field by rotating the bias field from ФH=00 to 1800 and found no change in Hres.
For AR~50 (Fig. 6.21), Hres significantly increases from ~ 5398 (±9) Oe at
0

θH=0 to 8540 (±12) Oe at θH = 900. On the other hand, for AR~ 400 (Fig. 6.22) a
small decrease in Hres from ~ 6627 (±9) Oe at θH=00 to 6383 (±9) Oe at θH = 900 is
observed. The typical skin depth at microwave frequencies in 3d ferromagnetic
material is ~ 100nm. Hence the change in Hres corresponds to the magnetization of
entire NWs and not from their surface only.
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Figure 6.21. FMR spectra at various angles of applied bias field for the 150nm NWs with AR ~ 50. A
schematic diagram of the experimental arrangement of FMR study is also shown.
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Figure 6.22. FMR spectra at various angles of applied bias field for the 150nm NWs with AR ~ 400.
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Hres vs θH is plotted in Fig. 6.23 for both the samples. It implies the magnetic
easy axis changing from OP to IP direction on increasing the AR from 50 to 400 as is
observed from the magnetic measurements discussed earlier.

Figure 6.23. Angular dependence of resonance field (Hres) of the 150nm NWs with AR~50 (open
circles) and AR~400 (solid circles). The best fitted curves using the Eq. (6.18) for AR ~ 50 (dashed line)
and AR ~ 400 (solid line) are shown also.

The Hres vs θH curve can be fitted for uniform FMR mode36 considering the
NWs as infinitely long cylinders with an effective uniaxial anisotropy field (Heff) along
OP or IP direction depending on AR. The corresponding resonance condition can be
derived from the free energy density equation of an infinite cylinder and can be written
as,
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E  M s H eff sin2  M s H res  sin sin H cos Ф  ФH   cos cos H 

[6.17]
In our present study with the applied field varying from OP (θH=00) to IP
(θH=900) direction in a plane of Ф = ФH = 00, the resonance frequency (ω = 2πν)
corresponding to the equilibrium angle θ0 of M is obtained from the second derivative
of the energy density Eq. (6.17) by the formalism of Smit and Beljers37 as,

 /  

2

  H eff cos 20  H res cos 0 –  H    Heff cos 20  Hres cos 0 –  H  
[6.18]

Here γ = gµB/ħ is the gyromagnetic ratio, taken as positive, µB, the Bohr
magneton and g, the Landé splitting factor. The equilibrium angle θ0 of M is
determined from the condition dE/dθ = 0 for each field angle θH at the corresponding
Hres. The experimental Hres vs θH values were fitted with Eq.6.18 and are shown in
Fig.6.23 for both the ARs. It gives us the value of Heff = 2108 Oe for AR~50 and 149
Oe for AR~400. The value of g calculated from the NWs with AR ~ 50 and OP easy
axis is ~ 2.2. We avoided calculating g value from the NWs with AR ~ 400 with IP
easy axis as the change in measured Hres is only ~ 240 Oe on changing θH from 00 to
900 and can give rise to significant error. The magnetization measurements [Fig. 6.11
(a), (b)] as discussed earlier are in accordance with the FMR results.31, 33
The effective anisotropy field (Heff) is consisted of all the sources of
anisotropies that are possibly can exist in the NWs. From SAED study we observed
that 150 nm NWs are neither single crystal nor well textured. Therefore their
magnetocrystalline anisotropy field (Hk) is much smaller than shape and magnetostatic
interaction field. Among the rests, the shape anisotropy field (Hsh = 2πMs along OP)
and the magnetostatic interaction field Hint are the prominent contributions to define
the easy direction of the arrays of NWs.
Applying the phenomenological mean field approach suggested by U.
Netzelmann38 for the dipolar interaction field in array system, Hint has two
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contributions : 2πMsP due to the charges on the cylindrical wire surfaces which tries to
make the IP direction as easy direction and 4πMsP for the free charges at the both
ends of all the NWs which tries to make the OP direction as magnetically hard where P
is the porosity (the ratio of the total cross sectional area of the pores to the membrane‟s
flat surface area) of the membrane. In precise, we can say the magnetostatic interaction
has been manifested by the demagnetization fields of thin film (the 2D array) and
infinite cylinder (the NW). 32 Therefore the resultant Hint along IP is 6πMsP. With P ~
0.5 for 150nm NWs,16 Hint = 3πMs. Combining this with Hshape and neglecting Hk, the
Heff ~ πMs (=4466 Oe) along IP direction which explains qualitatively the IP easy axis
observed for AR~400 though Heff ~ 149 Oe as obtained from FMR study.
But Hint should depend on volume which is not incorporated in the above
description and cannot explain the OP easy axis of NWs with AR ~ 50. For this sample
Hint is much smaller than 3πMs perhaps due to its smaller volume. As a result, Heff
along OP direction gives rise to OP easy axis for NWs with AR ~ 50 or less. So the
change in the anisotropic direction from OP to IP on increasing aspect ratio is mainly
due to the increase of Hint for a particular porosity of the membrane. It is thus obvious
to incorporate a volume dependency of the interaction term in addition to its porosity
dependence.32
Besides the study of the nature of easy axis of NWs we make a measure of
coercive fields for different wire diameter also. In Fig. 6.24 the coercive fields have
been plotted with respect to the AR of the NWs. The coercive field value is determined
by the reversal process of the system followed by the remanence state of the NWs. At
remanence the individual NW has vortex state. They then interact with each other in
their own way which is weak and different from dipolar interaction.
However the strength of the interaction at remanence is determined by the
saturation state and nucleation process. Regardless the switching of the direction of
easy axis with the length of the NWs and typical behavior of squarness, the OP
coercivity is almost always higher than the IP direction for all the samples. It is
because of the large shape anisotropy along their length (along OP direction)
compared to the transverse or IP direction. As they possess vortex state the curling
mode of reversal is expected here. Furthermore the magnetostatic interaction, whose
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nature is complex in reality, also influences the coercive field values. In 50 and 150nm
wire diameter the coercivity first increases with the increase of length. At higher
lengths they try to saturate for 50nm may be due to the nature of the movement of
vortex wall remain same at higher lengths. The coercivity at higher lengths decreases
for 150nm wire diameter. The coercivity decreases with length of the NWs for the
275nm wire diameter, which tries to saturate at higher lengths. The understanding
about the reversal process that determines the coercive field value in our NWs need
more elaborate investigations both theoretically and experimentally.
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Figure 6.24. Variation of coercive fields in IP (open star) and OP (open box) directions with
respect to the AR for the NWs (a) 50 nm (b) 150 nm and (c) 275 nm.
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6.4

Conclusions
We have prepared two dimensional arrays of Co NWs having diameters 50,

150 and 275 nm in the pores of polycarbonate and alumina membrane by DC
electrodeposition technique. Structural characterizations of NWs show that they are
uniform in length and have hcp crystalline phase with c-axis perpendicular to the NW
axis. The crystalline texture of the NWs changed from polycrystal to single crystal on
decreasing the wire diameter. 150 nm NWs is not merely polycrystal as it shows hcp
textured phase. This change in crystalline texture is due to the enhancement of stress as
the diameter of the pores is reduced.
Length dependent magnetic properties for these three wire diameters at room
temperature have been investigated in detail. The diameters of the NWs are large
compared to the critical diameter of the upper bound of flower state of a magnetic
cylinder. The observed remanence and coercivities of the hysteresis loops for the
samples implies further the presence of vortex state of the NWs at remanence. The
observed change in easy direction of magnetization on increasing the length of the
NWs for 50 and 150nm wire diameters can be explained by considering magnetostatic
interaction among NWs.
A simple model of dipolar interaction can explain the easy axis along the OP
direction at small ARs and along IP direction at higher ARs of the NWs. Dipolar
interaction between the NWs gives us a qualitative idea about the observed
phenomena. The dipolar approximation should not hold good for 150nm NWs as they
have the interwire distance of same order of the NW diameter. Though not accurately
but hold better in case of 50 nm NWs as the inter-wire distance is about five times the
wire diameter. The observed hysteresis loops of the 275 nm NWs are explained by
assuming the thin film effect. It is because the continuous distribution of the particles
in 2D array increases as the NW diameter increases keeping the wall thickness
between two pores same. The 150nm wire diameter shows abnormal variation in the
squarness with the aspect ratio.
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We study the dynamic response of 150 nm NWs for two different ARs and
show the results are consistent with the static magnetization studies. We found the
resonance field changes as the bias field changes its direction from axial to transverse
direction of the NWs. The NWs are isotropic along the direction perpendicular to the
NW axis. We have fitted the experimental data by uniform mode of resonance and
have got the effective anisotropy field value and g factor of the material. The
directional change in effective anisotropy has been observed upon increasing the
aspect ratio.
The observed facts prove the FMR results cannot be explained by a mere
packing fraction dependent interaction field and should have a volume dependent term.
Furthermore it is not dipolar in nature as the existing theoretical models based on the
approximation does not tell us the nature of interaction below the saturation fields in
vortex NWs. It needs a complete theoretical formulation to understand clearly the
magnetostatic interaction among the NWs with vortex state.
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Chapter 7

In search of high coercive CoPt alloy
nanowires: Influence of alumina
membrane
7.1

Preamble

In search of high coercive ferromagnetic material, Cobalt-Platinum alloys are
found to be the most promising materials for their large magnetocrystalline anisotropy
for some particular compositions of Cobalt (Co) and Platinum (Pt) in the alloy.1, 2 At
some particular composition, the CoPt and other similar kind of alloys such as FePt
(Iron-platinum) possess large anisotropic face centered tetragonal (fct) L10 phase that
helps them to overcome superparamagnetism even at grain sizes less than 6 nm.3, 4 As
a consequence, the materials with high coercivity can be used deliberately as magnetic
storage elements in high density magnetic recording systems. There are few techniques
such as chemical methods, seed layers and heated substrates, also available to obtain
films with perpendicular anisotropy or patterned structures which are favorable for
even higher areal density.5,

6

However, the electrodeposition may be the most cost

effective and easier to synthesis CoPt NWs in porous membranes. Thermal annealing
of CP (CoPt) NWs with equiatomic compositions can lead to high coercive NWs. 7
Perhaps, the annealing effects on the NWs to enhance their coercivity are not well
studied.
In this chapter, we investigate the effect of thermal annealing on CoPt NWs.
We found not only thermal annealing changes the crystalline phase of the NWs but the
medium (AAO membrane) also plays an important role in changing the phase. We
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study here the magnetic hysteresis behavior of CoPt NWs for different composition of
cobalt and platinum. In search of high coercive nanostructure their crystal structure is
changed by thermal annealing. The NWs are several microns long with the diameter of
~ 200 nm. The as prepared samples shows fcc crystalline phase and are magnetically
soft.
However the NWs show magnetically anisotropic behavior with an easy axis
along the perpendicular direction of the axes of the nanowires perhaps due to the
strong magnetostatic coupling among the nanowires. We observe the NWs with
equiatomic composition changes to L10 phase after the thermal annealing. The NWs
show very high coercivity ~ 6.2 kOe and interestingly become almost isotropic
magnetically. In order to study the influence of stress developed during the annealing
of the NWs, we compared the results with CoPt nanoparticles (NPs) synthesized in
miceller media.8 The avarage particle sizes of the NPs were ~ 6 nm. In case of
equiatomic composition, after similar kind of heat treatment, the size of the NPs
increased and the crystalline phase changed. NPs with equiatomic composition show
enhanced coercivity of ~ 4.4 kOe in the magnetic hysteresis loops. The experimental
observations indicate the development of large stress induced anisotropy within the
NWs which competes with the magnetocrystalline anisotropy of L10 phase.

7.2

Experimental

Synthesis of nanoparticles (NPs)
In order to synthesize the NPs8 we use the reagents of analytical grade and
purchased from Sigma-Aldrich. The water used was of Millipore grade. CoPt alloy
NPs with various compositions of Cobalt and Platinum were prepared by micellar
technique. Cobalt sulfate and hexachloro platinate salts are used as sources of Co and
Pt respectively. These salts were taken in different ratios and were dissolved in TX100 micellar medium under Argon atmosphere. The mixture was stirred for 30 min
then it was heated at 800 C. Sodium borohydride and oleic acid were added to it under
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stirring and heating condition. The solution turned into black after the addition of
sodium borohydride. The particles were separated from the mixture by the method of
centrifugation and puriﬁed by washing the particles several times by ethanol to remove
TX-100 micelles. We prepared CoPt alloy nanoparticles with different ratios of Co and
Pt such as sample ANP (Co:Pt ~ 90:10 in at%), BNP (Co:Pt ~ 75:25 in at%), CNP (Co:Pt
~ 50:50 in at%), DNP (Co:Pt ~ 25:75 in at%) and ENP (Co:Pt ~ 10:90 in at%). The
particles were dispersed in hexane and dropped on silicon wafer to make the thicker
film of all five samples. These films were subjected for heat treatment at 850 0C for 1
hour under N2 and H2 atmosphere and different measurements were done on the
samples before and after the heat treatment to investigate the properties of the
particles.

Synthesis of nanowires (NWs)
The NWs are electrodeposited in anodic alumina membranes with average pore
diameter 200 nm commercially available from Whatman.9 The thickness of the
membranes is about 60 µm. In order to deposit the conducting Co and Pt inside the
pores of non-conducting alumina membrane, one side of the membrane was coated
with gold (99.99% pure) having thickness ~100 nm using the thermal evaporation
technique. All the electrodeposition was carried out in a conventional three electrode
electrochemical cell (Autolab) where we used the gold coated membrane as working
electrode. A Pt wire (99.99% pure) and a Ag/AgCl calomel electrode were used as
counter and reference electrodes respectively. The backside (gold coated side)
deposition of Co and Pt ions were prevented using cello-tape. The deposition was done
under a constant potential difference ~ 0.9V, between the working and reference
electrodes followed by linear sweep voltametry. The electrolyte solution is consisting
of CoSO4, H2PtCl6 and H3BO3. All the reagents used were of analytical grade and
purchased from Sigma-Aldrich. The molar concentration of CoSO4 were changed in
order to prepare CoPt alloy with three different compositions: sample BNW (Co:Pt
75:25), CNW (Co:Pt ~ 50:50) and DNW (Co:Pt ~ 28:72). The nanowires were then
released from the membrane, to perform their structural characterization, by dissolving
the membranes in 2M of NaOH solution.
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7.3

Results & discussions

7.3.1 Structural characterizations

The crystal phases of the samples are confirmed from the X-ray and electron
diffraction spectra using a X-ray diffractometer (X‟Pert Pro, Panalytical) and
transmission electron microscope (TEM, JEOL-2010) respectively. The geometrical
structure, surface morphology and size of the particles are characterized by scanning
electron microscope (SEM, JEOL, JSM – 6700 F) and TEM. In order to do SEM study
of the NWs, the membranes are dissolved in 2M NaOH solution.
It is known that the solution of water containing micelles is employed as
suitable reaction media for the synthesis of nanosized particles.10 This is achieved by
creating micellar core of nano-size and carrying out the reaction inside the core. As a
consequence of micellar dynamic motion, the reactant can come in contact and react to
each other to form the nuclei of nanoparticles. By the same dynamic process these
precursor nuclei are accumulated in some closed micellar core leading to the formation
of stable nanoparticles of limited growth.
In our experiment TX-100 micellar medium was used to control the growth of
particles in nano-size regime. After preparing the nanoparticles, they are subjected for
heat treatment in N2 and H2 atmosphere. N2 and H2 atmosphere were used to prevent
the oxidation. The composition was measured by electron dispersive X-ray (EDX)
analysis of each sample. EDX measurement shows that the ratios of Co and Pt in all
ﬁve samples are nearly same with the ratio of Co and Pt taken as precursor salts. This
indicates the complete reduction of the Co and Pt ions present in the salts. Thus in our
method it is easy to maintain the ratio of Co and Pt in CoPt alloy.
The crystallinity of the alloy particles has investigated by X-ray diffractometer
using Cu-Kα radiation. Before annealing all the samples are in disordered fcc or face
centered cubic phase. As Co and Pt in 50:50 composition forms the L10 phase on heat
treatment above or at ~ 8250 C,11,

12

all the samples are annealed at 8500 C. XRD
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pattern for five different sets of particles after annealing at 8500 C for 1 hour in the N2
and H2 atmosphere are shown in Fig. 7.1.
All the curves show the peaks for (111) and (200) planes of CoPt alloy, in case
of sample „C‟ some more new peaks are observed in addition to (111) and (222). No
separate peak for Co or Pt alone is observed. This confirms the formation of CoPt
alloy. In the XRD curve, shifting of the peak position to left region of X-axis, that is,
towards lower „2θ‟ value is observed with the increase of Pt percentage.
From the Bragg‟s equation, we get d = k/2sinθ, now k is 1.5418 Å as Cu-Kα
radiation source is used in our case and θ is obtained from the XRD peak position of
(111) plane. From this equation it is clear that the „d‟ increases with decrease of „2θ‟
position. Applying this equation we have calculated „d‟ corresponding to (111) plane
for all the five samples and plotted the atomic percentage of „Pt‟ vs. „d‟ in Fig. 7.2.
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Figure 7.1. XRD spectra of all the samples of CoPt NPs: (a) ANP, (b) BNP, (c) CNP, (d) DNP, (e) ENP.
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Figure 7.2. Plot of interplanar distance (d) corresponding to (111) plane vs. atomic percentage
of Pt for all the ﬁve samples ANP to ENP.

The composition of Pt was obtained from EDX measurement for each sample.
It is found here that the „d‟ increases from 2.124 to 2.231 Å due to increase of Pt
content from 10% to 90%. The error limit of „d‟ is in third decimal place. This change
is in good agreement with the Vegard‟s law which tells that at a particular temperature,
the lattice parameter of the alloys is linearly proportional to the concentrations of the
constituent elements. It is well known that Pt atom is larger in size than the Co atom.
Therefore the cell parameter as well as the inter-planar distance, „d‟ increases when the
smaller Co atom is replaced by the larger Pt atom.
The XRD curve for the sample CNP (50:50) indicates the formation of fct L10
phase showing all the peaks from (001), (110), (111), (200), (002) planes. Samples of
other compositions do not show evolution of such phase. From the equilibrium phase
diagram it is known that at room temperature the stability region for L10 phase of CoPt
ranges from about 37% to 53 at% of Pt.13,

14

Hence, our result for sample „C‟ is

compatible with this phase diagram.
The TEM micrograph for sample „CNP‟ is shown in Fig. 7.3 (a) and (b) before
and after annealing the sample, respectively. Before annealing the particle size is ~ 6
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nm and are of almost uniform in size and after heat treatment particle size becomes ~ 7
nm. After heat treatment, particle size increases slightly but do not fuse all together to
grow a much larger size. It may be because we have used sodium boro-hydride as
reducing agent. Sodium boro-hydride under hydrolysis produces sodium hydroxide
which forms sodium oleate with oleic acid. The sodium oleate tries to prevent the
coalescence. On the other hand, L10 phase is an ordered state and thus the unit cell
volume is lower than the disordered fcc phase. However, by the process of Ostwald
reipening, the particle sizes can increase while annealing.

Figure 7.3. TEM micrograph of sample CNP before (a) and after (b) heat treatment. The electron
diffraction pattern taken from the sample CNP after heat treatment is given in inset of (b).

We have tested that mixture of sodium hydroxide and oleic acid does not
evaporate even at 6000 C. But at 8500 C a black colored precipitate is formed which is
nothing but carbon particles. These carbon particles may form metal carbide or may
remain as carbon coating on the boundary of the CoPt particles after annealing and
thus preventing the coalescence of particles even at such high temperature. As this
kind of material is amorphous in nature so it does not show any signature in XRD
pattern. The electron diffraction pattern taken from sample „CNP‟ after heat treatment is
shown in the inset of Fig. 7.3 (b). The analysis of this pattern again indicates the
formation of L10 phase. fcc phase in little amount may be present there. But in this
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case it is very difficult to discriminate one from other as rings pattern for (111) and
(200) from the L10 phase overlap on the same from fcc phase.
NWs are first released from alumina membranes in order to characterize them
by FESEM and HRTEM. We dissolve the membranes in 2M NaOH solution. The
NWs are expected to be free and standing on gold thin films. Fig. 7.4 shows the
FESEM micrographs and EDX result of such a sample of BNW.

Figure 7.4. FESEM micrograph of sample BNW (a) and EDX spectra with elemental
quantification of the sample shows the Co:Pt = 75:25 in at% (b).

We perform the electron microscope studies for the other two samples also and
the results are shown in Fig. 7.5 (sample CNW) and Fig. 7.6 (sample DNW). From
FESEM micrographs we observe the length of the NWs are uniform throughout the
membranes. The NWs have an average diameter of ~ 200 nm (approx). The length of
the BNW ~ 7 µm, CNW ~ 15 µm and of DNW ~ 9 µm. Fig. 7.5 (c) shows the EDX results
of sample CNW and indicates the Co: Pt = 50 : 50 in at%.
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Whereas, Fig. 7.6 (b) shows the EDX results and indicates Co : Pt = 25 : 75 in
at%. In order to determine the crystal structures of the samples we did SAED while
performing HRTEM of the NWs. In Fig. 7.7 the HRTEM micrograph of sample CNW
NWs [7.7 (a)] and SAED [7.7 (b), (c)] results are shown. Fig.7.7 (b) is the SAED spots
of the as prepared samples. We got similar spots for other two samples (BNW, DNW). It
shows the crystalline phases of the samples are fcc where we can see the circular rings
corresponds to (111), (200) and (211) planes.

Figure 7.5. FESEM micrograph of sample CNW (a), a close view of the NWs by FESEM (b)
and the EDX spectra with elemental quantification of the sample shows the Co:Pt = 50:50 in
at% (c).

178

Figure 7.6. FESEM micrograph of sample DNW (a), the EDX spectra with elemental quantification of
the sample shows the Co:Pt = 25:75 in at% (b).

We heated up the samples at 6500 C for 1 hour in presence of N2 and H2 gases.
The SAED patterns took after the heat treatment of sample CNW is shown in Fig. 7.7
(c). It clearly shows the circular rings correspond to fct phase L10 of CoPt. The rings
corresponds to (110), (001) and (002) of the fct phase are shown in Fig. 7.7 (c).
Contrary, the samples BNW and DNW did not show fct phase.

Figure 7.7. HRTEM micrograph of sample CNW (a) and SAED spots of the same CoPt
NWs before (b) and after (c) heat annealing.
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7.3.2 Magnetic Characterizations
7.3.2.2 Magnetic properties of CoPt NPs
Magnetic hysteresis loops for all the samples (ANP – ENP) are measured at room
temperature (300 K) with applied magnetic ﬁeld from -15 to +15 kOe, perpendicular
and parallel to the ﬁlm surface. As the results obtained in both the perpendicular and
parallel cases are the same, perpendicular hysteresis loops for all the samples are
considered.
In Fig. 7.8 we observe that the coercivity decreases from 1200 (sample ANP) to
800 Oe (sample BNP) due to the change in Co content from 90% to 75%. We have
observed that, on decreasing the Co content, lattice constant for the alloy increases.
Due to increase in lattice constant, the exchange interaction between the cobalt atoms
decreases reducing coercivity of sample BNP. But in case of sample CNP (Co and Pt
equiatomic), the coercivity was found to be ~ 4400 Oe due to the change of crystalline
phase from fcc to L10. The L10 structure is tetragonally elongated along C-axis, which
produces very high magnetocrystalline anisotropy and hence such high value of
coercivity.
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Figure 7.8. Magnetic hysteresis loops measured at room temperature of (a) ANP, (b) BNP (c) CNP (d) DNP
and (e) ENP.

Moreover as the particles are single domain in nature, magnetization takes
place by rotations resulting further increase in coercivity. In samples DNP and ENP,
coercivities are 550 and 100 Oe, respectively, much less than that of sample C NP
because of the disordered fcc structures. The ratios, Mr/Ms, where Mr is the residual
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magnetization at zero applied ﬁeld and Ms is the saturation magnetization at the
maximum applied ﬁeld, measured for all of the samples. In this case, M s is not the
ideal saturation magnetization as the available magnetic ﬁeld cannot saturate the
samples completely.
The coercivities and the Mr/Ms measured for all the samples are given in Table
7.1. The larger value of both the coercivity and the Mr/Ms ratio for sample CNP
indicates formation of hard phase. Hysteresis loops of the NPS measured at 80, 100,
150, 200, 250, 300 and 350 K and some of them are shown in Fig. 7.9 for clarity.
Coercivity decreases with the increase of temperature as usually observed in case of
most of the ferromagnetic materials due to decrease in ordering of the atomic
moments. But the magnetization „M‟ tries to saturate at higher magnetic ﬁeld in nearly
similar way at 100 and 300 K.
The nanoparticles are of single domain in nature. Hence there is no chance of
domain wall shift in these particles. The available field cannot truly saturate the
sample. As this MS is far below from the true saturation magnetization of the sample,
so the similar magnetization change at higher magnetic field values is observed.
Existence of double jump is also observed in the hysteresis loops. It is due to presence
of two phases fcc and fct in the sample. When two hysteresis loops, one for fcc phase
and other for fct phase are coupled to one hysteresis loop this kind of behavior is
observed. Other samples (ANP, BNP, DNP, ENP) are totally in fcc phase and do not show
such jump in their hysteresis loops. The coercive field values and Mr/Ms values of
different NPs are listed in Table 7.1 below.
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Samples

Coercivity (Oe)

(Mr /Ms)

ANP (CoPt = 90:10)

1200

0.615

BNP (CoPt = 75:25)

800

0.604

CNP (CoPt = 50:50)

4400

0.749

DNP (CoPt = 25:75)

550

0.59

ENP (CoPt = 10:90)

100

0.31

Table 7.1. Coercivities and squarnesses of nanoparticles with different atomic ratios.

Figure 7.9. Magnetic hysteresis loops measured at three different temperatures for sample „C NP‟.
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7.3.2.3. Magnetic properties of CoPt NWs
Magnetic measurements of NWs are carried out keeping the membranes intact.
The hysteresis loops were measured for two different orientations of the external
applied magnetic field Ha : parallel to the length (L) of the NWs, described as the “Out
of plane” (OP) and perpendicular to it, denoted as “In plane” (IP) configuration.
The hysteresis loops are plotted in Fig. 7.10. It shows the magnetization along
OP direction increases with Ha much faster than that along the IP direction, i.e. OP
hysteresis loop is sharper (greater initial susceptibility) than the IP (lower initial
susceptibility) one. This indicates that the OP is the easy direction of magnetization.
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Figure 7.10. Magnetic hysteresis loops in IP and OP configurations for sample (a) BNW, (b) CNW and (c)
DNW. The magnetization value is normalized here.

Understanding of the magnetic behavior of individual NW is necessary before
explaining the same for the arrays of NWs as discussed in earlier chapters. As to
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remind, one may consider each nanowire as a magnetic cylinder made of cobalt. The
total magnetic energy (Etot) of such a cylindrical shaped nanowire can be written as15
Etot  Ez  Eex  Ed  Ek  Es

[7.1]

Here Ez is the Zeeman energy due to the external field, Eex, the ferromagnetic
exchange interaction, Ed, the magnetostatic energy due to the demagnetization field,
Ek, the magnetocrystalline anisotropy and Es, the inhomogeneous surface anisotropy
arises from the induced orbital moment16 due to uneven coordination number of the
spins near the surface. Hence taking into account all these energy contributions one
can calculate the remanent magnetization state of the cylinder.
At sub-micrometer length scale, various micromagnetic calculations based on
Landau-Lifschitz-Gilbert equations suggest two remanent states of an isolated
cylindrical shaped NW: flower states at lower diameters of NWs and vortex states at
higher diameters of NWs and discussed elaborately in Introduction section of the
thesis.15 A complex vortex state may also be possible on increasing the diameter
further. In Micrometer length scale or above, one can get multi-domain structure as
derived by Neel or Bloch15 inside a cylindrical shaped magnetic structure. We
observed in our previous study on typical Co rich amorphous alloy microwires
(diameter ~ 10-12µm) that the typical diameter of inner core domain size is atleast ~ 23µm (see chapter 3). Therefore, we believe that, the NWs (diameter up to ~ 200 nm) in
our present study possess either flower or vortex structure. The remanent states are
modified when they are in arrays.
Among the various anisotropy energies mentioned in Eq. 7.1, magnetocrystalline and shape anisotropies play the dominating role in governing the
magnetic properties of a single NW. Before annealing, the NWs were in fcc phase and
polycrystalline. The magnetocrystalline anisotropy is thus negligible with respect to
the shape anisotropy ~ 2πMs. The shape anisotropy tries to make the long axis of the
NWs as easy direction of magnetization. But here it is observed that the perpendicular
direction of the NWs as easy direction of magnetization. This is because, in case of
NWs arranged in a 2D array, it is obvious to consider the magnetostatic interaction
(Hint) among the NWs in the array. The anisotropy originated from the interaction
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become most prominent anisotropy for a dense array system like the arrays used in the
present study.
We believe it is the magnetostatic interaction among the NWs that makes the
easy axis of NWs along the IP direction (perpendicular to the NW axis) where OP
shape anisotropy is higher than IP magnetocrystalline anisotropy irrespective of the
diameter of the NWs. After annealing the samples in inert atmosphere for 1 hr at 6500
C, we observe no change in crystalline phase in the samples BNW and DNW and almost
no change in their hysteresis loops. In contrast, NWs of sample CNW with equiatomic
composition shows enhanced coercivity up to ~ 6.4 kOe at room temperature. Fig. 7.11
shows the magnetic hysteresis loops of the sample CNW after heat treatment.

Figure 7.11. Magnetic hysteresis loop for sample CNW (Co:Pt = 50:50) after heat treatment.
Magnetization values are normalized here.
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The enhanced coercivities of equiatomic nanostructures are expected mainly
due to the creation of large magnetocrystalline fct phase L10 after the heat treatment of
the NWs. The effect is similar as observed for NPs (nanoparticles). Interestingly, the
coercivity enhancement is higher here compared to NPs. The NWs becomes nearly
anisotropic in nature after the heat treatment. Most interesting observation is that, the
phase change from fcc to L10 occurred for the NWs at much lower temperature at 6500
C compared to the NPs occurred at 8500 C. In case of NPs we have also seen an
increment in particle size of ~ 1 nm after the heat treatment of the NPs. These
observations intend us to believe that, the phase change is not only due to the intraatomic diffusion of Co and Pt atoms controlled by thermal agitation. All of these
indicate an incorporation of stress developed by the alumina matrix in the membrane
that surrounds the NWs.
During the thermal annealing, the CoPt NW expands its volume and
simultaneously the Co and Pt atoms go to a rearrange themselves. On cooling, the
volume of NWs tries reduce to its original volume as it has before the heating. But at
the same time, the crystal rearrangements change the crystallinity of it to elongated fct
phase calls L10 phase as observed in NPs. This phase change is basically a
transformation of disordered fcc phase to ordered L10 phase. Thus it is obvious that,
the unit cell volume of the fct crystalline NWs after annealing is lower than the fcc
crystalline NWs before annealing.
The surface defects of alumina nanochannels in the membranes may enhance
due to thermal annealing. These can create more prominent nucleation points for the
annealed NWs and hence the coercivity can enhance.
During heating, NWs will try to expand themselves along the length as well as
in diameter. But as they are surrounded by alumina (have thermal expension
coefficient nearly half to that of CoPt alloy), they cannot do that. The NWs will give a
force on the inner walls of the pores and in reaction the membranes also exert an
opposite force on the NWs. During cooling, the stress will decay with time. But, as the
thermal conductivity of CoPt metal is higher than alumina, the cooling of NWs will be
slower compared to the case of NPs coated with carbon. During the structural
transformation, the atoms changed their original location and move to another position
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within the crystal maintaining a relative distance with respect to other. The
displancement of the atoms may be few angstroms at best. Here, the transformation
leads to a change in fct phase to L10 phase.
The innerward stress exerted by the alumina pores on the NWs is in
perpendicular to the axis of the NWs. Hence, the isotropic nature of the NWs after the
heat treatment is may be due to the negative magnetostriction which is directed
towards the perpendicular direction of the NWs. The shape anisotropy and
magnetostrictive anisotropies competes with each other and makes the system nearly
isotropic.

7.4

Conclusions

We have successfully prepared CoPt alloy nanoparticles with different
compositions in miceller media and nanowires in the pores of alumina membranes.
Both the preparation techniques are easier compared to the conventional methods of
preparing those nanostructures. Electron microscope characterization shows, the
nanoparticles are uniform in size with an average diameter of ~ 6 nm. The nanowires
have an average diameter of ~ 200 nm and the lengths are within the range of ~ 7 - 15
µm. For a particular sample, the NWs are found to be uniform in length throughout the
membranes.
Diffraction patterns of the as prepared nanostructures show they have fcc
polycrystalline phase. Magnetization measurements show the as prepared NPs are
isotropic but the as prepared NWs are anisotropic with an easy axis of magnetization
along their length. Heat treatment of the nanostructures with equiatomic compositions
changed their phase to fct L10 phase. We see the NWs (annealed at 650 0C) are more
prone to change their crystal phase than the NPs (annealed at 850 0C).
Formation of sodium oleate on the surface of NPs prevents the coalescence of
particles restricting from much bigger particle formation during annealing. Moreover,
the TEM study of heat annealed NPs indicate a slight increase in average size of the
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NPs after the annealing. We believe, it is due to the Oswald reipening of the NPs that
occurred during the thermal annealing. Observed experimental facts also indicate that,
it is the stress given by alumina on the NWs that accelerate the crystalline phase
change in case of NWs at relatively lower annealing temperature compared to NPs.
This is also supported by the magnetization measurements of the NWs and NPs which
show that, after the heat annealing, the NWs exhibit higher coercive field of 6.4 kOe
than the NPs (4.4 kOe) for equiatomic composition of the alloy. This change is mainly
due to the large magnetocrystalline anisotropy of fct L10 phase of the nanostructures.
But, the higher coercive field value in NWs pointing towards an stress induced
anisotropy in annealed NWs, where the stress on NWs is generated by the alumina
matrix of the membrane.
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Chapter 8

Electrochemical synthesis of NiFe
alloy nanowires and Ni nanotubes
8.1

Preamble

With the advent of magnetic nanowires of dimensions comparable to domain
wall (DW) width, it becomes possible to move the DWs along the NWs by sending
spin polarized current through the NWs or by applying a magnetic field.1-8 The DWs
exhibit a well defined precessional mode due to confinement which is fundamentally
important for spintronics devices.9 Other modes are also possible in other structures
e.g. magnetic bubble, thin films, platelets etc.10, Generally the permalloy refers to an
alloy of Ni and Fe with 80% and 20% composition respectively.11 Permalloy NWs are
particularly attractive because of their large anisotropic magnetoresistance (AMR) so
that transverse and vortex walls can be detected and identified by resistance
measurements.12 The alloy exhibit a low magnetostriction which is critical for
industrial applications, where variable stresses in thin films would otherwise cause a
large variation in magnetic properties. It used in recording head sensors, transformers
laminations, telecommunication cables etc. Here in this chapter we briefly describe the
synthesis and structural properties of NiFe permalloy NWs.
Nanotubes have some advantages over the nanowires as the magnetic property
of NTs can be controlled by changing the length, outer diameter as well as by
changing the inner diameter of the NTs. Nanotubes exhibit a core-free magnetic
conﬁguration leading to uniform switching fields, guaranteeing reproducibility13, 14 and
due to their low density they can float in solutions making them suitable for
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applications in biotechnology.15 In addition to the permalloy NWs, we also
demonstrate here the synthesis of Ni NTs.

8.2

Synthesis of NiFe alloy NWs

Permalloy NWs are synthesized by electrodeposition technique in a three
electrode electrochemical cell. The detail of the experimental set-up for
electrochemical deposition is described in chapter 2. We deposit the Ni as well as Fe
in the form of alloy within the pores of alumina membrane by using the later as
working electrode in the cell. The membranes are commercially purchased from
Whatman.16 Average diameter of the pores is ~ 250 nm with an average membrane
thickness of ~ 60 µm (see Chapter 2). Back side of the membranes is coated with gold
film having thickness of ~ 100 nm to make it conducting so that it can be used as an
electrode in the electrochemical cell.
Electrolyte solution used for the permalloy NW deposition consists of NiSO4
and FeSO4 with the concentration of 1.3 and 0.151 M respectively. The pH of the
solution is maintained at 3.5. Linear sweep voltametry (LSV) scan is performed before
the deposition for the particular electrolyte solution and electrodes that are selected for
the deposition and is shown in Fig. 8.1. The deposition voltage of ~ 1.03 V is selected
from the voltage versus current plot in LSV graph where the sudden jump in current is
observed (see Fig. 8.1). The first peak in the pH curve in Fig. 8.1 corresponds to Ni
deposition (at ~ 0.7 V) whereas the second peak corresponds to Fe deposition (at ~
0.93 V).
The Ni2+ and Fe3+ ions simultaneously move inside the nanopores of the
membranes under the potential of 1.03 V. The positive ions get deposited at the bottom
of the nanopores as they come to the contact of negatively charged gold film at the
base of the pores. The simultaneous deposition of the ions at a particular rate results in
the formation of alloy composed of Ni and Fe. A particular concentration of the
electrolyte solution leads to a particular composition of the alloy. By changing the
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concentration of Ni and Fe salts in the electrolyte solution, different compositions of
the alloys are obtained.

Figure 8.1. Linear sweep voltametry scan for NiFe NTs deposition in alumina membrane having pore
size of ~ 250 nm. Red line indicates the current profile and blue line indicates the pH profile of the
solution during the scan.

8.3

Synthesis of Ni NTs

Ni nanotubes (NTs) are synthesized employing similar electrodeposition
technique but with the use of NiSO4 solution only. The concentration of NiSO4

-

solution is of 0.7 M. 0.5 M of H3BO3 is added to maintain the pH at 3.6 obtained by
adding ammonium solution to the NiSO4 solution. Alumina membranes16 with gold
coated at one side with pore diameter 200 nm are used to deposit the NTs. LSV scan is
performed prior to Ni NTs deposition inside the pores of the membrane. Fig. 8.2 shows
a typical LSV scan for Ni NTs deposition. Change in pH value is also measured
simultaneously. We choose a potential of ~ 0.78 V for the NTs deposition.

195

Figure 8.2. Typical LSV scan for Ni NTs deposition in pores of alumina membrane.

It is noted that a potential of ~ 0.85 V was applied to deposit the Ni NWs
within the pores of alumina membrane of same pore diameter (see chapter 2 and 4).
Under such negative potentials of the working electrode, the positively charged Ni2+
ions moves inside the cylindrical nanopores and become electrically neutral as soon as
they come in contact with the gold film at the base of nanopores. A comparatively
lower potential basically promotes the deposition of the ions along the cylindrical wall
of pores instead of base of the nanopore as in the case of higher potential. The
positively charged ions deposition inside a cylindrical nanochannel (nanopore) is
shown schematically in Fig. 8.3. The deposition under a lower potential thus leads to
the formation of NT whereas that under relatively a higher potential leads to the
formation of NW inside the cylindrical nanopores.
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Figure 8.3. Two dimensional schematic diagram of growth of Ni NT at lower potential and of Ni NW at
higher potential.

8.4

Results and discussions

8.4.1 Microstructural and elemental characterization of NiFe NWs

NiFe permalloy NWs are made free from the alumina membranes after
dissolving the membrane using 2M NaOH solution. The SEM micrographs are taken
in order to investigate the shape of the NWs. EDAX study is performed to confirm the
composition of the NWs. Fig. 8.4 shows SEM micrographs of NiFe permalloy NWs.
Corresponding EDAX spectrum of the NWs confirms the composition of the alloy as
Ni:Fe = 80:20 (atomic %) and is shown in Fig. 8.5.
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Figure 8.4. SEM micrographs of NiFe NWs with the composition of Ni:Fe = 80:20 (atomic %)
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Figure 8.5. EDAX spectrum of NiFe permalloy NWs having composition as Ni:Fe = 80:20. Gold peaks
correspond to the gold thin film and residual alumina is responsible for the observed peaks of aluminum
and oxygen in the spectrum.

The SEM micrographs (Fig. 8.4) of the arrays of Ni0.8Fe0.2 permalloy NWs are
taken after dissolving the membrane which show uniform length of the NWs
throughout the sample. The NWs are formed within the alumina membrane by the
electrodeposition of Ni and Fe for 20 minutes. Average length of the NWs is found to
be of ~ 13.1 µm. The NWs are stable enough to stand freely on the gold film after
dissolving the membranes. The composition of the alloy can be change by changing
the concentration of the metal salts used in the electrolyte solution. We prepare
Ni0.67Fe0.33 and the corresponding SEM micrographs and EDAX spectrum are shown
in Fig. 8.6 and Fig. 8.7 respectively. Average length of the NWs is 12 µm.
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Figure 8.6. SEM micrographs of NiFe NWs with the composition of Ni:Fe = 67:33 (atomic %)
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Figure 8.7. EDAX spectrum of NiFe permalloy NWs having composition as Ni:Fe = 67:33. Other peaks
correspond to aluminum, oxygen and gold due to residual membrane and gold thin film.

Crystalline structure of the NWs is confirmed from the powder X-ray
diffraction pattern obtained from the NWs after dissolving the membrane in NaOH
solution. The XRD pattern is shown in Fig. 8.8. It indicates face centered cubic
crystalline structure of the permalloy NWs.
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Figure 8.8. XRD pattern of NiFe NWs indicates fcc crystalline structure.

8.4.2 Microstructural characterization of Ni NTs

Surface morphology of Ni nanotubes is studied by scanning electron
microscope after dissolving the membrane by NaOH solution. Fig. 8.8 shows the SEM
micrograph of Ni nanotubes grown within the pores (diameter ~ 200 nm) of alumina
membrane by a 500 sec deposition. It clearly shows the hollow cylindrical shape of the
NTs. The inner diameter of the NTs is ~ 120 nm (approx). Average length of the NTs
is about ~ 1.8 µm.
The dissolving of alumina template and then washing of the residual alumina is
crucial for SEM study of the NTs. In Fig. 8.8, all the NTs do not show hollow
cylindrical shape at their top end. This may be due to the presence of residual alumina
at the opening of those NTs. However in case of uprooted NTs from bottom, the bases
of the NTs clearly shows hollow cylindrical patterns indicate tubular growth of the
NTs from their bottom (see last two micrographs in Fig. 8.8).
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Figure 8.8. SEM micrograph of Ni NTs with an average outer diameter ~ 200 nm and inner
diameter of ~ 120 nm. Average length of the NWs is of ~ 1.8

8.5

µm.

Conclusion
NiFe alloy NWs and Ni NTs are synthesized successfully by DC

electrodeposition technique. Surface morphological study of the NWs carried out by
scanning electron microscope clearly shows the uniform growth of the NWs
throughout the membranes with an average wire diameter of ~ 200 nm. EDAX
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analysis confirms two different compositions of NiFe NWs which are Ni : Fe = 80 : 20
and 67 : 33. The NWs posses fcc crystal structure. On the other, we synthesize Ni NTs
within the pores of alumina membrane relatively at lower deposition potential
compared to Ni NWs. SEM study shows clear formation of Ni NTs with an average
outer diameter of ~ 200 nm and inner diameter of ~ 120 nm. The average length of the
NWs is found to be of ~ 1.8 µm for 500 sec deposition.
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