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Abstract

The spintronics is the developing and motivating research area that enhanced the efficiency of
conventional electronics devices by the addition of spin degree of freedom such as; to decrease
the consumption of electric power, improve the speed of data processing and enhance the
integrated densities. This research focuses the physical and structural properties of quaternary
full Heusler and binary (magnetic-nonmagnetic) alloys in the field of spintronics. As Heusler
alloy nanowires (NWs) is a young research field, therefore the majority research focuses on
their synthesis, magnetic properties and structural properties. The main issue is the size
dependent structure, transition of phase, spin and magnetic related properties are open for the
wide range of research. In the last few decades, Heusler (Half Heusler/full Heusler) family
produced the revolutionary effect towards spintronics or magneto-electronics with large Curie
temperature, especially at the nanoscale. The spin polarized current showed maximum value
due to gap at Fermi level (100% spin-polarization) that increased the efficiency of magneto-
electronic devices.

Among all, several alloys of Heusler family behave like half-metals. The shape
anisotropy in the ferromagnetic nanostructure especially in Heusler alloys is required presently
as well as in future spintronics devices. For such reason, the research has been directed towards
the quaternary (full Heusler alloy) half-metallic ferromagnetism and binary alloy (Ferro-
nonferro coupling) to open the new way to fulfill the requirements of present and future
prospectus.

Full Heusler alloys, called quaternary i.e Xo2YZ (2:1:1), where Z and (X & Y) belongs
to transition and main group element respectively. And the structure of such a Heusler family
is characterized through L2, Presently, cobalt and iron-based full-Heusler alloys focus their
attention in spintronics based devices such as magnetoresistance (MR), giant
magnetoresistance (GMR) and tunneling magnetoresistance (TMR) and provide maximum
stability due to half-metallic nature. The Co-based Co2Mno sFeo sSn full Heusler alloy NWs
were synthesized through alternating current (AC) electrochemical deposition (ECD) in
anodized aluminum oxide (AAO) templates. To approach the required results, homemade AAO
templates were synthesized by two-step anodization in 5 % H3POs solution using 60 V at
constant DC source at temperature range 1 to 5 ‘C. Achieving the desired structure of full
Heusler (L2;) alloys NWs became possible in electrochemically by changing the AC-
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deposition potential from 10 to 18V by the 2V difference. The origin of band gap at Fermi level
confirmed the half metallic character (100% spin polarization), that has been measured
through density functional theory (DFT) by using WIEN2k programs of full potential
linearized augmented plane wave (FP-LAPW) technique. The diameter of the AAO templates
and NWs was found in the range of 55 to 65nm that is confirmed from scanning electron
microscope (SEM) in all synthesized Heusler alloy and binary alloy NWs. The formation of
partial disorder (B2-type), full disorder (A2-type) and full order (L2)) structure of
Co2Mng sFeo sSn full Heusler alloy is confirmed through X-rays diffraction (XRD) analysis that
has been measured in anodic alumina along with substrate of aluminum. Hence at 16V and
18V, the presence of fundamental, even and odd supper lattice peaks confirmed the full order
(L21) structure of Co2Mno sFeo sSn full Heusler alloy NWs. The deposition of Co, Mn & Fe
increases with increase in deposition voltage, whereas Sn shows decreasing order, which
implies that each element has different reduction potential. The electrical measurement was
examined without AAO templates, the resistivity shows decreasing order (from 160 to 40 Q-
cm) to that of mobility shows opposite fashion (28 to 358 cm?/Vs) with respect to increasing
in deposition potential. It means that our sample is a metallic character which reduces the
electron grain boundary dispersal and a boost of the grain size. The magnetic properties
illustrate that coercivity shows sharp increment (from 65 to 2450¢€) at 18V owing the formation
of fully order (L21) structure of Co2Mno sFeo sSn full Heusler alloy NWs.

Fe-based Fe:CoSn full Heusler alloy NWs has been synthesized with the same
approach, as AC- deposition potential has taken from 9 to 17V by the increment of 2V to
achieve the desired results of L2, structure with a combination of 2:1:1 ratio. The influence
of deposition voltage on chemical composition, electric/magnetic properties, morphology and
crystal structure is studied. The half-metallic ferromagnetism in Fe2CoSn Haussler alloy NWs
is investigated by using the FP-LAPW technique to resolve the Kohn-Sham equations
executing WIEN2k program. Hence, the spin polarization, partial density of states (PDOS)
shows that at Fermi level few states of Fe-3d exist. Though the states are very minor and
contribute very minute in conduction, related to the minority channel. Secondly, such alloy
obeys Slater-Pauling rule, in which total spin magnetic moment directly proportional to the
electrons of valance shell in the unit cell of Fe2CoSn Haussler alloy NWs. XRD measurement
of such NWs reflects (311) peak through all samples that related to the substrate of aluminum.
The peaks of fundamental, odd and even supper lattice have been observed all together in 15V
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and 17V. It confirmed the full order structure (L2:) of Fe2CoSn Heusler alloy NWs. Below
which, A2 and B2-type disorder structure have been synthesized. Besides these, variation and
Shift are observed in the intensity of diffraction peaks, that shows the influence of deposition
voltage on composition, the order of chemical structure and lattice constant. The increment of
the grain size shows the maximum result with the formation of L2, Heusler structure. With
such specific structure of Fe;CoSn Heusler alloy NWs, the M-H loops demonstrate that
coercivity attained maximum value (484 Oe) at 17V by making some defects that divide such
NWs into tiny magnetics, causing the rise in magneto-crystalline anisotropy and blocking the
domain walls. The non-ohmic behavior is taken from two probes (I-V) technique whereas
Fe:CoSn Heusler alloy NWs with L2, structure followed the excellent spin-dependent function.

Ferromagnetic NWs such as Fe or Co are precise class that can be used in long range
application particularly, in data-storage devices, magneto-resistive sensors and spin dependent
devices. The properties of such devices directly related to the morphology and composition
parameters. Therefore, to enhance the function of such devices, the ferromagnetic (Fe or Co)
make alloy NWs with nonmagnetic element such Cu or Mn to form Fe-Cu or Fe-Mn were also
synthesized. The advantage of such alloy NWs is that it can tune the magnetic and transport
parameters through morphology and composition ratio. Today the active research material i.e
copper (Cu) has large surface activity, good biocompatibility and excellent conduction and
physicochemical properties. To enhance the function of the magnetic, electronic and medical
application, nonmagnetic-ferromagnetic is added such as corporate FeCu in nanodevices.
Hence, the Feioo—xCux alloy NWs have been synthesized with the same above approach. Only
deposition potential (16V) remained constant and the concentration of Fe-Cu in the electrolyte
solution is changed. The XRD pattern analysis confirms that initially, the peaks of Fe-bcc is
observed due to the deposition of pure Fe-electrolyte solution. Hence, copper (Cu)
concentration is added gradually with Fe-bath solution, then Feioo—xCux bcc peaks are
observed in all remaining three samples through miller indices (200) and (110) planes and
suppressed the Fe-bcc peaks completely. The value of the lattice parameter has increased that
affects to decrease the lattice strain. Hence, such parameter influences on peaks (FeCu) shift
towards lower angle. The grain size shows ascending order by the increment of Cu at%. From
M-H loops, it is observed that squareness (Mg/Ms) and coercivity (H.) both displays

descending order with increment of Cu contents in Feioo—xCux alloy NWs, having Cu
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(diamagnetic) with greater atomic radius relative to Fe, that effected to suppress the magnetic
moment alignments of Fe.

Similarly, iron, which is ferromagnetic material coupling with non-ferromagnetic such
as manganese at nanoscale shows interfacial exchange coupling. The Fe-Mn is a biologically
(biodegradable) alloying element, as a high ratio of Mn is observed to be not toxic, especially
in tiny mesh-like metallic tubular (stent), that increases its effectiveness in the narrow arteries.
For such point of view, the last step of this research is directed to synthesize the Fei1—xMnx
alloy NWs, by using AC-electrochemical deposition in AAO templates through a similar
approach as above. The analysis of X-ray diffraction (XRD) pattern shows that the aluminum
peak are observed because of such NWs are characterized with the substrate. The XRD patterns
exhibited the FeMn NWs were crystallized into body centered cubic (bcc) structure.
Furthermore, the lattice parameter of FeMn NWs was decreased with addition of Mn content.
The grain size shows the increasing order (from 38 to 53nm) w.r.t to increase the concentration
of Mn in Fej—xMnx bath solution that effect to decrease the dislocation density and lattice strain
of the FeMn alloy NWs. Using four-probe (Hall measurement) technique, it was found that
resistivity has been decreased gradually (24 to 75.5 Q.cm) whereas conductivity declines with
an increase in Mn contents by the effect of an increment of thg grain size. Hence, behavior of
such alloy moves toward the nonmetallic character. The M-H loops demonstrate that shape
anisotropy is dominated in Fe;—xMnx alloy NWs. The increase in Mn contents in such alloy,
the coercivity and squareness both shows descending order, opposite to that of grain size.
Therefore, it has attributed the motion of domain walls due to the decrease the magnetic grain

boundaries.
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Introduction

1.1. Introduction to Nano

The literature survey clears the meaning of nanostructure, which is defined as ‘any structure
with one or more dimensions lies in the range of less than a 100-nanometer scale’. Further
modification of the above definition, that a nanostructure should have its characteristic
dimension in size between a molecule and a bacterium (i.e. atomic to submicron size).
Nanostructures comprise the structures in wide-range categories within nanometer ranges such
as quantum dots, nanoparticles, nanowires, nanorods, thin films, and nanostripes, etc. These
structures can be subdivided into zero-dimensional (quantum dots and nanoparticles), one
dimensional (NWs and NTs) and two dimensional (such as thin films) nanostructures on the
basis of their individual length to their preferred physical quantity. To reduce its dimensional
structure such as from bulk to nano, which change their properties through quantum mechanical
approach that appears in their structures. The technologies based on the nanostructures and
their capability to enhance their efficiency are collectively called Nanotechnology.
Nanotechnology has extensive applications and it is used in every field of life, such as in
medicine, microelectronics,-spin electronic devices, genetics, magnetic storage devices etc.
Especially the introducing of microelectronics devices, nanotechnology has made the smaller
devices in size that have cheaper, run fast and huge energy efficient. The nanotechnology
concept was first time introduced by Dr. Richard Feynman at ‘American Physical Society
meeting’ was held at Caltech on 29" December 1959 through his famous lecture, "There is
Plenty of Room at the Bottom" [1]. Before 1980, no one had agreed with the hypothesis of
Feynman in the scientific world. After the 80s, new technologies were discovered like Scanning
Tunneling microscope in 1981 [2], that can analyze the surface morphology on the atomic
level. After that scientific research was motivated to reduce the size of electronic devices less
than 10pm. Knoedler et al were reported NWs first in 1990 [3]. The first carbon nanotubes
(CNT), were discovered independently in 1993 by D. S. Bethune [4] and S. Ijima [5)].
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1.2. Factors Affect during Anodization of Aluminum
Anodization or Anodic oxidation of aluminum has been extensively used for many decades for
the decorating and shielding on the desired surfaces [6]. The microstructure of the synthesized

alumina films was observed through electron microscope techniques [7].

It was observed that two types of anodized aluminum oxide templates may exist that depends
on the conditions of fabrication. If neutral or basic solutions (pH > 5) are used for anodization,
non-porous, flat and bland insulating “barrier” oxide film was formed. But if the anodization
process was carried out in an acidic(pH < 5) electrolyte, such as phosphoric acid (H3POs),
sulphuric acid (H2SOs4) and oxalic acid (CH3COOH), that produced deep pores, having the
diameters stretch from 5 to 100 nm and length exist in a few microns, depends on anodizing
voltage and the time of anodization respectively. This oxide is referred to as anodizing
aluminum oxide (AAO) templates or porous anodic alumina (PAA). 10-100 nm thick barrier
layer or thin film was formed at the bottom of each porous depend upon the type and

concentration of electrolyte as well as the time and anodization potential as well [7-11].

The anodization of aluminum (AAO) is synthesized in acidic electrolytes with
approximately hexagonal pore structure, has been observed since 1960. First time, highly
ordered and uniform AAO templates were synthesized through two-steps of anodization and it
was reported by Fukuda and Masuda in 1995 [12]. During the first step of anodization, non-
uniform and disorder AAO templates were formed. To align them, which is essential for the
synthesis of NWs, mixed 1.8 wt% of chromic acid and 6 wt% of phosphoric acid together to
form a yellow solution. The sample (AAO templates) was dipped in the yellow solution for 2-
Hrs at 60 °C to etch the irregular templates and leave the periodic curved topographies on the
surface of the Aluminum host. The second step of anodization was carried out through the same
conditions as in the first step, but it took longer time as compared to the first step. The concave
topographies were acted as pore nucleation spots, which obtained a uniform and highly-ordered
AAO templates. More homogenous, uniform and perfectly ordered arrays of nanopore over a
huge area were synthesized through pre-patterning techniques, such as lithography nanoimprint

[13].

The PAA membrane can be selectively dissolved in mercuric chloride (HgCl2) solution

and the pores of PAA membrane can be increased in diameter (pore widening) as well as the
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Figure 1. 1: A scheme of ideally arranged nanoporous: (a) top view and (b) cross section

removal of barrier layer at the bottom, when immersed in 5% phosphoric acid solution [14,

15}, instead of ion-beam sputtering or wet etching [16. 17].

1.2.1. Various Shape of Different Materials Synthesized from AAOQ Templates

Anodic aluminum oxide (AAQ) templates using two steps of anodization is one of the most
common technique to synthesize nanostructured of different materials obtained by the
electrochemical process. Due to its controllable synthesis technique, one can obtain the
templates with desirable geometrical features. Hence, the variety of, nanotubes, nanorods and
NWs has been synthesized with chemical, physical, and electrochemical techniques with
desired material deposition into the pores of AAQ templates. Such nanostructures of the
deposited materials that enhance the electric, magnetic, sensing, optical, and catalytic
properttes due to its small size (less than 100 nm), high-aspect ratio and unique morphology
related to the same material in bulk structure. Besides, Anodic oxidation of aluminum itself

possesses various motivating and interesting properties like luminescence or surface chemistry,



|

Chapter No. 1 Introduction

1.2.2. Some Fundamental Features of Anodic Porous Alumina

It is clear from above that AAO templates are fabricated by anodizing aluminum in an acidic
electrolyte. The nanoporous arrays can be in the order of the close-packed honeycomb structure
as shown in Fig. 1.1. The diameter, length and interpore distance can be precisely controlled
by varying the anodization conditions. The literature survey confirmed that the synthesis of
anodizing aluminum oxide (AAQO) templates can be traced back to 1950s, where they start from
one-step of anodization [18]. It has a high pore density (~10'' pores/cm?), that allows us to
construct a large number of NWs simultaneously. The pore walls can be altered through a
reaction using silane compounds, which is the exciting and motivating feature of the porous

alumina template [19].

The precise and control synthesis of AAO templates by electrochemical anodization can be
employed over a long range of diameter, length, and interpore distance. The Anodization
process needs some basic parameters such as anodization current, voltage, chemical
compositions, pH of electrolyte and temperature are all adjusted suitably to obtain the desired
distribution of length, diameter a?d interpore distance [12]. The AAO template is stable at high
temperature during the electrochemical deposition technique, NWs of different metals can be

annealed inside the pores of AAO templates.

1.2.3. Applications of Porous Aluminum Oxide Templates

The key role of AAO templates in nanotechnology is the synthesis of NTs and NWs having
better ordering, compared to the membranes of track-etched polycarbonate and macroporous
silicon templates. The desired results can be achieved by changing the concentration of

electrolyte and anodization voltage [20].

An additional PAA film is used in the production of nano-dot arrays on various
substrates. These arrays can be synthesized from PAA films as masks; that gives us economical

and low-cost alternate towards traditional lithography techniques [21-23].

In the last few decades, potential usage of highly ordered AAO templates and PAA
films in magnetic recording devices |24} and optical sensors has attracted much attention [25,

26].
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1.2.4. Importance of Template-Based NWs via Different Deposition Technique

During the past 15-20 years, template-based NWs and NTs have been synthesized in a regular
and order form which is the most important use of AAO templates [20, 24, 27]. The main
techniques through AAO templates, synthesized from 1D nanostructures, are electrophoretic

deposition, template wetting, and electrochemical deposition.

Under an electrical field, the motion of charged particles is oriented in a colloidal
solution through Electrophoretic deposition. If the particles are charged negatively, the
deposition takes place at the anode, otherwise, it occurs on the cathode. Synthesis of AAO
templates is prepared through similar condition for both deposition techniques; electrochemical
deposition and electrophoretic deposition [24]. Nanostructures were fabricated from perylene
derivatives and phthalocyanines [28, 29] through electrophoretic deposition technique. In
template wetting technique, NWs and NTs are synthesized via evaporation of desired material
of molten state in AAO templates [30]. Such a technique has been useful to fabricate 1D
nanostructures from both small organic molecules [31] and polymers [32]. The deposition in
AAO templates through vacuum evaporation can also be introduced to synthesize

nanostructures |24]. from phenanthrene, cabazole, anthracene and naphthalene [33].

In electrochemical deposition technique, different types of reactive charge species in a
solution were diffused through an external electric field. Such a technique is only useful for
electrically conductive materials; electrically conductive polymers, metals alloys, Heusler
alloys semiconductors, and their oxides. The templates can either be used as a free-standing
membrane for the synthesis of NWs and NTs as well as it is also applicable for the synthesis

of a thin film on conductive support [24. 34].

1.3. Brief Survey of Nanowires Applications

Vaseashta et al. studied the use of NWs, NTs, and nanoparticles in a wide range of bio-
compatibility, such as proteins, DNA, cells, RNA and extremely small molecules [35].In
addition with bio-medical, semiconductor QDs, NWs and NTs have been used as fluorescent
probes, quantum-dot field-effect and memory devices [36]. Homogenous and uniform
nanoporous materials have been effectively synthesized for the measurement of gas moisture,
humidity sensors and electrochemical biosensors [37]. Shortly, templates based magnetic NWs

that have been synthesized from the combination of different alloys used as a magneto-resistive
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bridge sensor, single bit data memory storage devices (single-electron memory device). Shortly
the main research in the literature that focus on various devices based on nano-porous structure,
NTs and NWs have been reported [38].
1.3.1. Biomedical Applications of Magnetic Nanowires
There are various materials and techniques which are used in nanotechnology for various
biology and medical applications as briefly explained below.
1.3.1.1. Nanotechnology for Cancer Cells
Different techniques and materials are used in the nanotechnology for cancer cells to resolve
their different complications. On the basis of research, the nanotechnology for cancer is divided
into seven groups. First, to detect and premature imaging the cancer cells called pre-
symptomatic. Secondly, in nanotechnology that develops such a technique to assist the effects
of therapies. Third to invent such device that directly sends therapeutic mediators to the tumor
position without the barrier biological tissues. Fourth, such agents were developed that can
check and assists the changes in predictive molecules to avoid and prevent any issue related to
the cell of pre-cancerous. Fifth for the mutations identification first to enhance the surveillance
system function that causes and to detect the cancer genetic markers. Second last (Sixth) to
develop such a technique that controls and resist the cancer symptoms that strongly affected
the lifestyle of a human being. Last (seventh) but not the least to develop the methods or
techniques to help the scientists to find the quick and rapid identification of cancer cells [39].
1.3.2. Use of Single and Multi-Functional Magnetic Nanowires in the Field of
Biomedicines
In biomedicines, almost magnetic NWs are used that are synthesized in the pores of AAO
templates through electrochemical deposition. The diameter and radius of NWs are placed in
5 to 500 nm range, and the length was placed almost 60 pm range. Fig. 1.2(b) and (c) show the
structure of multi-segmented NWs. According to Chen et al. 2003 and.Sun et al. 2005,
observed that coupling between the layers of each segmented NWs must be accurately
controlled, which provide the flexibilities to the NWs to affect and precisely decrease their
magnetic properties. Fig. 1.2(d) shows the segments of multi-NWs are selectively bound for
multiple functionalize observed by Reich et al. 2003 and the features of such NWs could affect
to enhance the properties of magnetic NWs in the use of bio-magnetic applications.

The factors that affect the properties of magnetic NWs; such as, saturation field,

remanence magnetization, coercivity, alignment of easy axis and Curie temperature could be
11
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Figure 1. 2: The shape inherent anisotropy functionalization of NWs (a) Single-component NWs;
(b) Double-component NWs, that has aspect ratio of each segment is larger than one; (c) multilayer
of double-component NWs, that has the aspect ratio of every segment is smaller than one; (d) double-
components of functionalization of the NWs. In the figure, ligands L and L selectively bind to the
two components, and thus the functional groups R and R’, corresponding to L and L’ respectively
that have been spatially separated.

adjusted by varying thickness and diameter of the NWs, also affected the compositional

concentration of the magnetic/non-magnetic multicsegmented and specially on the specific

structure of Heusler alloy NWs (Sun ez a/. 2005).

1.3.2.1. Biomolecular Manipulation

The Biomolecules can be analyzed through external magnetic field in‘a form of magnetic NWs

that manipulate it for various medical applications.

1.3.2.2 Spatial Organization of Cells

For several bio-medical usages, the capability that make to organize the living cells especially

in biosensing and adhesion of biochemistry cell. Tanase et al. (2005) examined mammalian

cells using ferromagnetic NWs that were spatially organized.

1.3.2.3. Biomolecular Separation

Biomolecules can be separated at large scale using magnetic NWs. In such application (cell

separations) both segmented (single and double) NWs have been used. In the separations of

the cell, the magnetic NWs overtake instead of magnetic spherical beads.

1.3.2.4. Gene Delivery

The gene delivery has not been controlled at the nanoscale due to conventional methods.

According to Hurst er al. 2006, foreign DNA delivered into the target cell by their limited

capacity of the system due to comparatively at their less transfection effectiveness. But more
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Figure 1. 3: The concept of spintronics

advantage and important to delivery of the gene, if magnetic NWs have been used. Since during
the synthesis of such NWs, there must be more conscious to synthesize the desired length and
diameter accurately.

1.4. Spintronics

Spintronics is the recent emergent and devolving area in nanotechnology, which built on the
arrangement of three conventional carriers; photons spin, electron spins, and charge on the
electron as listed in Fig. 1.3 {43]. In information communications technology (ICT), those
carriers cover three vital zones; data processing through transport of electron, storage data
through the spins assembly and finally through optical conjunction data is then transferred. The
electron having full spin-polarization called Spintronics that plays a key role in the present and
in future technological applications; such as in recording data due to non-volatile and consume
minute power result in the operation of refreshing data.

The importance of spin-dependent electrons (spintronics) was known after the
discovery of giant magnetoresistance (GMR) in 1988. Such a system change the resistance,
depends on the orientation of magnetic multilayers separated through a spacer of non-magnetic.
Since the hard disk drives (HDD) was modified through ‘GMR’ in few years after this (GMR)
discovery. Hence the revolutionary effect produced in information storage devices and the

impact on their technology was presented for a Nobel Prize in the field of Physics 2007 [40].
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Figure 1. 4: Development of spintronic devices

In advancing spin memories major and significant steps have been taken, comprising the
development of spin transistors and racetrack memory as schematically presented in Fig. 1.4
|41]. Such devices/technology can be classified according to their operation into three main
types of generations; (a) spin transport, (b) spin dynamics and (c) 3- dimensidn (3D} quantum
physics '

Presently six (6) different techniques have been employed as listed in Fig. 1.5, that used
to inject the spin-polarized electrons in non-magnetic materials; (1) magnetic fields, (2)
circularly polarized photoexcitation (3) spin injection from a ferromagnetic (4) Zeeman
splitting (5) thermal gradients and (6) electric fields. Hence the third is the most important and
common technique for dilute magnetic semiconductors (DMS) and half-metallic
ferromagnetism (HMF) {42]. In such technique, spins are injected into semiconductors or non-
magnetic metal via tunnel barrier or an Ohmic contact and at the interface, it must minimize

the conductance mismatch [43].

1.5 Nanotechnology Based on Nanowires in the Present and Future

Prospectus

The researchers were succeeded to achieve new properties at mid of 20" century through the

formation of thin film deposition. The properties of a thin film that were diverged from the
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Figure 1. 5; Spin-polarized current generation

bulk complement due to their large aspect ratio, very small thickness that affects strongly on
its electronic, transport and magnetic properties. The discovery of 2-dimensional (thin film)
along with one-dimensional (NW's and NTs) that open the door of new technology.

For the last few decades, various NWs were grown with a different composition such
as, to synthesize with a single element as well as through multi-composition called alloy NWs
that have been comprehensively discussed in literature; metal [44], semiconductors [43] and
oxides [46] NWs. These NWs can be synthesized either by chemical or physical technique,
such as thermal evaporation technique [47], vapor-liquid-solid technigue (VLS), focused ion
beam (FIB) technique [48] and the most suitable, economical and easy to handle is the
templates based electrochemical deposition technique (ECD) [49].

Carbon NTs are the most prominent specimen of the 1-dimensional nanostructure,
Carbon NTs show peculiatly in electrical and mechanical behavior [ 50]. But the usages of NWs
cover an extensive range of the various field of nanotechnology; like spin accumulation, field
emission transistors, domain walls movement [51], spin-torque [52], and magnetoresistance
{MR) [53].

1.5.1 Use of Single Elemental NWs in Diverse Areas of Nanotechnology

The single elemental magnetic NWs can be used to store the data in high-density magnetic

devices. Since each individual NWs can store the information in a form of one or more bits,
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and due to the anisotropic behavior of NWs, wherever the size of each individual bit is
restricted through single magnetic domain size. In NWs the domain wall pinning is an
important and of huge interest. In magnetic NWs, the properties of the domain wall was
observed through micro-magnetic simulations [54]. Forster et al. observed that in NWs, the
transverse walls and vortex walls are formed if the diameter d<20 nm and d>20 nm respectively
[54]. The vortex and transverse walls energy are equal if the diameter of the NWs d=20 nm.
They also observed that the transverse wall motion is almost 1.3 times less than the motion of
the vortex wall. The experimental researcher observed that the wall of the Bloch point is located
at the center of NWs between the walls of the vortex. In permalloy cylindrical shaped NWs the
domain wall nucleation could be controlled by two methods that are currently reported by Da
Col et al. The maximum average velocity of the magnetic domain wall in CoFeB ring-shaped

NWs has been reported almost 550 m/s [55].

1.5.2. Use of Multi-layer NWs in Diverse Areas of Nanotechnology

The researchers gained a special interest in the multilayered NWs because of the discovery of
GMR phenomena [56]. The resistance was taken by GMR that comprises a huge alteration in
their structure through alternate layers of magnetic and non-magnetic materials. For the data
storage applications, such NWs create a lot of attention for the coming generation in both field
of research; theoretically and experimentally. Some researchers have been reported two
different combinations of magnetic NWs; an alloy of CoNi NWs and the shape variations in
FeCoCu and Co [57] that has been used in a similar application to control the domain wall

motion.

1.6. Present Research on Electronic Devices Based on Magnetic Nanowires
Magnetic NWs have the capability that provides an alternative path that increases the efficiency
of electronic devices, especially which were synthesized from traditional semiconductor bulk
materials. The geometry that provides the complete logic design of the planar magnetic NWs
that may be assembled through a single circuit. The spin-valve or piezoelectric NWs based
devices by a hybrid method, using an external electric field that provides energy to the induced
strain result in the making gates of magnetic domain wall. The racetrack memory can work on
the same principle [58]. The gates of elementary domain wall that control by a proper voltage
as shown in Fig.1.6 (multi-input NOR logic function).The domain wall has been driven to cause
the current through ‘Control A’. The B/ and B0 are the input controlled DW gates
16
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Figure 1. 6: Scheme of a multi-input NOR logic gate with current-drive DW motion

(piezoelectric). The TMR affected through the wire magnetization because of the reading result
of output *C’.

The above circuit is working according to the write line in which current moves that
create Oersted field by means of domain wall (DW} in the wire is nucleated. The resultant
(output) shows 0-state, either both B and B0 voltages or one is applied (/-state), due to piezo-
electric layer induced the local stress as domain wall (DW) blocked which follow by them.
Since the output show reverse behavior, in which domain wall (DW) move freely in the
direction of wire forced through spin-polarized, if both inputs B/ and B0 are in 0-state. Hence
at C, it shows reversal magnetization.

1.7. History of Heusler Alloys

In the backdate 1903, Fritz Heusler discovered that addition of sp-clements (In, A), Bi, Sn or
Bi) with Cu-Mn alloy change into ferromagnetic, although none of its elements has
ferromagnetic material [39]. The basic and fundamental information of its composition and
crystal structure of such alloys were unidentified for a long period of time. In 1929, Potter et
al used X-rays technique to investigate the structure of Cu-Mn-Al alloy, that showed that all
the clements of this alloy were in the order of face-centered cubic structure (fcc) superlattice

{60]. The structure of the same alloy was examined in detail by Rodgers and Bradley using X-
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Figure 1. 7; Periodic table belong to Heusler family; X-YZ & XYZ

ray diffraction [59]. After successful investigation of such alloy experimentaily, researcher
linked their magnetiic and chemical properties as well as established their compositional ratio,
‘ In the last few decades, Co-based Heusler alloys produced interest among the
researchers. So the attempt was done by Webster et af, in 1970, to examine their magnetic and
chemical properties of Co:MnX with X= Ga, Si, Ge, Sn, Sb, and Al {61]. The main features
that differentiate Co-based alloys from Ni and Cu based alloys are due to high saturation
magnetization and high Curie temperature. Which produce serious attention due to its
numerous practical application especially in spintronics devices. Heusler family is predicted to
show the behavior of half-metallic ferromagnetic [42}, Kubler e af, analyzed the electronic
structure of Co2Mn (Sn, Al) that show the minority spin states at Fermi energy (E¢) almost
vanish and majority spin density of states only contributes at Fermi energy (Er) level [62]. The
prediction of half-metallicity in Heusler family, Co-based Heusler alloys has produced special
attention for the researcher in both theoretically and experimentally field,
1.7.1. Structural Properties of Heusler Alloys
Heusler family are generally synthesized by ternary and quarterly atoms, which are classified
into two main groups; Full Heusler alloy with a composition of X;YZ, indicated by L2,
structure and that can be possible to leave one position among four sub-lattices unoccupied
called Half or semi Heusler alloy with a composition of XY Z that is indicated by C1p structure.

X and Y belong to transition metal and Z belong to *sp’ atoms (I11-V) in the periodic table.
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Figure 1, 8; Full Heusler Structure (L21) and Half Heusler Structure (C1b) respectively

The lattice point or Wyckoff position of Full Heusler alloys (0, 0, 0) and (1/2, 1/2, 1/2)
are occupied both by X-atoms, while (1/4, 1/4, 1/4) and (3/4, 3/4, 3/4) positions of lattice point
are occupied by Y and Z atoms respectively. In the case of half Heusler, one of the lattice
position of X atom become vacant. In general, unit cell of the full and half Heusler alloys
crystal structure is shown in Fig.1.8

For example, Co-based alloys such as CozMn (Al &Sn), both the Co atoms fill the
position of X- lattice point, whereas Mn fills the position of Y-atom and Al or Sn atom fill the
position of Z-lattice poiﬁt. The structure analysis of such full Hevsler alloy, it is clear that each
Mn or sp (Al or Sn) atom occupy the symmetry of octahedral with the position of eight Co
atoms as the nearest position, and every Co atom occupy four sp and four Mn atom with the
first neighbors to form the symmetry of tetrahedral [63].

1.7.2. Half-Metallic Ferromagnetism

Tn 1983, the concept Half-metallic ferromagnetism was intreduced first time in Heusler alloys
(NiMnSb) by de Groot ¢f al. According to their theoretical approach, such Heusler alloy behave
as Half-metallic ferromagnetism due to full spin polarization on basis of band structure
calculations [42]. Here, “the minority spin electrons behave as a semiconductor, whereas
majority spin electrons act as metallic behavior”. The materials or alloys having such
characteristics were known to be ‘half metal’. This is because the charge carrying current would
be only one spin direction. That produced the spin-polarized transport properties in a pure half-
metallic material which contribute 100% spin-polarized character. Up to present numerous
Heusler alloys (half and full Heusler) have been predicted theoretically and experimentally to
be half-metallic ferromagnetism [63, 64]. Mathematically the electron spin polarization at fermi

level is written in Eg-1.1 as;
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Figure 1. 9: Calculated spin density of states for various Co-based Heusler alloys as described

NI(Ef) = Ni(Ef)

NT(Es) + NUEf 11

Spin polarization (P) =

Where NT and N| indicate the density of state up and down at fermi level respectively. If NT (Er)
or N| (Eg) equal to zero then the spin polarization of electrons will be equal to 100%.

1.7.3. Origin of the Band Gap in Heusler Alloys

Galankis et al, [73) have specified the cause of band gap in the minority density of states
(DOS). They suggested that valance electrons of d-shell as covalent hybridization between the
transition metals arises the gap called band gap. In full Heusler alloys where the structure are

interpenetrating fce along the body diagonal that arrange in an X-Y-X-Z.

Several researchers explain the impact and the role of sp atoms in the hybridization.
Such as Galankis er a/. mentioned that in half Heusler alloy (NiMnSb) that sp atoms in the
majority states play a vital role to specify the location of a gap at Fermi level due to p and d
states of transition metals through hybridization [63]. The shift of bands can damage the half
manteltic character in Heusler alloys by exchanging the sp atom. Just as, Co-based full Heusler
alloys with chemical composition Co:BC (Whereas B=Fe & Mn and C= Al or Si), Kandpal e/
al. have presented that production of distinct moments at both Co and (Mn, Fe) sites due to the
existence of sp atoms [65]. They observed that the sp atoms with increasing order of valance
state, just by replacing Al with Si be able to affect an increment in localized moments on Co
and B (Mn &Fe)
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1.8. Factors Affecting on Disrupting Half-Metallic Ferromagnetism

Co-based Heusler alloys are expected to be a half-metallic ferromagnetic character with large
Curie temperature and possess high saturation magnetization which makes them smart and
attractive material used in spintronic devices; such as anisotropic magnetoresistance (AMR),
giant magnetoresistance (GMR) and tunneling magnetoresistance (TMR). With Maximum spin
polarization up to 100% which is an ideal for half-metallicity, that probably to play role in
magnetic tunnel junctions (MTJ). But experimental researcher predicted that such spin
polarization is difficult to attain as expected by theoretical researchers [66]. Rajnikanth et al.
using the technique of point contact Andreev reflection technique (PCAR), observed that
Co2MnAl full Heusler alloys with L2, type structure have spin polarization up to 60% [66].
Recently Yamamoto et al. observed that the chemical composition of CooMnSi/MgO/Co:MnSi
alloy showed that tunnel magnetoresistance (TMR) value enhanced with the increment of Mn
concentration [67]. These factors predict the selection of Co-based alloy for the half-metallic
character which bound the range of half-metallicity that must be essential to understand
properly. In literature different researcher (theoretical and experimental) have advised various

factors that affect the spin polarization. Some are discussed below.

1.8.1. Structural Disorders
The full and half Heusler family shows half-metallic ferromagnetism which is sensitive its A
crystal structure either order, partially disorder or fully disorder form. If all the four atoms in
full Heusler alloys are occupied in their respective lattice position then it forms full order
crystal structure indicated by L2, while in half Heusler, if all the three atoms are positioned at
their respective lattice point then it shows full order crystal structure indicated by Clp. In L2,
structure, if X-atoms are placed at their respective order form and Y-Z atoms are exchanged
their position randomly with respect to each other than such structure leads to B2 type disorder.
Similarly when both X-atoms are partially exchanged with Y and Z-atoms with an equal
probability, then such disorder is termed as DOs.type structure. Also when all four sub-lattice
positions of atoms in full Heusler alloys are exchanged randomly then it transformed to A2-
type disordered structure as shown in Fig.1.10 [61. 68].

All of these disorders (B2, DO3; & A2) in Heusler family play a vital role that is

influenced on the spin-dependent electronic structures [69]. Picozzi et al. have reported that
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Figure 1. 10: shows the Full Heusler order structure (L2}, partially disorder with Y-Z (B2) atoms and
fisll disorder with X-Y & X-Z (A2) atoms

the disorder of the Co atom in Co:MnSi full Heusler alloy effect on their half-metallic
ferromagnetism [69].

1.8.2. Temperature Effect

It has been observed that temperature {T>0) which plays a vital role in the reduced half-metallic
character due to depolarization of spin properties [70]. In such circumstances, different feasible
mechanisms have been recommended to examine the effect of thermal on spin polarization.
The thermally activated spin mixing has been suggested by Skomski et al. |70]. Such mixing
of the spin down and spin up states that totally deviate the features and characteristics of the
states. According to them, the two spin channels having resistance ratio that varies from infinity

to some predictable digit. So that the half-metallicity is restricted to zero temperature.

1.9. Magnetic Properties of Full Heusler Alloys

The phenomena of ferromagnetism in Co and Fe based Heusler alloys was observed by means
of their infrequent electronic structure is changed from the materials that are a typical
ferromagnetic character. The magnetic character originates from ordinary ferromagnetic
materials (Fe, Co & Ni) by means of unpaired electrons that filled partially their inner shell.
During the spin-orbital interactions in such normal ferromagnetic materials can produce non-
integer value of their magnetic moments. So the Heusler alloys comprising of three or four
(half or full Heusler) different elements among them one belong to the non-magnetic character
to behave like an integer magnetic moments. Heusler alloys possess such significant features

that are originated from band gap as explained above.
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Another very important factor for selection of Heusler alloys before synthesis is the
magnetic moment that can be estimated by using Slater-Pauling Rule.
1.9.1. Slater-Pauling Rule
The Slater and Pauling have given the basic idea to estimate the magnetic moment of Heusler
alloys on the basis of valance electrons. The magnetic moment m of the 3d elements and their

alloys can be assessed by means of average valence electron number (Nv) per atom |71. 72].

So in minority bands which are fully occupied [63]. The overall magnetic moment of
half Heusler (Cly) with three atoms per formula unit. Then Slater-Pauling rule can be written

in Eq-1.2 as;
Myy, = Ny —18 1.2

Whereas Nv indicates the total valance electrons. As the total number of valance
electron can be calculated; by adding the total number of spin down and spin up electrons as
shown in Eqg-1.3.

N, =N; — N, 1.3

In short, the total magnetic moment can also be calculated by using the formula which
is given in Eg-1.4& Eqg-1.5.

M, =N — N, 1.4
OR M, = Ny — 2N, 1.5

In the case of full Heusler ‘X2YZ’ (L2)), there are four atoms per unit cell leading to

the generalized Slater-Pauling formula (Eq-1.6);

Mypyy = Ny—24 1.6

Here 24 indicate the sum of completely occupied minority states and majority states in
such Heusler alloy, which shows that double the value of minority occupied states.

According to the Slater- Pauling rule, it gives the integral value of the total magnetic
moment. Although in full Heusler (quaternary) alloys, the total magnetic moments can be the
value in non-integral form because of it occupy some non-integral site even though it behaves

as a half-metallic character as well.
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1.9.2 Magnetocrystalline Anisotropy

Figure 1. 11: Schematics prolate spheroid’s for shape anisotropy

The magnetocrystalline anisotropy phenomena can rise in the crystalline specific materials.
Hence the atoms are magnetized more energetically in a certain preferred direction. Such
directions are correlated by the crystal lattice through principle axis. The cause of
magnetocrystalline anisotropy is due to mutually magnetic dipoles interaction and the crystal
electric field couple on the spin electron orbital. Generally, the energies of such anisotropy are
expressed in the power of conies. So, the magnetocrystalline anisotropy energy for the crystal

of hexagonally close packed shape can explained as [73]
Enmc = Ko + K, Sin%0 + K,Sin*6 1.7

Where Ko, K and K; are the constant of anisotropy, whereas 0 is the angle between

magnetization direction and c-axis.

1.9.3 Shape anisotropy

The grains with no preferred orientation of the polycrystalline spherical particle due to
magnetized equally with same magnitude of applied field in all directions in which
magnetocrystalline anisotropy becomes zero. However, the non-spherical geometry shows
easy axis along its long axis. Therefore, in NWs, the same (non-spherical geometry)
phenomena has been observed. The shape anisotropy of the NWs can be explained with prolate

spheroid which is closed to their structure as shown in Fig.1.11

The magnetized components M of the prolate spheroid perpendicular and parallel to c,

then the Ens “magnetostatic energy” is written in Eq-1.8;
Ems = 3 [(Mcos8)?N, + (Msin8)?N,) 18
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Where Nz and N, are the coefficient of demagnetization along a and ¢ axis respectively.

We have cos’0 = | - sin0, then above Eq-1.9. Become;
Ems = 3 M?N, + 3 (N, = No)M?sin®0 1.9

The angle dependent term in Eqs is same in form as in the crystal of anisotropy energy.
The long axis of such geometry shows easy axis of the crystal

For prolate spheroid, the shape anisotropy constant Ks can be written in Lq-1.10 as;
Ks= s M3(Ny — N,) 1.10

However, if the long axis shrinks equal to its short axis then shape anisotropy become

disappear.

1,9.4 Magnetic Anisotropy in Nanowire Arrays

In one-dimensional (1-D) NWs, due to magnetostatic dipole interaction that develop an
anisotropic behavior among the NWs that change easy axis from long to short axis. Hence the
overall effective anisotropy behavior in the 1-D NWs contributed by three main anisotropy
field: magnetostatic dipole interaction field, magnetocrystalline anisotropy field and the shape
anisotropic tield. If the external field is applied parallel to the long axis of the NWs, then total

field may written in Eq-1.11;

Hy = 4.2M r? % 111

Here Dc. r and L are the inter-wire distance. radius and length of the NWs, However if
the external field is applied perpendicular to the NW. then sum of dipole field and

demagnetization field are calculated by the Eq-1.12
Hog = -—2.1Msrrr2;—g+ 2aM, 112
Hence the overall eftective anisotropy (Hy) is expressed in numerically by the Eq-1.13
Hy = —6.3Mar? = + 27 M, + Hyp, L13
(2
1.10. Density Functional Theory

Density functional theory (DFT) is a computational modelling method {74} based on quantum

mechanics and used to investigate the electronic structure [75] of many body systems,
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Fundamentals of Density-Functional Theory
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Figure 1. 12: Schematics diagram for Kohn—-Sham equations

particularly for atoms molecules, By using this method the properties of many-electron system
can be investigated by using functional. Electron density is the basic function of density
functional theory {DFT). The computational costs are quite low as compared to traditional
methods. We have used the program package WIENZ2K to perform electronic structure [76]
and magnetic properties of Heusler alloys [77]. The program code is based on full linearized
augmented plane wave methods (FP-LAPW) [78].

We can express the-undefined exchange— correlation energy functional in some useful way,
That is involved in finding minimum energy solutions of the total energy functional. Nothing
we have presented so far really guarantees that this task is any easier than the formidable task
of fully solving the Schrodinger equation for the wave function. This difficulty was solved by
the great Kohn and Sham, which were awarded by Noble prize in 1998.That showed the task of
finding the right electron density can be expressed in a way that involves solving a set of
equations in which each equation only involves a singte electron. The Kohn—-Sham equations

have the form.
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The main difference is that the Kohn—Sham equations are missing the summations that appear
inside the full Schrodinger equation This is because the solution of the Kohn—Sham equations
are single-electron wave functions that depend on only three spatial variable.

1.11. Motivation of the Thesis

Presently material scientists show their interest in the spin-dependent current (spintronics) or
magneto-electronics along with charge transfer through which information was carried out.
These conventional charges along with the spin-dependent electronic devices that enhance their
effects such as low energy consumption, non-volatility for magnetic random-access memories
also increased their integrate densities and data processing speed. So in the electronics field,
through such approach towards novel materials having large Curie temperature, provided that
to control, precise and completely understand the role spin dependent current. The properties
of such spin orientation either spin up or down produced maximum spin-polarized current
called half-metallic ferromagnetism. The detail explanation of half-metallicity has been
mentioned in the above section. Hence the half-metallic material plays a vital role in transport
and magnetic based devices, like magnetic sensor, giant magneto-resistance (GMR), tunneling

magneto-resistance (TMR) and spin transfer torque (STT).

Co-based full Heusler alloy showed their attraction owing their structure in complex
order that stimulates to contribute in the novel area of transport and magnetic properties. Such
alloys keep high Curie temperature along with the large value of saturation magnetization. That
attracts significant attention towards the scientific and technical field of spintronics. There are
numerous types of Heusler alloys that belong to ternary and quaternary phase, which have been

expected as a half-metallic character.

In the present case, Co-based full Heusler alloys (Co:MngsFeosSn) NWs were
fabricated in well align and homogeneous AAO templates according to their estimated
diameter and length with control mode through AC-electrodeposition. Such solid structure
possess large surface area with desired length and diameter. The magnetic properties of such
Heusler (Co2Mno sFeo sSn) showed the field of effective anisotropy that contributed through
magneto-crystalline anisotropy, shape anisotropy, and magnetostatic anisotropy field. In NWs
the shape anisotropy is dominated that made it a suitable candidate for sensors and
perpendicular data storage devices. The Co2Mno sFeo sSn alloy NWs enhance such properties
in distinction compared with bulk materials or other alloys nanostructure and shape. Up to date

27



Chapter No. 1 Introduction

Co-based (CozMnosFeosSn) full Heusler alloy NWs by means of AC- electrochemical

deposition is not reported in the literature.

In the next experiment Fe-based Heusler alloy (Fe2CoSn) NWs were selected and
synthesized through the same technique. In literature, Hongzhi Luo et al. in 2012, using first-
principles to examine the transport and magnetic properties of ‘Fe;YZ’ novel full Heusler alloy.
The literature survey shows that different techniques were used to synthesize Fe-based Heusler
alloy nanoparticles and thin-film through an arc-melting, balling milling and molecular beam
epitaxy. There is a long list of Fe-based full Heusler alloys, among which some were examined
through electrodeposition. Similarly the above experiment, Fe-based full Heusler alloy
acquires massive saturation magnetization along with large Curie temperature that shows half-
metallic character to produce novelty in spintronic based devices. The half-metallic structure
can be confirmed using Slater-Pauling [M= (Nv — 24)ug rule, where M and Ny are total
magnetic moment and sum of the valance electrons of the alloy respectively.

Presently, the permanent magnets with large coercivity and high energy density are
obtained from the alloy the alloy of rare-earths with 3d metals, although their thermal stability
is limited and low magnetization compared with ferromagnetic, 3d transition metals such as;
Fe, Co, and their alloys. If such composition can succeed large value of coercivity, at that
moment all these difficulties and limitations will resolve that are linked through the magnet of
the rare-earth elements. To obtain such results, magnetic NWs and nanorods (NRs) produce
the shape anisotropy that might be the novel structure for permanent magnets.

Another article in which diamagnetic copper (Cu) has been coupled with iron (Fe) to form
composite Feioo-xCux (NWs) that behave as a soft magnetic owing to interfacial exchange. It
has been shown some motivating and exciting disparity in structural and magnetic behavior to
synthesize Feioo-xCux alloy NWs by using various the concentration of Feioo-xCux in AAO
templates deposited through AC-electrochemical process. It shows amazing results of their
magnetic and structural properties by means of low dimensional NWs (high aspect ratio)
related to bulk complement. Such alloy (FeCu) NWs have their numerous advantages with
excellent and low-cost ductility and saturation magnetization as well as their application in
technological devices, for example, catalysis, optics, sensors, electrochemistry and recording
media due to vertical storage devices along the easy axis. The choice of AC-electrodeposition

in AAO templates to synthesize NWs as it has significant advantages over other fabrication
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technique; due to the composition ratio of the deposited alloy can be easily controlled,
economical (low-cost) and deposit at room environment with no need of vacuum. The
parameters such as; deposition potential, frequency, concentration, pH, current density etc that
influence on the structural and magnetic properties on simple and complex structure of Heusler
alloys during the AC-electrochemical deposition in AAO templates. All these advantages of

AC-electrochemical deposition produced distinguished among the others.
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2.1. Anodic Aluminum Oxide (AAO) Templates

In broad sense, the morphology of anodized aluminum oxide (AAO) templates is described
through various parameters; the diameter pore, interpore distance, density of pore, thickness of
the pore wall, porosity and the thickness of the barrier layer. Hence such morphological
parameters of anodic alumina are correlated with the various conditions of anodization;
anodizing potential, temperature, the type of electrolyte, current density, purity of anodic
aluminum, stirring, and pre-treatment of aluminum. All these parameters are comprehensively
explained in the introductory chapter of this thesis. Also In recent time Sulka et al. {79] has

been explained the above parameters in their review article.

2.1.1 Basic Stages for the Two Steps of Anodization

The self-order AAO templates were synthesized in 40V of oxalic acid at 0.3 M electrolyte
solution by Fukuda and Masuda, as a result of nonhomogeneous and disorder alignments of
templates were fabricated [12]. But was extended to second step of anodization, after which
uniform, align and well order anodic alumina was formed which they are named as “two step
of anodization” [80]. The first step of anodization was carried out in the range of 5 to 24 hrs.
Then nonhomogeneous anodic alumina were etched in yellow solution (0.2 M CrO3+ 0.5 M
H3PO4) at 60 to 80 °C for 2 hrs to produce the texture of concave like hemisphere [81]. The
second step was carried out with same conditions as in first step, so that the nucleation of the
AAO templates were occurred at the center of concave texture [11, 82]. To increase the
alignment, order and periodicity of AAO templates, one can proceed it to three step of

anodization.

2.1.2. Three-Step of Anodization

Three steps of anodization was observed in sulfuric [83] and in oxalic acid [84, 85] with same
conditions/parameters that were adopted in in the two steps of anodization. Each electrolyte
required different time of anodization for each three steps separately. Such as oxalic acid need
10, 690 and 3 to 4 min for first, second and third step of anodization respectively [84]. It was
clearly observed that uniformity, alignment and periodicity in AAO templates was excellent in

three steps compared to the two steps of anodization [85. 86]. The influence of multistep (two,
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three or even four steps) of anodization on uniformity and periodicity of AAO templates was
affected and was clearly observed by Brindli et al. [87] that increment of the anodizing steps
leads to increase the alignments and periodicity in the pore diameter of anodic alumina.

2.2. The Basic Models to Synthesize AAO Templates

The morphology of AAO templates such as, pore diameter, pore wall, porosity, interpore
distance etc, were significantly varied with respect to (w.r.t) concentration and type of
electrolyte [88, 89] and also influence with different anodizing conditions [90-92]. The anionic
contents are reduced w.r.t the time of anodization because of the concentration of electrolyte
decreases in a linear format, although the templates were grown in a steady state, investigated
by Han et al [93]. This model adopted the linear proportionality between the interpore distance
and anodization potential. The support was given to this model of AAO templates by Thamida
and Chang et al. They linked the same proportionality between anodization potential and
interpore distance [94].They observed that electric field at metal/oxide and oxide/electrolyte
on both interfaces was predicted to depend on interfaces geometry. According to their model,
the anodization potential was not influenced on the friction of the diameter to interpore distance
of the pore of AAO templates but affected by pH of electrolyte [94].

In literature, a number of attempts were done to observe the morphology of AAO
templates using different acidic electrolyte, such as phosphoric, sulfuric and oxalic acid to
optimize the condition that produced best desired structure (uniform and homogenous) with
different pore dimeter/interpore distance of anodic alumina. The best results were taken from
AAO templates to synthesize NWs, NTs and nanorods. Such AAO templates were synthesized
with different acidic electrolytes are; (i) 0.3 M oxalic acid at 40V produced the interpore
distance was 102 nm [95-97], (ii) the 0.3 M sulfuric acid at 25V synthesized the interpore
distance was 66 nm [12, 95] and (iii) the 0.3 M phosphoric acid at 195 V synthesized the
interpore distance was 450 nm [97. 98].

2.2.1. Patermarakis And Colleagues Proposed the Growth Models of AAO

Templates
The anodic alumina by various acidic solution were presented in different theoretical models:

such as Patermarakis ef al. [99-108).Hence various conditions were employed to obtain the
kinetic model of such self-assembled AAO templates observed by Patermarakis et al. [102-
104]. Therefore they proposed the separate model for carrying of charge through the bottom of
the barrier layer [107. 108].
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According to Macdonald ef al. the interfaces of oxide/electrolyte produced the
vacancies that were expended over the interfaces of metal/oxide. The barrier layer thickness
and the current density in a logarithm format must be proportional to the anodization potential
in a linear format [109-111].

Another model was proposed by Li et al. [84] about the growth formation of AAO
templates. In this model they observed that increment of electric field which effect to increase
the oxide corrosion and shrinks the thickness of the barrier layer. Similarly in oxalic acid
electrolyte (0.3M) at fixed potential grown-up the oxide rate at Ilnm/min at different

temperature [112].

(5°C) Rn=392.30-26.92 U + 0.63U*> 2.1
(15°C) Rn=123.43-9.19 U + 0.23U? 2.2
(5°C) Rn=151.33-3.71 U + 0.095U2 2.3

To measure the oxide growth rate at constant potential in sulfuric acid electrolyte (2.4
M) with one step, two steps and three steps of anodization was observed by Sulka et al. [113].
They found no variation in the rate of oxide growth among all three anodizing process

experimentally.

2.3. Synthesis of Nanowires (NWs)
2.3.1. Single Component of NWs
Schwanbeck, et al. investigated the effect of different diameter of AAO templates on magnetic
properties of Co NWs. They observed that the electrodeposition was employed on galvanostatic
condition unless the potential gained constant voltage. After that deposition of such NWs in
AAO templates stopped until few of membrane were filled at top of AAO templates. As a
result same magnetic properties i.e isotropic behavior, were observed along parallel and
perpendicular NWs having diameter equal to 200 nm. But the NWs that were synthesized in
100 nm AAO templates showed the anisotropic behavior i.e the value of coercivity was greater
along the plane compared to perpendicular NWs.

The Fe, Co and Ni NWs presented high aspect ratio and magnetically isotropic behavior
was examined by Sellmyer et al. In ferromagnetic NWs, Fe shows maximum coercivity (3000
Oe) among Co and Ni. Whereas Ni displays minimum coercivity (950 Oe) and Co shows the

intermediate result (2600 Qe).
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2.3.2. Binary Alloys NWs

The significance of the combination of magnetic with nonmagnetic alloy NWs, such as CoCu
alloy NWs was synthesized in anodic alumina with different pore diameters. Such alloy was
synthesized by Blythe et al. (in 2000) with 20 and 200 nm of AAO templates through
electrochemical deposition process. The anisotropy was observed during demagnetization of
CoCu alloy NWs. In 2001, Sellmyer et al. studied that coercivity was linearly improved by the
addition of Fe concentration in FeNi alloy NWs. They also observed that decrement of

coercivity in FeCu alloy NWs by the increase of Cu contents.

2.4. Heusler Alloy
Presently in physics, the researcher focused their attention towards new class family called
Heusler, which is linked with 100 years (in 1903) back, that Fritz Heusler discovered the
CuMnAI composition behave as a ferromagnetic although all of the three elements were none-
ferromagnetic [114].

Since such alloys motivated the researcher because of their specific structure to tune
the electronic properties stretching from half- metallicity [62. 115] to ferrimagnetism [116]
above semiconductor of nonmagnetic [117, 118] towards the topological insulators [119, 120].
The family of Heusler alloys was comprehensively studied somewhere else [59]. The
explanatory analysis of the data storage by means of Heusler alloys was found in that review

article comprehensively.

2.4.1. Cobalt-Based Full Heusler alloy Nanostructures

Hence currently research (experimental and theoretical) of Heusler alloys divert towards Fe
and Co-based alloys due to possessing the stability of half metallic ferromagnetism [121, 122].
Initially the large magneto resistance (MR) value [123-125] was observed in Co-based
quaternary full Heusler alloys that enhance the function of tunneling magneto resistance
(TMR) and giant magneto resistance (GMR) base devices [123, 126]. In 2003 Inomata et al.
were the first who investigated the experimental evidence of tunneling magneto resistance
(TMR) in Co-based (Co2CrosFeosAl) quaternary full Heusler alloys in the order of B2-type
structure [126]. And observed the ratio of MR at room temperature (RT) and at 5K upto 16%
and 26% respectively. That produced the experimental evidence and provide path to get large
TMR value at room temperature in quaternary full Heusler alloy. Such experiment of full
Heusler alloy was proceeded further to synthesize thin film by varying the contents of the alloy
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to get the structure of A2 and B2 type of disorder. It provides the base to increase the TMR
value through anodic alumina (amorphous) in MTIJs by the electrodes of Heusler alloy, such
as; CoaMnAl [127, 128], CozFeAl [129], CoFeAlosSios [130] and multilayer [131].The
electrode synthesized through Co-based full Heusler alloys was the evidence of high MR
values; 8.8 to 10.2% of full Heusler CooMnGay sSno's [ 132], Co2FeGao sGeo s has 41.8% [133]

and the maximum value so far 74.7% was observed in CozFep4MngSi [134].
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Recently the nanotechnology attracted the scientists due to their high aspect ratio synthesized
with numerous nanostructures through novel materials. Especially, the economical and
homogeneous NWs and NTs synthesized through electrochemical deposition technique in the
nanopores of anodized aluminum oxide templates (AAQO), that is periodically ordered
structures with dimension (1-D) less than 100 nm, has produced broad range activities in every
field of life particularly in engineering and biomedical research. The enormous development
in nanotechnology that allows enhancing the magnetic, catalytic, mechanical and
optoelectronic properties in magnetic recording media, sensing devices and functional
electrodes due to huge dimensional reduction with the accurate switch of their surface geometry
[135]. Besides, anodize alumina itself observe several motivating and remarkable properties
due to their unique and variable structure to synthesize nanotubes and NWs (1-D

nanostructures) of different geometry.

3.1. Effect of Applied Conditions on Geometry of Anodized Aluminum Oxide
(AAO) Templates

Anodized aluminum oxide (AAO) templates are synthesized in various electrolytes solutioﬁ
among three of them is commonly used in control conditions; phosphoric acid, oxalic acid and
sulfuric acid [79]. Scientists have been attracted to examine the quantitative and qualitative
effect on the nanopores’ geometry by several operative conditions. The operational conditions
of each electrolyte is different from others such as anodization voltage, electrolyte
concentration, time is taken for the first and second step of anodization and temperature during
anodization process effect the geometry of AAO templates like interpore distance, porosity,
pore diameter, wall thickness and barrier layer thickness, also different electrolyte have
different ranges of voltage. In the case of sulfuric acid, the anodization voltage was taken in
the range of 15 to 25V [136]. The voltage cross such limits, result in the dissolution of anodic
alumina and no porous geometry can be achieved. The AAO templates with a large pore
diameter can be synthesized in a high voltage anodization. Hence among all, it was observed
that Phosphoric acid was selected to synthesize large pore diameter that achieve the maximum

195V. [97. 137] and oxalic acid that ranges from 20 to 100 V [138-147]. To understand such
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Figure 3, I: (A) Shows the systematically the porous of anodic alumina and (B) shows the side view
of the complete structure of alumina

logic, we first review some initial and effective parameters that are affected on AAO templates

as shown in Fig.3.1.

3.1.1. Pore Diameter of AAO Template
The pore diameter of AAO templates is directly proportional to the ancdization potential as
given in E‘q—3.] such that 4, is constant of proportionality equal to 1.29nmV™ [18].
Dp=2,-U 3.1
Here Dy and U indicate the diameter of the pore in nm and anodization potential (V)
respectively. According to Wood and O.Sullivan observation [18], that pore diameter, wall
thickness, interpore distance barrier layer thickness, and Wy is the wall thickness per volt at a
constant potential of anodization can be inter-related with respect to each other as followed in
Eg-3.2:
Dp=D.-2-W=D,-142-B=D.—-2-W, U 3.2
Here Dc, W and B indicate the interpore distance, wall thickness and the thickness of
barrier layer respectively. All is measured in nm scale. Whereas Wy measures the thickness of
the wall per unit volt {(nm). The Palibroda has been reported through Eq-3.3, that the pore
diameter mainly dependent on the anodization potential related to their critical potential Uyq,
[148].
D, =4986+0709-U =3.64+1889U/U,,.x 33
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Figure 3. 2: Factor effect on the porous diameter of AAQ templates

In the last few decades it has been observed, that the pore diameter of AAQ templates
has been affected by the pH and temperature of the anodizing solution, i.e. the pore diameter
of AAQ templates declines by reducing the pH [149] and temperature of the anodizing solution
[113]. Also, the influence of the acidic electrolyte concentration is inversely proportional to
the pore diameter of AAQ templates [97]. In short various parameters that influence on the

pore diameter of AAO templates are schematically presented as shown in Fig 3.2

3.1.2. Interpore Distance of AAO Templates
In the above discussion, it is clear that interpore distance of anodized aluminum oxide templates
is linearly proportional to the anodizing potential through a constant of proportionality as given
in Eq-3.4. such that A, nearly equal to 2.5nmV = [97].
D.=A.-U 34
Similarly, Keller et al. also presented numerically to calculate the pore diameter more
accurately from the Eq-3.5 [150].
De=2-W+D,=2-W, - U+D, 3.5
The thickness of the wall of AAQ templates is numerically calculated by Q.Sullivan and Wood
[ 18] that is almost 71% thickness of the barrier layer. They have proposed the following Eq-
306
D;=142-B+ D, 3.6
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3.1.3. The Wall Thickness of AAO Templates
The thickness of the wall of AAO templates can be calculated from the above Eq-3.7 of Keller
etal [150]
W= D.-D,/2 3.7
During the anodization of aluminum through phosphoric acid, the wall thickness of the AAO
templates is proportional to the thickness of the barrier layer as presented by O.Sullivan and
Wood [18]. The mathematical form is presented in Eq-3.8.
W=071-B 3.8
The proportionality constant in Eq-3.8 slightly varies w.r.t the change of anodization
potential, was calculated by Ebihara et al. [151]. Hence from 5 to 20V, the proportionality
constant of Eq-3.8 was changed from 0.71 to 0.66. Similarly, the proportionality constant is
gradually increased above 20V and finally it attained 0.89 at their critical (maximum)

anodization potential.

3.1.4. Thickness of the Barrier Layer of AAO Templates

As in the above discussion, it is clear that barrier layer thickness is directly proportional to the
anodization potential. That has been calculated theoretically in the range of 1.3 to 1.4nmV ~1
[152].

3.1.5. Porosity

Porosity is the ratio of the pores occupied of the surface area to the full area of the surface as
given in Eq-3.9.

. s s
Porosity = %: S—p 3.9
h

The porosity of the anodized alumina mainly depends on acidic electrolyte to the
dissolution of oxides and the rate of growth oxides. Also, the density of the porosity depends
upon the anodization condition; the electrolyte concentration, temperature during anodization,
nature of acidic electrolyte solution and duration of the first and second step of anodization.
But the utmost significant and valuable factor is the pH of the acidic electrolyte solution and
the anodic potential.

If we suppose that pore of each template is exactly in the circular nanostructure, then

the pore area (Sp) and whole surface area (Sk) can be developed further as in Eq-3.10 and Eq-

3-11;
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D\ 2
Sp=m.(2) 3.10
Sp= 28 311
So the put Eq-3.10 and Eg-3-11 in Eq-9 we get Eq-3.12;
2 2
Porosity = = (22) =0907.() 3.12

The porosity with hexagonal nanostructure arrays were calculated by Ebihara et al. in Eq-3.13
[151].
2
Porosity = 10" n. . (Dz—p) 3.13
Here ‘Dp’ indicates the diameter of the pore (AAO templates) in nm scale and ‘n’ shown the
density of alumina (total numbers of pores/cm?).

3.1.6. The Pore Density of AAO Templates

The pores density of AAO templates is the overall amount of pores occupying 1¢cm? surface

area.
1014 21014
TR 3.14
Put Eq-3.4 in Eq-3.14 we get:
2
2.101% . 18.475.101 315

T vivaaz o u2

3.2. Pre-Treatment of Aluminum Foil before to Start Anodization Process
There are few steps before to start anodization called Pre-treatment. These steps produce a
great influences on the periodicity, homogeneity and uniformity of anodized aluminum oxide
(AAO), which are briefly explained below.

3.2.1. Pre-Treatment of Aluminum Foil

The selection of the aluminum due to its purity is an important and primary factor that
influences on the result. Also before to start the anodization process, pre-treatment of aluminum

played a vital role that effects on the morphology of self-synthesized anodized aluminum oxide
(AAO) template.
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3.2.2. Heat (Annealing) treatment
After select the substrate, the annealing treatment is then proceeded, so that on the surface of
substrate stresses are reduced which enhance the average grain size. Generally, the aluminum

substrate is annealed at 500 °C under nitrogen atmosphere for 4 to Shrs {153, 154].

3.2.3. Degreasing of the Aluminum Foil

Before anodization, degreasing of aluminum is an important step that influenced on the
morphology of anodic alumina. The aluminum is immersed for the 60sec in the aqueous
solution of 5% NaOH. After that the mix solution of HO + HNO;3 (1:1), the aluminum is
submerged for 30 to 60sec, that shine the surface of the aluminum {11, 155-157]. Somewhere
else in literature methanol and benzene [158] trichloroethylene [159] dichloromethane [9] and
acetone or ethanol have been used separately to clean up the surface of aluminum. But the most
effective solution for the degreasing of the aluminum sample is the mixture of
HCIHHNOs+HF+H20 (20:10:1:69). All of the above solutions are significantly effective for

the self-organized of anodic alumina that is highly ordered, uniform and homogenous [95].

3.2.4. Electrochemical Polishing of the Surface of Aluminum Foil

The purpose of electropolishing is to make the surface smooth and mirror shine, so that to
synthesize homogenous and highly order AAO templates. Hence the aluminum foil is
electrochemically polished through perchloric acid (HCIO4): Ethanol (CH3CH>OH) =1:4 for
150 to 200sec at room temperature under 9V (dc). After electropolish, the aluminum foil has
been properly rinsed through distilled water so that the acid solution completely is removed
and produced no hurdle during the two-step of anodization.

Among all, pre-treatment for surface polishing, an electrochemical method having the
mixture of perchloric acid and ethanol was explained in detail elsewhere [ 160]. Hence the effect
of electrochemical polishing on the morphology of AAO templates throughout anodization was
also observed [154, 161. 162]. The surface of anodic alumina behaves as a hexagonally with

regular and homogenous structured along with miller indices of Al (100) and Al (111).

3.3. Brief Survey to Synthesize AAO Templates using Two Steps of
Anodization Technique
3.3.1. First Step of Anodization

The first step of anodization after pre-treatment of aluminum foil, one can select the electrolyte
solution; either phosphoric, oxalic or sulphuric acid, to fulfill their desired goal. As each
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Figure 3. 3: The experimental procedure for a two-step self-organized anodization

electrolyte needs different anodization potential, time, temperature and concentration that must
be influenced on their results. Generally, we use 5% phosphoric solution by applying 60V DC
at temperature between 2 to 5 °C for Shrs with continuous magnetic stirring to maintain the
electrolyte solution homogeneous. But after completion the first step, the morphology of anodic
alumina has not homogeneous with uniform ordered. Hence to produce uniformity with proper
order that greatly influenced on our results, then dip the sample in a yellow solution for heat
treatment to remove non-uniformty anodic alumina. The whole steps of AAQ templates are

illustrated in Fig.3.3 as explain below,

3.3.2. Heat Treatment

After the first step of anodization, the non-periodic structure of AAQ templates has been
synthesized. So to synthesize AAO templates in a periodic pattemn, we must remove the non-
periodic templates. For such circumstances, we dip our sample in yellow solution, which is the
mixture of 6 wt% of phosphoric acid and 1.8 wt% of chromic acid and kept at 60 °C for 2hrs.
After completion the heat treatment, it must be washed with distilled water for a number of
times so that no drops of the yellow solution are attached to the sample.

3.3.3. Second Step of Anodization

After heat treatment in a yellow solution, then second step of anodization was proceeded

to synthesize uniform and homogeneous AAO templates, All parameters/conditions is kept
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similar as in the first step of anodization, only the time duration is increased from 5hrs to
20hrs.The duration of time is directly proportional to the length of the synthesized AAO
templates. The selection of electrolyte, all the conditions and the parameters that effect the
morphology of AAO templates is discussed below along with their mathematical

expressions.

3.4. Factors Determining the Morphology of PAA Structures

During the anodization process, different parameter that influenced on the morphology of
AAO templates such as; the type of electrolyte, the concentration of the electrolyte,
anodization potential, temperature and the pH of electrolyte [10, 11,97, 163-168]. It is cleared
that pore diameter and interpore distance of the self-synthesize AAO templates that directly
proportional to the anodizing potential through an approximate constant in the range of 2.6 to
2.9 nm/V. On the basis of a number of the experimental results, the barrier thickness has been
predicted to be half numerical value relative to interpore distance [10. 11, 163]. The selection
of electrolyte such as oxalic, sulphuric or phosphoric for self-synthesis of AAO templates is
restricted according to their desired results. Typically the use of sulphuric acid is to obtained
the AAO templates with less pore diameter and interpore distance. Because of in such
electrolyte the templates are synthesized at low anodizing voltage (15 to 30V). Whereas the
phosphoric acid is used for the maximum anodizing voltages (100 to 195V) to get large
diameter AAO templates and the oxalic acid has been used for intermediate anodizing voltage
up to 30 to 65V. The differences in their conductivity that produced variations in their
anodizing voltages. Such as the conductivity of sulphuric acid is the highest among the other
two acids. Hence for such acid, if the anoding voltage is used greater than 30V can breakdown
the oxide layer and may have produced leakage in the sample.

That way the anodization of aluminum in phosphoric acid synthesized large pore
diameter due to its highest pH value compare to the other two acids [10. 11, 163, 166-168]. To
control the current and to prevent the oxide structure during the anodization process, the
temperature should be adjusted in the range of | to 5°C (below 6°C). But it has been observed
that at low temperature the growth rate of AAO templates is decreased [163. 166].

It has been observed that the morphology of anodic alumina was affected by some other
parameters, such as to select the pure aluminum (almost 99.99%), pre-treatment that has been

used before to start the anodization process such as; to anneal the sample for several hours up
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Figure 3. 4: (A) Graphical representation of the anodizing growth of alumina in Galvanostatic
condition and (B} Potentiostatic condition, (C) Overall stages through anodic alumina oxide
established

to 400 to 500°C, electropolish the sample chemically, stirring vigorously that eject heat and
produced homogeneity in the solution during the anodization [12. 163. 169, 170].

3.5. Removal of the'Aluminum Base

After completion the second step of anodization, the substrate of aluminum can be separated
from anodic alumina in the electrochemical etching process using HCL 20% with 1 to 5V
{d¢)[171]. The most extensive and vigorously method to remove the oxidized aluminum from
unoxidized aluminum using a wet chemical process. In such technique, the whole sample is
immersed in mercuric chloride (HgCl2) solution, in which it dissolved the unoxidized substrate
of aluminum in 1to 2hrs depend upon the concentration of mercuric chloride [83, 172, 173].
The CuSO/HCI solution was also observed to remove the oxidized anodic alumina from
unoxidized alumina which needs excessive attention and care as compared to other technique
(174].
3.5.1. Extraction of the Barrier Layer and Pore Widening
It is necessary to remove completely or partially the barrier layer from AAQ templates for the
electrochemical deposition. In literature various methods are mentioned through which barrier
layer is removed to produce conducting path for electrochemical deposition such as Cathodic
polarization [175-177] and Voltage drop method [13]. But the commonly, easy and cheap
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Figure 3. 5: Schematic diagram with constant anodizing show overlapping process during
the growth of AAQ templates

technique for self-organized anodic alumina that we have used in our experiment is the voltage
drop method. Also, the pore can be opened and widened by immersing the oxidized alumina in
the aqueous solution of phosphoric acid (H3POs) for 30 to 40 min, so that the desired materials
can be deposited easily. Xu et al. [178] observed that the diameter of the AAO templates can

be tuned through varying the chemical etching time in the solution of phosphoric acid.

3.6. Anodization and Potential/Current-Time Transient

It is necessary to recbrd the potential-time transient graph and current density-time graph
during the anodization of the first few minutes. It confirmed the regularity, homogeneity, and
uniformity shape formation of the AAO templates. Both potential and current-time transit
graph of 20% H,SO4 below 5°C is illustrated in Fig.3.4:

The growth of anodic alumina during the anodization at constant applied current as
shown in Fig.3.4 (A). Initially linear increase in potential with respect to the time, unless it
reaches to their maximum value. And then slowly declined to achieve their steady state.
Initially the linearly increased in potential (at stage a) shows the uniform growth of oxide thin
film at the bottom of AAO templates. An additional increased in potential (at stage b) results
in pores formation at the thin film of the barrier. At maximum potential (at stage c) after which
it droped slowly to breakdown barrier and started the formation of pores from the surface of
the oxide film. At the end (at stage d) constant current density is achieved which is the sign of
steady growth of AAO templates. Whereas at constant potential is shown in Fig.3.4 (B).

initially the current density is declined rapidly w.r.t time and reached to its minimum value.
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Figure 3. 6: Schematic diagram shows the formations of OH- and O ions at the interface of
oxide/electrolyte with SO4* anions adsorbed due to water interrelating

After that current density rises and attain their peak value, then slightly declined and achieve

their steady state indicated the linear formation of AAQ templates.

3.6.1 Current-Time Graph

The paper of research to synthesize uniform, higher order and homogeneous close-packed
AAQ templates. The result oriented; pore diameter, lateral length and interpore distance
through constant anodization potential instead of current constant. Hence with constant
anodization potential, the graph between the variation of current density w.r.t the time was
observed by Hoar and Yahalom [179] as shown in Fig.3.5. The two overlapping graph showed
that, first current decreases exponentially with the formation of thin film of barrier layer

{aluminum oxide), and increase in the second graph that indicate the pore formation.

3.6.2. Linearly Growth of Anodic Alumina Oxide (Porous)

In literature, very large number of research articles have been presented by the researcher to
investigate the formation of AAQ templates through anodization of aluminum. But due to the
electrochemical process, all aspects related to the formation of AAO templates are not clarified
completely up till now. For example, there is an ambiguity that anion species 0% carrying by
oxygen or in fact OH™ ions may be involved in the anodization process. Simply water splits
and generates the OH ions during anodization or dissolved O through reduction of water by

cathode as illustrated in q.3.16 & 3.17 given below;
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H,0+2e~ — 20H™ + H; 3.16

0, + 2H,0 +4e~ — 40H™ 3.17

Hence the OH™ ions have been absorbed by the annihilation of Oz vacancy through

which 02~ ions may be produced at the interface of electrolyte/oxide [180], simply the

adsorbed anions interaction from the water splitting process in which OH™ can be formed as
shown in Fig.3.6 [18].

In the process of anodization (acidic electrolyte) that grown the oxide amorphous film

as illustrated in the reaction given below;

2APPY + 3H,0 — ALO; + 6H + 6¢~ 318
2Al + 60H™ — ALO3 + 3H,0 + 3¢~ 3.19
241+ 307" — Al,0; + 6e” 3.20
The anodic current that played a vital role is given by Eq-3.21;
Al — Al** + 3e” 3.21
(hitet laysr
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Figure 3. 7; Schematic diagrams illustrate the voids production in the porous layer of anodic
alumina due to the condensation mechanism of vacancy
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Hence in different electrolytes near the interfaces (metal/oxide) liberate oxygen, was

reported in the literature which is represented by the following reactions (Eq-3.22 & Eq-3.23);

2H,0 — 0, + 4H* + 4e~ 3.22

40H™ — 2H,0 + 0, + 4e” 3.23

The transfer of oxygen from electrolyte that contains both 0%~ and OH ™ through barrier

layer that produced anodic alumina, and AP* ions drift towards the oxide film. The ions of

AIP* synthesized the oxide at the boundary of metal/oxide as well as the oxide/electrolyte
borders followed by the different condition of anodization [181].

The variation of external field at interfaces affects that influenced on the pore formation

rate [ 182]. The Al-O bonds that started the oxidation because of polarization and the AI3* ions

in the presence of external field was simply removed [18].

3.6.3. The Mechanism Using Field-Assisted to Grow AAO Templates

At the interface of the oxide/metal vacancies are formed as soon as the anodization process
starts result, in which the ejection of AI** due to field assisted into the electrolyte. At the
interfaces of metal grains, vacancies begin to start due to condensation that produced a void.
From the projection of peak that separated the void growth. Because of beneath the void,
corrosion is started that produced the way to nucleates new void on its peak. As the saturation
of aluminum that started more quickly through vacancies. So in this way, the growth of new
void is started. Hence in a similar way, the repetition of the whole process is begun to start

again and again as shown in Fig 3.7 [111].

3.7. Y-Branch Shape Multi-Segmented AAO Templates

If the diameter is rapidly changed, the nanoporous of multi-segmented structure is obtained.
According to Lee ef al. 2006 [183], such modulated AAO templates that are periodic in shape
as shown in Fig.3.8, as the demand of nanotechnology. Moreover, the branched shape AAO
templates like Y-shape nanostructure is synthesized by a rapid change in their anodizing
voltage. In literature using oxalic acid, Y-shaped nanostructure (Y-branched AAO templates)
have been synthesized by Zaraska et al. [184)]. According to them, separated the oxides after
completion the anodization first step, then anodization second step was started via 60V as
illustrated in Fig. 3.8(d). Then the voltage dropped from 60 to 42V sharply after few minutes
to start the second step of anodization, that affectd the morphology of AAO templates (Fig.

3.8e).
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Figure 3. 8: Schematic representation of the formation of Y-branch AAQ templates and deposition of

material to synthesize NWs

The formation of three separately segmented anodic alumina through different diameter

was obtained by reducing the voltage from 42 to 30V as shown in Fig.3.8 (h). After the

synthesis of Y-branched shape AAQO templates, one can deposited any material that is suitable

for electrochemical deposition to get the very smart and definite structure. That produced a

new way to enhance the properties of nanodevices in the present and future prospectus.
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3.8. Electrodeposition
For the first time, Tin (Sn) was electrochemical deposited in 1970 by Possin [185]. After that
such approach has been used all over the world to synthesize NWs, NTs and thin film, The
motivation and attracted towards electrochemical deposition over the previous techniques for
the researcher is due to the versatile, easy to controlled and economical, especially for the
synthesis of the nanostructure. The factors that enhanced the properties of deposit material
through electrochemical technique can be tuned through deposition voltage, temperature,
composition/concentration of electrolyte and selecting of AC/DC channel. The steps of DC
electrochemical deposition to synthesize NWs are shown in the schematic diagram (Fig.3.9).
For DC electrochemical deposition first, the aluminum substrate is removed from the
base of AAO templates, and then the conducting material sputtered at the base of AAO
templates that produced the way to deposit the desire material through DC electrochemical

deposition. It consists of three electrodes; working electrode {work as a cathode), a counter

Etching by

AAO template Sputtering Elecirodepostion NaOH woluti
300nm Cu(NWs) aof electrolyte v shiution,
on one side

ANARNRRNNRARRY
SO
ONSINNONARRNGA

to get NWs

Figure 3. 9: The schematic diagram shows the complete synthesis of NW's using electrochemical
deposition after removal of the barrier layer

clectrode (work as an anode) and a reference electrode. From platinum (Pt) sheet or wire that
is few millimeters thick called the counter electrode, with working electrode (cathode} AAO
templates are attached through which the desired materials are deposited inside the templates
and the reference electrode is placed near the working electrode inside the electrolyte. Hence
negative DC potential is applied on the working electrode, as a result, the pores of AAO
templates are starting to fill and one can waited till it fill up to its maximum (top) value. So in
this way, one can be synthesized the order and uniform nanowires (NWs), nanotubes (NTs)

and nanorods (NRs) in the desired and control length and diameter.
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Similarly, in AC-Electrochemical deposition, it does not need to remove the substrate
(aluminum) completely from the AAO templates to deposit the desired material as necessary
for DC- electrochemical deposition. In such process, it needs only partially or cracks produced
inside the oxide base of AAO templates that created the conducting path for the deposition
inside the AAO templates. In AC-Electrochemical deposition, two electrodes (Cathode and
Anode) are used so that the sample is connected either with cathode or anode. Remaining all
the parameters are optimized before the deposition begin to start as discussed in the above part
of this chapter in detail. During AC- electrochemical deposition the color of the sample change
from whitish to blackish w.r.t to the time that showed the nucleation and growth of the desired
NWs.

3.9. Sample Preparation for Characterization

After deposition of the desired material inside the AAO templates, NWs, NTs and NRs are
synthesized. In order to characterize them used XRD, SEM, EDX, VSM, Four probe Hall
technique (Electrical properties). All the above characterizations have been done inside the
AAOQ templates. Whereas for SEM and EDX the templates are etched with optimized molarity
of NaOH for 100 to 120mnts time at 60°C. After removal of AAO templates the sample should
" be clean with distilled water for sufficient time and thén dry in a clez;n and dust free
environment. After that few nanometers gold (Au) has been sputtered with the base of AAO

templates to produce conducting path for the characterization of SEM, EDX and TEM analysis.
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Chapter No. 4
Characterization Techniques

4.1. Morphological Analyses

There is a huge possibility to change lattice parameters after chemical synthesis. Therefore,
simple NWs, alloy NWs and Heusler alloy NWs were characterized morphologically and
topologically with scanning electron microscopy (SEM) after successful electrochemical
deposition. For more resolution and magnification, Transmission electron microscopy (TEM)
can also be used instead of SEM. And Energy dispersive X-ray spectroscopy (EDS) technique
was used to analyze the chemical composition. So all of the above techniques required the NWs

without the AAO templates, which were dissolved in NaOH aqueous solution.

4.1.1. Scanning Electron Microscopy (SEM)

Generally Scanning electron microscopy (SEM) technique is employed to examine the surface
topology, morphology and particle or grain size. The block of the SEM diagram is shown in
Fig 4.1. First electrons are generated from the source of electronic gun (Grid), that are
accelerated on to the surface of the sample, as soon as electrons interacted with its surface,
resulting in an ejection of primary electrons, X-rays and backscattered electrons, All radiations

i.e. backscattered electrons, secondary electrons etc. can be collected by the detectors. The

; <«— Electron gun

i
g g > Condenser lenses

' 3 ., § € Objective lens
e
t‘——" Scanning coails

Q:‘: ----- —*C:\—'*\:]** Detector

\

1 4 > Sample
l—-—-——» Ampiifier

Y3 Monttor

Figure 4. 1: Functional Block diagram of scanning electron microscope (SEM)
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information about sample surface across the screen can provide as collectively effect the

amplified current from the detector combined with the spot of the cathode ray tube (CRT).
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Figure 4. 2: Schematic diagram of a Scanning electron microscope.

In Fig. 4.2, the electrons are accelerated rapidly due to a very small spot of the beam
about 5 nm. These electrons were accelerated as they gain energy up to 10 MeV with a
wavelength of 0.12 A with comparison to the wavelength (4 to 7) x 1000 A of visible light. As
soon as the electrons interacted on the surface of the sample, the electrons are emitted with
photons from the surface of the sample (material) and these electrons are collected by cathode

ray tube (CRT) which showed them as an image.
Secondary Electrons Emission

The incident electrons with very short wavelength on the surface of the material (sample),
results in scattering of electrons with two different types have been observed; one is elastic and
second is inelastic scattering. During inelastic collisions, the incident electrons is transferred
their energy to the electrons of sample material, and therefore emission of electrons was carried

out. If the energy of electrons is < 50eV, then these electrons are referred to as the secondary

electrons.
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Emission of Back-Scattered Electrons
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Figure 4. 3: Schematic of inner shell transitions and K, L and M series

The energy of back-scattered electrons is generally so high that it is almost comparable to the
energy of the incident electron. In conducting samples, the production of backseattered
electrons has been produced with maximum possibility due to their large number of atoms,

These electrons are not taking part in energy dispersive X-ray analysis (EDS).

4.1.2. Energy Dispersive Spectroscopy (EDS)

This tool is very useful for research at laboratory level which measures the composition at
a specific ratio of the required samples. In this process, electrons are generated from an
electron gun (source of an ¢lectron) and the beam of electrons strike on the atoms of the
sample that causes the transitions of the inner shell. As the incident electrons transferred
their energy to the inner shell ¢lectrons that is bounded near the nucleus, which produce
atoms in the excited state. Thus vacancy (hole) is produced, as electrons jump from the
ground energy state to the higher energy states. Now to fill the vacant space (hole),
electrons are fallen down from the higher energy states and release some definite rays
called characteristics X-rays which are analyzed by EDS, Only those electrons are
occupied the holes whose energy become equal to the difference of energy of the two
shells. Hence, the continuous emission, that measures the composition of the desired

materials as schematically in Fig.4.3.

Different radiations are produced during the interactions of incident electrons on the

samples that includes Energy dispersive spectroscopy (EDS) and X-rays. The sensor is used to
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Figure 4. 4: Energy Dispersive Spectrometers

disperse the typical X-rays of distinct materials into an energy spectrum. During EDS, specific

software is used to analyze the energy spectrum in order to measure the specific elements.

Auger electrons

Auger electrons are emitted when incident electrons interact with the core electrons on the
surface of the sample. So these ¢lectrons are responsible that displayed the elemental
composition ratio,

The strike of X-rays on the sample that generated an extra vacancy by second
knocked out electron, such phenomena is known as auger effect. In this phenomena, first
X-rays are fallen on the sample which ¢jected the electrons from the core-shell and creates
a hole. To fill such vacancy, the electron jumped from the upper shell and released some
amount of energy equal to the difference of the two shells. This energy was used to knock
out the secondary electron. Such electron (secondary electron) is known as “Auger

electron”, The schematically diagram is shown in Fig.4.4.

In such phenomenon, emitted X-rays are called characteristic x-rays. These holes
or vacancies are generally filled by an electron in K, L and M shells. Hence different names
or symbols are allocated to these shells which were filled by different shells of electrons.
If L-shell electrons filled the vacancy of K-shell, then emitted X-rays are known as K-
alpha. If such vacancy was filled by M-shell then such X-rays are known as K-beta as

shown in Fig.4.3
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Working and Boundaries Limitations

1. The X-rays radiation generated the energy peaks of various elements these were taken from
different energy shell. Hence such shell (K, L and M) are overlapped each other in various
elemental compositions.

2. Itis difficult for EDS to identify those elements, whose atomic number is classically less
than Na.

4.2. Structural Analysis

In chemical synthesis, there is a huge possibility to change the lattice parameters. Therefore,

after successful synthesis of magnetic and Heusler alloys NWs through an electrochemical

process, the structure was analyzed and confirmed initially by X-ray diffractometer (XRD)

technique.

4.2.1. X-ray diffraction (XRD)

The Structure of nanomaterials can be characterized through XRD, which is basic and very
valuable technique among all. For Heusler alloys NWs, It is essential to determine the precise
and accurate position of the atoms in the crystal lattices. XRD can also be used to measure the
crystallite size or grain size associated with the width of the diffracted peaks determined

through the Scherrer formula as shown in Eq-4.1:

KA
D= BCOS(9)

4.1

Where k = 0.9 represents the correction factor (also known as shape factor), A is

incident wave length of X-ray (Cu Ka = 1.54064), 0 is the peak position and Sy, represents
full width at half maximum (FWHM), which is taken in radian and D is the diameter of the
grain size taken in angstrom (A).

Lattice strain in the materials was measured through Stock Wilson equation due to its

widening of the diffraction peaks, as given by the relation Eq-4.2.
Bstrain = 1 tand 4.2

In XRD, diffraction pattern is observed only, if the wavelength of the interacting
radiations is compared to the crystal structure of interatomic distance. So the wavelength of X-

rays have taken in few angstroms which is nearly comparable to the inter-planer spacing of
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Figure 4. 5: The Bragg’s law determines the spacing of the crystal’s lattice (straight black arrow) between
the lattice planes surface (blue harizontal lines). The left side and right side Green arrows show incident
and scattered X-rays respectively. Where 8 is the diffraction angle between the incident and diffracted X-
rays received through the detector.

crystal structure. Hence, structural information of material was investigated through XRD that
were scattered from the lattice positions of the crystal structure. The XRD working principle is
concerned with the scattered X-ray after striking with the lattice planes as a function of

wavelength, energy, polarization, incident and scattered angle. Let X-rays are allowed to strike

on parallel planes placed at distance d (inter-plane spacing) as shown in Fig. 4.5,

The X-rays incident on parallel planes through an angle 6, as listed in above Fig 4.5. If
the path difference between B to B' and A to A’ equal to na, then it is said to be constructive
interference. Such phenomena was first explained by L. Bragg and W.H Bragg in 1913.
According to him, the interaction of X-rays produced diffraction pattern with respect to their

lattice spacing that relates the £q-4.3.
ni = 2d sinf 4.3

Hence, *n’ is a positive integer and ‘A’ correspond to a wavelength of X-rays used in
angstroms (A), ‘0’ shows the diffracted angle and ‘d’ is the inter-planar spacing, In Eqg-4.3, one
can find the lattice constant (d) easily, whereas integer n=1, wavelength (1) and angle (8) are
all known quantities. Later on, the density of crystal structure, particle size, cell parameters and
unit cell volume can be calculated after the initial evaluation. Secondly, another two ways that

was analyzed our sample for crystal structure with the help of; JCPDS cards {Joint Committee
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on Powder Diffraction Standards) or ICDD cards (International Center for Diffraction data).

Which is already reported in research work and another method is by Rietveld confinement.

Statlonary Mimor

Coherent
Light Source

Sample

Figure 4, 6: The schematic diagram Fourier transform infrared spectroscopy (FTIR)

4.2.2. Fourier Transform Infrared Spectroscopy (FTIR)

To determine the structure and bonds of the unknown molecules produced during the synthesis
of the samples that were identified through the frequency of vibrational modes of the molecule,
IR spectroscopy is used Among all, large numbers of normal modes were confined at a specific
functional group that identifies the particular functional groups such as; C-O, C-H stretching
bond as well as it shows the presence of bending vibration of a hydroxyl group and a carbonyl
group.

All the incident frequencies are quantized and somehow slightly changed due to
different molecules; the spectrum comprises the absorption bands at the specific wavenumbers
or frequencies. The basic operational principle of IR spectroscopy; series of freguencies were
emitted from IR source and incident on a sample as illustrated in Fig. 4.6. The energy of these
photons with definite specific frequencies was absorbed.

All wavelengths have been collected simultanecusly that shows in the enhancement of
its sensitivity. The splitter was used to split the incident beam from the source. After splitting,

the first beam was directed towards the fixed mirror which then reflects back to the splitter
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beam, and the second beam was directed towards the movable mirror (normally a few
millimeters). To adjust the reflected beam of both rays, the second beam which strikes with a
moveable mirror through which the length was adjusted against the reflected beam from the
stationary-mirror. The two beams after reflection from a fixed and moveable mirror with
different path lengths interfere again at the beam splitter that produced constructive and
destructive interference (an interferogram). It gives us informations that was taken from each
wavelength after transmitted through or reflect from the sample in a time-domain range. Then
the results from fourier transformation was taken through mathematically, as the intensity of
light at each individual frequency was extracted via computationally. The graph was obtained
with intensity against wavenumbers that shows different bonds in various materials at different
frequencies [35]. In this work, a Biorad FTS-40 and Varian 7000 FTIR spectrometer is used to
obtain spectra of the samples in the range from 600 to 4000 cm™ with 4 cm™! resolution. In such
type of research, the importance of FTIR was never denyed, but due to its some limitations,
such as it has difficult to examined the spectra that obtained in a complex mixtures and assign
or allocate their peaks accordingly.

4.3. Magnetic Measurements

There is a huge probability to change lattice parameter during the chemical electrochemical
deposition process. Therefore for all, pure NWs, alloys NWs and specifically Heusler alloy
NWs were characterized magnetically through Vibrating sample magnetometer (VSM). 1t is
notable that the samples for SEM, TEM and EDS characterization were first separated from
the templates via through chemical etching process. While the samples (NWs) were retained
inside the templates to make NWs were aligned in proper direction during the magnetic
measurement.

4.3.1. Vibrating Sample Magnetometer (VSM)

Van Oosterhart and S. Foner were the first to develope vibrating sample magnetometer (VSM).
The magnetic properties were commonly investigated through VSM technique. The VSM
schematic is shown in Fig.4.8.

This technique is based on the Faraday’s law of electromagnetic induction, which states
that “in an electrical circuit, the induced voltage V(t) is directly proportional to the change of
magnetic flux per time taken

V() =-Cdg/dt 4.5
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Figure 4. 7: Schematic illustration of VSM

To measure the magnetic properties, the samples were attached with the bottom of the

non-magnetic holder that vibrates due to the vibratory assemblage. Also in VSM field was
produced by the electromagnetic owing to generating of the flux by the samples which were
recorded through detection coils. Resulting the magnetization was produced by the change the
change of magnetic field which is directly proportional to each other. Started from minimal
(zero), the field gradually increases directed towards positive (maxima) and then negative
(maxima) cycle, and in this way, negative cycle towards positive cycle was repeated again.
And finally, M-H loop or hysteresis loop was generated in a form of complete repeated cycle.
Usually, the magnetic moment in VSM technique was taken in emu (CGS-unit), so the value
of magnetization was taken in emu/gm. In this research, all measurements of VSM technique
was taken at room temperature. Vibrating sample magnetometer (VSM) of model Micro-Sense
EV-9 was used to measure magnetic properties and this device has the capacity to generate a
magnetic field of = 20 kOe. Due to intrinsic properties of different materials different applied
field is required. Such as Co and Fe have large anisotropy, required high applied field to

saturate them compared to Ni (completely saturates at Ni + 5 kOe).

4.4 Two Point Probe Hall Technique

In General, the electrical measurement in two-probe technique is used to calculate the

resistance between two points in a conductor. Therefore, the resistance/resistivity can be
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measured from the current and potential difference that are calculated from such technique as
illustrated in the Fig.4.8.

From the above Fig.4.8 shows that the current flow from probe-1 to probe-2 that can be
measured through ammeter (A) and the potential difference drops across the two end of the
probe can also be measured through voltmeter (V).Using the well-known relation to calculate

the resistivity of unknown conductor;

A
—_—{ % o y probe 2
sample
pawer supply
probe 1

Figure 4. 8: Setting of two probe system

Here ‘L’ is the length of conductor (between the two- probes) and A is correction area of the

sample.
Limitations in the two probe Technique

i- In such technique the lead connection increase the resistance of the sample.
ii- The connection of the nanomaterials for such characterization is so difficult
iii- Two-probe technique cannot be use for the irregular shape body

So another technique to measure the resistivity of sample called ‘Four point probe’, through
which different shapes of samples are characterized without soldering connection to prevent

the sample from heating.

63



Chapter No. 4 Characterizations Techniques

4.4.1. Four Probe Method

The metal (tungsten) tips supports by spring with various radius is used in such technique, The
connection (tips) are spaced equally from each another as shown in Fig 4.9. During the
characterization, the spring prevent the sample from the damage (prevent from hard pressing).
The inner two probe (2 and 4) measure the potential difference while the outer two probe (1
and 4) calculate the current. So from these to results the resistivity can easily be measured as
given in above equation, The input impedance is very high in the inner circuit so that the current

cannot pass and the potential is dropped across these two probes.

Figure 4. 9: Four point probe measurement scheme
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Chapter No. 5
Electronic, Magnetic and Half-Metallic Properties of L2-

type Co:Mno.sFeosSn Heusler alloy Nanowires

5.1. Introduction

To increase the interest in the research field of spintronics or magneto-electronics during the
last few years, so-called half-metallic ferromagnetic materials with high Curie temperature are
required [186, 187]. The gap present at the Fermi level shows 100% spin-polarized that
increased the performance of the spin-dependent devices. In the present time, the family of
Heusler alloys [114], especially Co-based full-Heusler alloys has appealed remarkable interest
in the technological and scientific field of spintronics due to their greater stability in half-
metallic both in the experimental and theoretical analysis [121, 188]. Hence, it has unlimited
and outstanding magnetic and transport properties to enhance the efficiency of devices based
on half-metallicity [189]. The efficient and high spawned input, spin current makes them
valuable candidates in spin-transfer torque (STT) [190. 191], magnetic sensor devices [192]
and increase the effect of the giant magnetoresistance (GMR) [193]. During the recent decade,
the large values of MR in the early stages due to quaternary (Co2Cro ¢Feo 4Si) full Heusler alloy
in MTJs produced huge interest in TMR and GMR devices [124-126, 194]. Up to now, Co-
based (Co2Mno sFeo sSn) Heusler alloy nanowires (NWs) synthesized in anodized aluminum
oxide (AAO) templates with AC- electrodeposition has not been reported in the literature. .In
magnetic properties, the effective anisotropic field is also contributed by magnetostatic
anisotropy field, shape anisotropy and magneto-crystalline anisotropy field. The shape
anisotropy is dominant along NWs which makes it suitable for perpendicular data storage
devices and sensors applications. In this paper, we have prepared Co2Mng sFep sSn NWs into
anodized aluminum oxide templates by changing the AC potential rather than changing the pH,
concentration and temperature of solution each time to induce interesting properties. Beside it,
we have used density functional theory (DFT) to discuss its arrangement of magnetic moment
and proved that this alloy is half-metallic with 100% spin-polarization. It will open the new

way to increase the efficiency of spintronics devices in the future.
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Figure 5. 1: Typical top-view SEM image of AAQ templates at 5 pm scale, (b) Top-view SEM
image of AAQO templates at 1 um scale, (c) Top-view SEM image of AAO templates at 500 nm scale
and (d}) the cross-section SEM image of AAO templates.

5.2. Resulis and Discussions

5.2.1. Synthesis and Morphology of AAQ Templates
The synthesis of AAO templates using two steps of anodization was explained in detail in our
previous work [ 195]. The overall chemical reaction during the anodization process;

2Ai(s) + 3H,0(1) = Al,04(s)+ 6H*(aq) + 6e~ 5.1
Fig. 5.1 shows the SEM images of AAQ templates from which (a, b & ¢) were taken at the top
view and {d) shows the cross-section view of AAO templates. These images confirm that
diameter and interpore distance was 62 nm and 115 nm respectively while length lies in the

range of microns. These results show that templates are hexagonal arrays in a regular pattern,
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5.2.2. Morphology of Nanowires
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Figure 5. 2: The SEM images of NWs deposited at different voltages. (a) 12 V. (b) 14 V. (¢) 18 V
and (d) shows EDX of NWs.

Fig. 5.2 (a. b & ¢) shows the SEM images of Co-based (Co:Mno sFeo sSn) full Heusler alloy
NWs which‘was confirmed from EDS as shown in Fig. 5.2 (d).The average diameter of these
NWs was 58 nm showing a regular, aligned and homogenous shape. Because up to now, no
technique was recorded in literature in which nanowires were aligned even after the removal
of templates as explained in the experiment.
5.2.3. Molecular Analysis
We have synthesized Co-based (Co:Mno sFeo sSn) nanowires using AC-electrodeposition. The
chemistry of the surface morphology changes dramatically due to the increase of aspect ratio
(surface to volume ratio) of NWs. It is due to the increase of the ratio of dangling bond on the
surface of NWs and more active surface is created at the nanoscale. FTIR technique is relatively
more important and interesting to study the synthesized Co-based (Co:Mng sFep sSn) full
Heusler NWs as shown in Fig. 5.3.

Fig. 5.3 shows the FTIR spectrum which was recorded in the range of 40¢-4000 cm™'.
All samples show approximately similar peaks, i.e. the peaks lie in the region (900-1000) cm-
"and (1100 — 1200) cm™' were linked with the excitation of Al:03and C-O stretching bond
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Figure 5. 3: The FTIR results in Co-based (Co:Mnyg sFeo sSn) full Heusler alloy NWs

respectively whereas the region lie (2300-2400) cm’', broadband (3200-3600) cm'!
corresponded to CO2 molecular and hydroxyl ions due to water molecules present on the

surface which contributed from air and synthesis of aqueous solution.

5.2.4. Structure Analysis .

The ternary X2YZ Heusler alloy has usually L2, structure with the space group (Fm-3 m).
When one of the X-atoms is replaced by another transition element, we can get the quaternary
structure of Heusler alloy XX YZ with the space group of F-43 m (space group 216). So the
crystal structure of Co-based (Co2Mno sFeo sSn) Heusler alloy NWs were studied by X-ray
diffraction (XRD) analysis with 26=20°-100° range. The increase in intensity and shift of
diffraction peaks have been observed in all five samples. These variations indicate that
deposition voltage not only affects the composition of alloy but also affects the order of
crystalline network and lattice strain. The XRD result shows many reflection peaks as shown
in Fig.5.4 which has been compared with standard data [ICSD cards: 652713, 150692] and
indexed them as Sn, and Co2Fep sMng sSn structure.

It was found that the NWs deposited at 14 V and lower than 14 V, only show
fundamental reflection peaks [(220), (400) and (531)]. This type of diffraction peaks reveals
L2 type of crystal structures with A2 and B2 disorder. Besides these fundamental reflections,
it also contains (101) and (110) reflection peaks that indicate the tetragonal crystal structure of
Sn. The XRD of the full heusler alloy structure consists of the odd super lattice, even super
lattice and fundamental reflections. However, the main characteristic super-lattice reflections

peaks [(111) and (200)] with fundamental peaks were only observed in a sample deposited at
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Figure 5, 4: The X-Ray Diffraction results Co-based (Co:Mny sFeo s5n) full Heusler alloy NWs.

16 and 18 V, which corresponds to L2, crystal structure, but sample deposited at 16 V also

contains fundamental reflection tetragonal phase of Sn as well.

5.2.5. Compositional Analysis

Energy dispersive X-Ray spectroscopy (EDX) technique was used for the compositional
analysis which confirmed the deposition of Co, Fe, Mn and Sn in the synthesis of NWs as
shown in Fig.5.5.

The graph was plotted against different deposition voltages which clearly shows that
different material has their different reduction potential, i.e Sn decreases with increase in
deposition potential whereas (Co, Fe & Mn) almost increases with increase in deposition
potential as shown in Table 5.1. These variations mainly affect electrical and magnetic

properties as well as necessary for the formation of Heusler alloy NWs.
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Figure 5. 5: The dependences of Co, Mn, Fe & Sn deposition on different AC potential value.

5.2.6. Magnetic Measurements

The magnetic properties of Co-based (Co:Mno sFeq sSn) full Heusler alloy NWs were explained
on the basis of the VSM technique as shown in F1g.5.6 (a). All five samples were characterized
at room temperature and show excellent magnetic properties used in many spintronics devices.
Fig. 5.6 (b) shows the variation of coercivity and saturation magnetization w.r.t deposition
voltage In general, the coercivity is affected by several factors, such as grain size, defects, Co
content and variation of ferromagnetic (Fe & Co) and paramagnetic (Mn & Sn) ions in the
synthesis of Co:MnFeSn Heusler alloy NWs. The decrease of Hc may be due to the decrease

of the grain size during the formation of Heusler alloy.
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Figure 5. 6: () The Hysteresis loops of the Co-based (Co:Mnp sFeo sSn) full Heusler alloy NWs (b)
The Coercivity and Saturation magnetization against Voltage of Co-based Heusler alloy NWs.
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Table 5. 1: Different properties of Co-based (Co:Mnyg sFey sSn) full Heusler compound NWs.

Fe Co Mn $n H, M,
10 20.66 15.06 5.98 58.30 185 72
12 2474 17.26 6.79 52.21 150 110
14 28.32 1271 9.26 49.71 135 132
16 26.42 21.87 13.47 33.24 65 317
18 2549 2451 13.94 36.06 245 351

emu xi0?
M, 5*
11 0.15
19 0.17
20 0.15
15 0.04
68 0.19

Furthermore, as voltage increases, the coercivity (Hc) decreases and saturation

magnetization increases, showing that deposition of nonmagnetic ions increases compared to

magnetic ions in the compound. But finally, coercivity increases sharply up to (245 O¢) at

maximum voltage (18V) shown in Table 5.1. This material could also be expected as a soft

magnetic material. These variations twisted Co-based (Co2Mnge sFeo sSn) full Heusler phase in

nanowires at a different deposited voltage which produced a new way to increase the efficiency

of spintronic devices such as TMR and GMR, that produces a remarkable increase in the ratio

of MR during the last decade [125, 194].

5.2.7. Electrical Measurements
First, the templates (Al203) were dissolved in NaOH solution as explained previously that

electrical measurement was analyzed with great precision without the interference of template
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Figure 5. 7: Hall measurement shows the variation of mobility, carrier concentration & resistivity
w.r.t deposition voltages of Heusler alloys NWs.
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Figure 5. 8: (a) Two probe I-V curves show the resistance of Heusler alloys NWs (b) Shows the
Resistance V3 Deposition voltages of Heusler alloys NWs

{(insulator). The IV curves which demonsirated the transport properties of Co-based
{Co:Mno sFee sSn) Heusler alloy NWs are shown ir Fig. 5.7 (a). It was characterized by two
probe technique and Fig. 5.7 (b) shows that resistance decreases w.r.t deposition voltage. The
transport properties of Co-based Heusler alloy nanowire electrode is much more efficient
compared to the electrode of conventional porous nanoparticles [196].

We also characterized all the deposited samples (10 to 18 V) by four-probe (Hall
technique) so that the comparison study among the variation of carrier concentration, resistivity

and mobility may be performed as shown in Fig. 5.8. The mobility was increased from 28 to
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Figure 5. 9: Calculation of DOS for Co-based (Co:Mno sFeo sSn) full Heusler compound NWs
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358 cm?/Vs, whereas resistivity was decreased from 160 to 40 Q-cm w.r.t increase in
deposition voltage. The resistivity and carrier concentration decreased in a similar fashion w.r.t
increase in deposition voltage, whereas mobility was increased with increase in deposition
voltage which showed the increment of the grain size and diminishes the scattering of the
electron grain boundary. But if the results were reciprocal to a present situation, then impurity
scattering would be dominated. It means that our samples were pure without any contamination
which confirm the results of FTIR. So the spin properties in (Co2Mno sFeo sSn) Heusler alloy
is of great interest for their practical use which is vigorous study in present as well as in future

spintronics devices.

5.2.8. Computational Studies
To confirm the half-metallicity and ferromagnetism, we have employed state of the art full
potential linearized augmented plane wave methods (FP-LAPW) within density functional
theory as implemented in WIEN2k programs package [197]. Exchange and correlations
approximation are made by generalized gradient (GGA) functional [198]. Details of the
computational procedure can be seen elsewhere [199]. Muffin Tin radii for Co, Fe, Mn, and Sn
are 2.45, 2.43, 2.43 and 2.43 respectively. The total spin-polarized density of states as shown
in Fig. 5.9 and electronic band structure shown in Fig. 5.16 confirmed the half-metallic nature
of Co2Feo sMno sSn Heusler alloy. In spin-up channel, valence band is made up have a major
contribution from 3d states of Co, Fe, Mn and Sn and these d states cross the Fermi level
assigning majority spin channel a metallic character. While in minority spin channel these
states (3d states of transition metals) are localized and there appears a band gap of almost 0.26
eV. The half-metallic gap (Exm), which is the minimum energy for the electron to change the
spin, can be calculated 0.26 eV using art full potential linearized augmented plane wave
methods (FP-LAPW).
5.2.8.1. The Slater-Pauling Rule
Slater and Pauling opened a new way to justify the magnetic moment m of the 3d elements and
their alloys can be predictable on the basis of the average valence electron number (Nv) per
formula. That rule is also effective for the quaternary Heusler compounds as in our case
Co2Mng sFeo sSn.

m = N,—24 5.2
In our case Nv=29.So the total magnetic moment per formula (Co-MnFeSn) is 5 pg,

Where g is Bohr magnetons that fulfills our experimental results.
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Figure 5. 10: Band structure of majority and minority spin states Co-based (CoxMryp sFeq sSn) full
Heusler alloy NWs,

5.2.9. Spintronics Properties

Co-based (Co2Mno sFeo sSn) is half-metallic Heusler alloy which twists great interest towards
spintronic devices due to its 100% spin polarization, was first predicted theoretically by K.
Ozdogan ef al [200]. The spin polarization of electron at fermi-level plays a vital role to use
that specific alloy in the technical and scientific region.

_ NT(Ep)-NUEF)
P= M@ )+NIGER) >
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In (Co2Mno sFeo sSn) Heusler alloy, Sn in a Si column is a much heavier element and
large lattice constant produces smaller spin moment. That large lattice constant leads to
increase in the majority states. The transition metals Fe and Mn have much larger space around
them which leads to increase total spin moment extensively of the whole alloy
(CozMng sFep 5Sn) [200].

To boost-up effective transport and spin-polarized carrier for practical application in
spintronic devices, in a previous decade many researchers used ferromagnetic material which
produced less than 100% spin polarization but due to deficiency of spin injection and slight
spin polarization such materials were unsuitable for spin based technology [201]. A new type
of material called Heusler alloy, which show half metallicity and 100% spin polarization at
Fermi level and can predict to increase the efficiency of spintronics devices upto maximum

value [202, 2031

76



Chapter No. 6

77



gl

;
A

Chapter No. 6 Results and Discussion

Chapter No. 6

Structural, Magnetic and Transport Properties of Fe-
based Full Heusler alloy Fe;CoSn Nanowires

6.1. Introduction

Fe-based full Heusler alloys show very interesting and significant magnetic, electronic and
structural properties among other Heusler alloy [204-206]. They exhibit high Curie
temperature, huge saturation magnetization and acquire half-metallicity at a room temperature
which provides an ideal character for spintronics applications/devices [207. 208]. Half
metallicity of the synthesized materials can be verified, either from theoretical model “density
functional theory” (DFT) or total magnetic moment of the full Heusler alloy which must follow
the Pauling slater [M= (Nv — 24)ug] formula, Ny is sum of valance electrons of the compound
[208]. Currently, there are no reports in the literature on the fabrication of NWs using AC-
electrodeposition based on Fe-Heusler alloy (Fe2CoSn). Fe2CoSn Heusler alloy NWs has got
our attention due to all elements; Fe, Co, and Sn in the compound that can easily be deposited
in the aqueous solution [209-211], which will give us a significantly new way to increase the
efficiency of spintronic devices in future. Now permanent magnets with high energy density
and coercivity products are obtained from the rare-earths with 3d metals alloys, despite their
limited thermal stability and relatively low magnetization compared with ferromagnetic 3d
transition metals like Co, Fe and their alloys. If 3d transition metals and their alloys can achieve
high coercivity, then all these problems and hindrances correlated with the rare-earth magnets
will be resolved. For this goal, magnetic nanorods (NRs) and nanowires (NWs) making use of

shape anisotropy to enhance the coercivity could be new building blocks for permanent

magnets [211].

6.2. Results and Discussions

6.2.1. Synthesis of AAO Templates

The basic parameters for the synthesis of AAO templates by using two steps of anodization
were explained in the experiment |212]. The chemical reaction for synthesis of pores arises at
both interfaces, i.e ALO; electrolyte, and AI/ALOs interfaces. AI** ions were emitted into the

78



q

Chapter No. 6 Results and Discusston

50
= tst apodization
: . ! (" 2md anodization
4|l . :
g 11
é ad] . 0 v
:z, :
2 :
g 204
- H . Reglen I: Farmsusm oF hasraer ner
5 : Maglem Il (seohution of hnrcier [aser
g N N Rrgura 1L Fars M ncheaton
3 ) . Region IV, Sinady statx gramh coadition
10 : e .
‘ . — T SHAE Al A e e mmwmm e ]
b e
Vit B
0- . . rya
T T T T 1 T 7T

—T
[} 20 40 €0 80 100 120 480 7F20 960 1200
Tima (se<)

Figure 6. 1: Current VS. time graph using two-step anodization Prepared by 5% HsPO,

electrolyte solution which affects the dissolution of Al:Os. Reactions related to the formation
of pores at both A/ALO; interfaces and through ion movement across the barrier layer in which
Al** ions drift towards Al:Oselectrolyte interface:
AL + 6H* - 2A13*+3H,0 6.1

Simultaneously water produced anions, reacted with Al to form Al:O;

2A1(s) + 3H,0(1) » AL 05(s) + 6H  (aq) + 6e” 6.2
Current VS Time graph of Anodization
The graph between current density Vs time transient recorded initially during the first 2 min
of the first and second step of anodization as shown in Fig.6.1.
During the anodization, a rapid decrease of the current density was observed, that showed the
formation of the barrier oxide layer (Step.1). The curcent density decreased at a slow rate
indicated that cracks started at the barrier layer {Step.2). After completion of step 2, the current
density was increased which indicated the formation of pore precursors (Step.3) {13. 177]. At
last, the current density approximately became constant which was evidence that steady state

of porous oxide formation was achieved. We called it the AAO template [213].
6.2.2. Morphology analysis
The SEM images of self-made AAO templates were synthesized by two steps of anodization

as confum from Fig.6.2. Three images of Fig. 6.2.(a-c) were taken from the top view of

different samples with different resolutions showed highly ordered and aligned comprises the
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Figure 6. 2: (a-c} typical top view SEM micrograph of AAQ templates and (d) show lateral view
prepared by 5% H;PO, using two-step anodization with a high-density array of AAO templates

average pores diameter and interpore distance was in the range of 40 to 60 nm and 115 to 125
nm respectively. Fig. 6.2 (d) shows their lateral view which confirms alignment, order, and

length was placed up to 15 pm.

o v
Totys - re

Figure 6. 3; (a-c) SEM images of Fe2CoSn Heusler alloy NWs and (d) show EDX, conformation of
FexCoSn Heusler alloy NWs.
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Figure 6. 4: The FTIR results of Fe:CoSn Heusler alloy NWs,

Fig. 6.3(a-¢c) show the SEM images of Heusler alloys NWs which were confirmed from
EDX shows in Fiz. 6.3(d).These NWs were observed in SEM after the deposited samples
dipped in 0.15 M NaOH aqueous solution for 1.5 hr at 60 °C to dissolve the templates and

_show clear images of aligned and non-agglomerated NWs.

The diameter of NWs ranges from 40 to 60 nm (Fig.6.3c) and length of the nanowires depends
upon the deposition time and should be 15pm, which is not clear from SEM images because
nanowires are broken during the preparation for SEM when we dissolved them in NaOH
solution. It is also explained in our previous work with their mathematical formulae and in
literature as well [L76].

6.2.3. Surface Analysis

FTIR of NWs was examined within the AAO templates by using reflection mode in the range
of 400-4000 cm! as illustrated in Fig.6.4. To study the presence or absence of various vibration
modes as well as the influence of voltage variation on chemical bonding between metal ions
and impurities. Also metal-metal bond is not visible in FTIR. But NWs have a high aspect ratio
{surface to volume ratio) as compared to their bulk counterpart of the same material. So that
NWs influenced chemically more reactive, because of their dangling bonds, formed on the

surface of NWs. Therefore, knowing the surface chemistry of Heusler alloy (Fe:CoSn) NWs,
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Figure 6. 5: The XRD pattern of Fe-CoSn Heusler alloy NWs deposited at different AC-voltages.

that had been synthesized, is of huge curiosity. The spectrum of all five samples are shown in
Fig. 6.4.

In this spectrum, the peak in the region {900-1200) cm™' indicated the excitation of
Al203bond. The sprinkle bands in a region {1650-1850) cm™ also correspond to the presence
of bending vibration of a hydroxyl group and a carbonyl group. In the region around (2250-
2330) cm™, the bond of CO2 molecules was indicated which was present in the air. In all these
spectrums, broadband was observed in the range (3200-3600) cm™ in all samples, can be
assigned to the presence of hydroxyl group on the surface of samples. On the other end, no

plasmonic effect was observed, that may be due to the attachment of vertically align NWs.

6.2.4. Structure Analysis
X-rays diffraction (XRD) measurement of NWs were carried out in AAQO templates along with

Al-substrate. Crystallite of the synthesized sample was calculated by X-rays diffraction {XRD)
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.Where D is

method using Debye Scherer formula exposing Cu-Ka radiations: D =

the grain size, K represents the correction factor (also known as shape factor), A is incident X-

ray (Cu Ko = 1.5406A), 8 is the peak position and By, represents FWHM which takes in
radians [214]. Diffraction patterns of all synthesized samples is depicted in Fig. 6.5, and the
result was compared with standard data. Reflection peak (311) was observed in all samples
which corresponded to Al-substrate, due to higher penetration depth of X-rays as compared to
the lateral length of NWs.

XRD diffraction patterns of (Fe2CoSn) full Heusler alloys NWs could be divided into
fundamental even super-lattice and odd super-lattice reflection {214, 215]. The fundamental
reflection peaks can even be observed in the A2-type crystal structure while super-lattice
reflections are only observed in the L2 crystal structure. It was observed that characteristic
fundamental reflection peaks [(220) and (400)]} and super-lattice diffraction peaks [(111) and
(200)] were present in the nanowires that are deposited at 15V and 17V, which means NWs
have higher order structure and corresponds to L2 crystal structure (space group Fm3m) which
was confirmed from DFT result. While in NWs deposited at 13V had only even super-lattice
reflection (200) observed along the fundamental reflection. The intensities comparison of peaks
(400) and (200) with (220) suggests that NW's deposited at 13V may consist of B2 (space group
Pm3m) as well as A2 cubic crystal structure (space group Im3m). Beside these reflection
planes, a shift, as well as variation in intensity of diffraction peaks, have been observed with
the increase in deposition voltage which indicates that deposition voltage affected on the order
of chemical structure and composition. The lattice constants of super-lattice reflection
containing NWs had been determined, as listed in Table.6.1. It was also observed that lattice
constant of NWs deposited at 15V and 17V was greater than 13V which lie within the lattice

parameter range of L2 crystal structure.

6.2.5. Compositional analysis

The EDX is a scientific tool by which we can determine the average elemental composition of
our deposited samples (AC-electrodeposition) as shown in Fig.6.6.

The ratio of Co, Fe and Sn contents was confirmed from EDX, which varies w.r.t applied
voltage. As voltage increases gradually the contents of magnetic ions (Fe & Co) increased as
compared to non-magnetic ions (Sn). After the specific voltage (13), Co & Sn almost remained

constant but Fe increased gradually up to 17 V, which indicated that different element showed
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Figure 6. 6: Sh(')ws EDX pattern of deposited Fe, Co and Sn in Heusler alloy (Fe2CoSn) NWs at
different AC-voltages

different reduction potential [216]. According to the result of EDX, the compositional ratio of
Fe: Co: Sn at 13, 15 and 17 V was almost about 2.0: 1.0: 1.08, which is within the range of
experimental error of the nominal 2:1:1 composition of Fe;CoSn. Hence, our samples referred

to as Fe;CoSn Heusler alloy NWs, are confirmed through XRD and literature as well [204].

6.2.6. Magnetic Properties

Fig. 6.7(a) shows the hysteresis loops which explained the magnetic properties of all the
electrodeposited samples at different AC voltages measured at room temperature which
confirm ferromagnetic NWs. Fig. 6.7(b) displays that coercivity (Hc) and saturation
magnetization (Ms) depend on the reduction potential from 9 to 17 V. The coercivity reaches
to its maximum peak value, 484 Oe at 17 V from 200 Oe at 9V which shows that our sample
was a soft magnetic material. The increasing/decreasing rate of coercivity and saturation
magnetization as a function of deposition potential was observed. Here the length of the NWs
was almost the same, lies in the range of 15 microns. The magnetostatic interactions between
NWs were expected to be same, as using the same AAO template to synthesize Heusler alloy
NWs. The coercivity increases sharply during the formation of Fe2CoSn Heusler alloy NWs
due to a decrease of diamagnetic tin (Sn) content and increase in ferromagnetic (Fe & Co)
which also affects its specific structure and composition (Fe2CoSn). The highest coercivity was

obtained for sample deposited at 17 V. At higher potential, the deposition of tin and the
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Figure 6. 7: (a) The Hysteresis loops of the samples deposited at different AC voltages from 9o 17
V in 60 sec (b) the dependence of coercivity and saturation magnetization of the deposited samples at
different AC voltages.

composition of FezCoSn Heusler alloy NWs produces defects and makes the nanowires into
tiny magnets. These disordered defects were spread throughout nanowires causing the blocking
of domain walls and increment in magneto-crystalline anisotropy [217]. That influences the
squareness (squareness =Mg/Ms) of Heusler alloy NWs as illustrated in Table. 6.1. Squareness
shows a linear trend as a function of deposition potential which may be due to an increase in
grain size w.r.t increase in deposition potential as shown in Table. 6.1. The coercivity 200 to
484 Oe of the Heusler alloys Fe;CoSn synthesized by A.C electrodeposition is reported in our
present work which makes them feasible for many practical applications such as engineering
industries also these hard magnetic material alloy are extensively used as permanent magnets
in our daily products such as generators loudspeakers and motors etc. These alloys have
replaced the rare-earth with 3d metals alloys which have limited thermal stability and low

magnetization also explained elsewhere [210].

Table 6. 1: Show the different experimental results varies w.r.1 deposition voltage.

s Lo - e e S e g e
A A U AV I il K .

A
k3

s.
g 3148 1222 56.29 . 344 0.17
1 32.74 15.04 52.21 - 35.9 0.21
13 45.98 29.58 24.43 5.69 33.2 as0 254 56 0.22
15 51.84 24.35 2).820 575 366 460 488 112 0.23
17 53.18 23.28 23.52 5.75 327 ag4 765 185 0.29
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Figure 6. 8: The crystal structure of Fe2-based (Fe2CoSn) full Heusler compound NWs

6.2.7. Computational Results

Crystal structure of FexCoSn is shown in Fig.6.8, Co atoms are shown in blue, Fe in red and
Sn in grey color. Sn atoms lie at the 42 (0.0, 0.0, 0.0), Fe atoms at 8¢ (0.25, 0.25, 0.25) and Co
at4b (0.5, 0.5, 0.5), the resulting structure belongs to space group Fm3m [214). To find out the
electronic structure and magnetic properties of FezCoSn Haussler alloy we have employed full
potential linearized augmented plane wave (FP-LAPW) methods for the solution of Kohn-
Sham equations as implemented in WIEN2k package [197]. Muffin tin radii are taken to be
t.83 a.u. for all three atoms in the basis. The generalized gradient approximation (GGA) was

used for exchange and cotrelation functional. Plane wave cut-off was defined by RKumax = 8.0,
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Figure 6. 9: Calculation of TDOS for Fe2-based (Fe:CoSn) full Heusler compound NWs.
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Figure 6. 10: Calculation of PDOS for Fe2-based (Fe:CoSn) full Heusler compound NWs.

and a number of the plane wave was adjusted by Gmax= 14 (Ryd)'. A fine mesh of 21 x 21 x
21 k points is made’ for the integration over Brillioun zone (BZ) with 286 k- points in an
irreducible wedge of Brillioun zone (IBZ).

Spin-poelarized total density of states {TDOS) can be seen in Fig.6.9. We can see that there are
few states at the Fermi level in majority spin channel, these are Fe-3d states and are shown in
Fig.6.10 (PDOS). If these states were not there the compound would be half-metallic like all
other compounds of the series. However, these states are very few and have a little contribution
to conduction when compared to minority spin channel.

Electronic band structure tells the bonding and character of electrons bands. DFT is a
standard tool to calculate BS for materials to determine different properties of solids [199]. We
employed LAPW methods for calculations of electronic BS of Fe2CoSn which was shown in
Fig.6.11. The valence band is mainly composed of 3d states of Fe and Co hybridized with Sn
Jp states. There are some states in majority spin channel which makes this compound to be
fully metallic instead of half-metallic like other full Heusler compounds. Calculations for
Ferromagnetic ground state of FexCoSn gives a total spin magnetic moment of 7.29 pg.
However, these states are very few in number and do not contribute too much in conduction
when compared to minority spin channel. This imbalance of charge transport through different

spin channels can be viewed as half-metallic type behavior.
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Figure 6. 11: Band structure of majority and minority spin states Fe2-based (Fe-CoSn) full Heusler
compound N'Ws.

6.2.8. Electrical Properties

The electrical properties of Heusler alloys Fe;CoSn NWs synthesized by A.C electrodeposition
were characterized by two probes (Fig.6.12) and four-probe (Hall technique) Fig. (6.13 &
6.14). The electrical properties were measured using “Swin Hall 8800, China” withaut
pelletization. Before the start of ¢lectrical characterization, first the samples were dipped in the
0.15 M NaOH aqueous solution for 1 hr at 60 °C, through which templates (work as insulator)
were removed from the upper part of NWs while in the lower remained there to support the
NWs in the standing mode and produced no hurdle during the characterizations.

6.2.8.1. I-V Measurement
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Figure 6. 12: The variation of Current w.r.t deposition voltage.

The resistance(R) was measured as a physical quantity using two probe /- measurements. In
Fig.6.12, the curve between current and voltage was not a straight line showing non-ohmic
characteristic which is a good sign for the use in spintronic devices (spin-dependent tunneling)
as briefly explained in the above portion of the p‘aper.

6.2.3.2. Hall Measurements

To measure the transport property of Heusler alloy NW's experimentally, the four-probe (Hall)

technique was developed through which we characterized our samples that depended on the
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Figure 6. 13: The variation of mobility, resistivity and carrier concentration w.r.t deposition voltages.
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Figure 6. 14: The variation of sheet resistance, resistivity and conductivity w. r. t deposition voltages.

Lorentz force. The variation of mobility, carrier concentration and resistivity of Heusler alloys
(Fe2CoSn) NWs with different deposition voltages (9 to 17 V) were shown in Fig. 6.13. The
resistivity was slightly increased and then decreased from 9 to 13 V, whereas mobility first
decreased from 9 to 11 V, and then increased sharply from 13 to 17 V. which show the
enhancement of the crystallinity i.e. Grain size increased and reduced the scattering of electron
grain boundary that decreased the resistivity of Heusler alloy Fe:CoSn NWs. The resistivity of
Heusler alloy NWs was measured from 25 to 128 Q-cm. whereas mobility was observed
relatively high, of the order 13.6 to 375 cm*/Vs. Maximum mobility was measured at 15 and
[7 V, leading towards excellent transport property. The carrier concentration was calculated of
the order 10'%cm? and showed similar behavior as that of resistivity [218]. Fig.6.14 shows the
relation between sheet resistance, resistivity and conductivity.

It confirms the inverse relation between (sheet resistance, resistivity) and conductivity.
These experimental results were confirmed from theoretical formulae.
Mathematically the magnitude of Hall voltage was calculated by;

Hall voltage(Vy) = IB /qnd 6.3

Where / is the current, 8 is the magnetic field, dis the sample thickness, and ¢ (1.602 x 10
19 ),
Mathematically the carrier concentration {n) was calculated by;

n = IB/qdVy 6.4
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Carrier concentration (n) in above Equation can be measured, when all the remaining
parameters are known,
Sheet density ( ng )can be measured using Hall voltage.

Sheet density(ns ) = IB/q|Vy| 6.5
The sheet resistance of the Heusler alloys NWs can be measured by using the Van Der Pauw

resistivity technique. Which comprises both mobility and sheet density.

Mobility (n) = [Vy|/RsIB 6.6
Using Eq.6.3 we get;

Mobility (n) = 1/qng Rg 6.7
We know that the Hall coefficient is given by

Hall coefficient (Ry) =V, W/BI 6.8

If we can measure the value of Hall coefficient, then mobility can also be measured by using
Eq.6.8.
Mobility (1) = Hall coefficient(Ry)/Resistivity (p) 6.9

Whereas resistivity of the desired sample can be calculated from the sheet resistance if we
know the thickness of the sample.

Resistivity (p) = Sheet resistance(Rs) X thickness(t) 6.10
These mathematical/theoretical formulae are obeyed to fulfill the results taken from the
experiments (Two and four probe) techniques.
The electrical control of the magnetized switching is highly desirable in ferromagnetic NWs in
future spintronic applications and the capability of spintronics devices intensely depends on
the source of spin-polarized current [58]. However, the Hall mobility values exhibit an opposite
trend and decrease with annealed films. The similar decreasing trend of Hall mobility has also
been observed in CuxZnSnSy thin films fabricated by a vacuum method with expending
annealing time which may be attributed to the increase of the inter-grain potential barrier [219].
The practical applications of Fe2CoSn Heusler alloys NWs devices, in which the planar Hall
voltage in the ferromagnetic layer is tuned solely by piezo voltages as well as magnetic and
opto-magnetic properties have been investigated by Buschow et al for bulk materials [220], and

a spin filtering device (SFD) by Moodera er al {221].
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Chapter No. 7

Morphology, structural and magnetic properties of
Fei00—xCux alloy nanowires

7.1. Introduction

One-dimensional nanomaterials have got more focus because of the requirements of
fundamental technical applications and physical researches in nano-devices [222-224]. Current
research material such as Cu has excellent physicochemical properties, high electrical
conduction, good biocompatibility and high surface activity. Presently, researchers are looking
for new routes to the synthesis of ferromagnetic-nonmagnetic alloys NWs to enhance their
properties in micro and nanodevices [225]. Nowadays, the focus of concentration has been got
by NWs fabrication of arrays, due to its potential use in high-density perpendicular recording
magnetic memories [226], sensors, giant magnetoresistance (GMR) [227, 228] and magneto-
electronic devices [229, 230]. The occurrence of stimulating and remarkable variation in
magnetic and structural behavior can be expected during the synthesis of alloy (FeCu), the iron
(ferromagnetic) with copper (diamagnetic) through electro-deposition technique. It is a matter
of great attention to study the relation of magnetic/structural properties with deposition
parameters. Many practices are focused on synthesis of magnetic NWs [231]. The method of
template-assisted electrodeposition is one of the simplest, easily controlled and inexpensive
technique. The porous alumina is an attractive and smart way for the synthesis of NWs as it
has uniform pore distribution, high pore density as well as the desired pore diameter/length
[232, 233]. Ferromagnetic NWs such as Co, Ni and Fe, as well as their alloys, were fabricated
by the porous membrane (AAO templates), have uniaxial anisotropy through easy axis parallel
to the wire axis that produces the shape anisotropy of NWs [234-237]. This result could be
remarkable for the structural and magnetic properties of FeCu NWs. The effective plating
parameters such as current density and bath composition are well-known for the modification
of compositional alloy NWs [238]. In the present effort, the structural and magnetization
behavior of FeCu NWs, prepared by AC-electrodeposited from sulphate bath solution through

different ratio (Fej00—xCux) in the aqueous bath with constant AC-potential have been studied.
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Figure 7. 1: SEM image of AAO template after second step anodization, (b)SEM image of AAOQ
template after 30 min immersing in phosphoric acid and (c) the cross-section SEM image of AAO
template (d) the EDX of templates.

7.2. Results and discussion
7.2.1. Morphology of AAO templates

The AAO templates were synthesized by two steps of anodization, by means of 5% of H;POq4
{aqueous solution) as explained in the experimental portion. Fig.7.1(a & b) shows the
morphology of the templates from a typical top view, after the completion of the 2" step of
anodization without immersed in H3POusolution and immersed in I M H3POy solution for 25
min respectively, which effect to increase the diameter up to 10%. These templates were
homogencous, regular and hexagonal in shape.

As illustrated in Fig.7.1C, showed the lateral view that confirmed their regular, aligned
shape and length was placed in the range of 10 pm. The top view SEM images with an average
pore diameter and interpore distance were 50-65 nm and 120-130 nm respectively as shown in

Fig.7.1b. Fig.7.1d (EDX) confirms the chemical composition of AAO templates.
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Figure 7. 2: Shows the SEM images of FeCu NWs after removing the AAO templates, (a) SEM image
of FeCu NWs at 5 pm scale, (b) SEM image of FeCu NWs at 2 pm scale, (c) SEM image of FeCu NWs
at 1 pm scale and (d) Shows EDX of FeCu NWs.
7.2.2. Morphology of FeCu Alloy NWs
Fig. 7.2(a-c) displays the SEM micrograph of FeCu NWs after dissolving the templates in 1,0
M of sodium hydroxide (NaOH) aqueous solution. These images confirmed the diameter of
FeCu NWs were in the range of 50-56 nm and the length was estimated in 10 pm according to
the full depth of AAC membranes.

The concentration variation of iron sulfate (FeSQ4-7H20) bath was taken from 100 to
69 % w.r.t variation of copper sulfate (CuS04.5H20 ) bath from 0 to 31% simultaneously as
given in Table 7.1. The Cu ions in deposited FeCu NWs was increased with an increase in the
amount of Cu concentration, in the electrolyte bath solution. The composition analysis of Fe
and Cu in the synthesis of FeCu alloy NWs with different bath configuration were obtained
from EDX (Fig. 7.2d) as shown in Table 7.1,

7.2.3. Surface Analysis

The surface analysis of AAO templates and NWs (without dissolving in NaOH) was observed
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Figure 7. 3: (a &b) The AFM images of AAO template after second step anodization and (¢ &d) the
AFM images of FeCu NWs after removing the AAO templates.

through Atomic force microscopy (AFM) technique as shown in Fig. 7.3 (a & b) and Fig.
7.3(c & d) respectively. That technique provides a commanding tool to get qualitative
confirmation deprived of any effect on their physical structure. The average surface roughness
of AAQ templates and FeCu NWs were found to be 2pm, which provided supporting evidence
of the SEM results. Fig.7.3 also confirmed the homogeneity and uniform morphology of our

samples.

7.2.4 Structural Analysis of FeCu Alloy NWs

The crystal structure of the synthesized samples (Fejo—xCux) NWs were investigated with the

ki
Brutcos@

XRD techmique using Debye Scherrer formula; D = exposing Cu-Ka

radiations ranges from 20° to 70° as shown in Fig.7.4. where 8 is the peak position, A is wave
length of incident X-ray; Cu Ka = 1,5406A and By, indicate FWHM (full width at half

maximum) which takes in radians and & = 0.9, known as shape factor.
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Figure 7. 4: XRD spectra of FeCu NWs arrays of various content {at %) embedded into AAO templates.

The XRD pattern of all synthesized samples were characterized without dissolving the
templates in NaOH solution. The experimental results were compared with the standard data
(JCPDs # 01-071-7667 & 01-080-5766). Sample first was synthesized through pure Fe-NWs
reflect bee crystal structure with the Miller indices (110} and (200) planes. As we added the
concentration of Cu with Fe bath solution (Feipo—xCux} as shown in table 7.1. Then bcc crystal
structure of FesCuys alloy NWs with reflection planes (110) and (200) were observed at 26
=44.685° and 20 = 65.071° respectively along with Cu-fcc reflection planes (111) and (220) at
20 =38.388° and 26 = 47.899° respectively as shown in Fig.7.4. So the Fe-bcc peaks were
completely suppressed as a function of Cu contents increases in the synthesis of FeCu alloy
NWs in all remaining samples. And the shift was observed towards the lower angle as we
increase the concentration of Cu contents in the synthesis of bcec Fer7Cuza NWs at 20 =44.657°
and 20 = 65.052°. The same trend was observed in shifting the FessCus) NWs peaks (110) and
(200) towards lower angle at 28 =44.625° and 28 = 65,024° respectively. Also, the grain size
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Figure 7. 5: The variation of grain size and lattice strain of pure Fe and FeCu alloy NWs as a function
of Fejoo-xCux content (at %).

was calculated through XRD which shows increasing order as we increase the concentration
of Cu in Feip0-xCux alloy NWs and lattice strain was decreased as shown in Fig 7.5. The shift
produced towards lower angle was attributed due to stress, strain and lattice parameters of FeCu
NWs. The lattice strain was decreased as we increased the concentration of Cu in Fewo—xCux
NWs that affected the increment of lattice parameter [239] which illustrates the polycrystalline
nature of FeCu NWs.

7.2.5. Magnetic Properties of FeCu Alloy NWs

The magnetic properties of (Fejpo—xCux) NWs were characterized through VSM at room
temperature. The hysteresis loops of pure Fe and FeCu alloy NWs with different Cu at%, were
studied parallel (0°) and perpendicular (90°%) to wire axis, as shown in Fig.7.6 & Fig.7.7
respectively. The coercivity (H.) and squareness (Mp/M,) of all synthesize samples (Fe &

FeCu NWs) were plotted as a function of Cu at% to observe the influence of composition on

Table 7, 1: Show chemical and structural parameters of electrodeposited FeCu NWs as a function
of different composition contents {at %).

R P . - Measured - -

samples’ ‘FE; ;gtrcﬁc}:aeorm;a‘l:f:éh c:;‘ % Cornposition by EDS ~ *

- i SO T Fefat¥) - Culath)} o C ;
1 0.1m - 100 - Fe 44 .89 20271 2.857
2 0.1M 0.01M 81 19 FegCu, 4624 19941 2.865
3 0.1M 0.02M 77 23 FezCuy, 47.21 191.79 2867
4 0.1M 0.03M £9 31 Fe,,Cu,, 4917 18646 2.869
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Figure 7. 6: Hysteresis loops of electrodeposited pure Fe and FeCu NWs perpendicular to the plane
of the membrane with different FeiooxCux content (at %) at a constant voltage (16V).The inset shows
an enlargement of the central part of the loop.

magnetic properties, as illustrated in Fig.7.8 (a & b). The coercivity (Hc) and squareness
(Mg /M;), both were decreased significantly as a function of increasing Cu at% in FeCu alloy
NWs as shown in Table 7.2. The coercivity (Hc) was decreased expressively from 421 to 389
Oe and from 389 to 342 Qe, parallel and perpendicular to wire axis respectively as Cu at%
increases from 0% to19%. Further, the coercivity shows gradually decreasing order as we
increases the concentration of Cu {at %) from 19% to 31% as shown in Fig.7.8 (a & b). The
crystal anisotropy, shape anisotropy and magneto-static interactions play a vital role that
stimulates the magnetic properties of the magnetic NWs [18]. In present case, the FeCu alloy
NWs length was almost equal and placed in the range of 10 pm, which was expected to be the
same magneto-static interactions between NWs having identical templates (same diameter and
length) were used to synthesize all samples (FeCu alloy NWs). Moreover, the coercivity (H,)
is inversely dependent on grain size, as grain size was increased and reduced the lattice strain
due to increase of Cu atoms (at%) in FeCu NWs that influenced to decrease the coercivity
{(H.) of the NWs. The remanence {Mgr) and saturation magnetization (Ms) were decreased
sharply with the addition of Cu (0% to19%) concentration in Fe {Fes1Cuo) bath solution as
shown in Table 7.2.These properties can be effected due to difference in their energies of Fe
and Cu. The element with lower surface energy has tendency to segregate on to the surface of
FeCuNWs; Fe=2.613 eV atom™ and that of Cu=1.377 eV atom’'.

98



9

Chapter No. 7 Results and Discussion

12
] Fe

1.0 4

{| = FeyCuyy

08

—Fe,;Cuy,

0.6 7| —FeyyCuy,
0.4 4
0.2
0.0
(02 :
0.4 ]
06
28

M/Ms (Fe NWs)

-1.0
.2

SO0 M 200 03 VI im0 400
B LB B s e e

T 1 1 LI}
9 4.7 654321012 345¢67289
H (kOe}

Figure 7. 7: Hysteresis loops of electrodeposited pure Fe and FeCu NWs parallel to the plane of the
membrane with different Fe g-xCux content {at %} at a constant voltage (16V). The inset shows an
enlargement of the central part of the loop.

[t shows that Cu which is diamagnetic (non-magnetic) having an atomic radius greater than
Fe, the alignments of the magnetic moment of ferromagnetic is suppressed in Fe at high at%.

Hence, the NWs with low Cu at% are difficult to demagnetize, compared to those samples

with higher Cu at%. Unlike Szpunar et al, who observed that the grain size has not any

prominent effect on saturation magnetization (Ms)[240]. But here, the result was observed
experimentally, that remanence (Mg) and saturation magnetization (Ms) decreases with
increase in grain size as the Cu at% was increased during the synthesis of FeCu alloy NWs as
shown in Table 7.1 & Table 7.2. It was calculated through Scherrer formula that the grain size
of FeCu NWs was increased from 44,89 nm (pure Fe) to 49.17 nm (FesoCus Y N'Ws. Remanence
(Mp) and saturation magnetization (Ms) for Cu rich (FeCu) NWs reveal that the magnetic

Table 7. 2: Show various magnetic parameters of electrodeposited FeCu NWs as a function of
different composition contents (at %)

. Saturation - Retentivity -

Cﬂ?g:;lty ' Muagnetization | (emux 1
ST, (emu x 1Oy o ,
I 1 I L |1 1 I 1
1 fe 421 389 1704 1898 79065 406.17 0464 0.214
2 Feg,Cu,q 389 342 572 776 12927 13347 0.226 0.172
3 Fe,,Cu;; 365 302 454 592 10124 ©99.45 0.223 0.168
4 FegoCuyy 356 296 415 577 92.13 9572 0.222 0.166
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Figure 7. 8: Behavior of coercivity and squareness (a) Parallel and (b) Perpendicular to NWs long
axis as function of Fe and Cu content in NWsg

energy which aligns the copper magnetic moments, increases due to substantially increase in
the number of Cu-Cu interaction. The squareness (Mg /M, ) determines the easy and hard axes
of the NWs, i.e the greater squareness value refer to easy the axis. Thus, our FeCu NWs have

easy an axis along the NWs due to its large squareness value at 0°.
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Chapter No. 8

Structural, Magnetic and Electrical investigations of
Fei—xMnx (0 < x <0.39) alloy Nanowires via
Electrodeposition in AAO templates

8.1. Introduction

Recently, the shape memory alloys attracted a lot attention due to application point view. C.
M. Wayman discovered the shape memory effect in Fe-based alloy [241]. Since the shape
memory effect and super elasticity of Fe-based nanostructure, such as FeMnSi and FeMn alloys
that produced numerous interest due to their implementation in sensors, magnetic random
access memory (MRAM) and other several potential applications {242, 243]. Particularly, to
enhance the efficiency of spintronics devices such as race-track memories by using NWs that
were synthesized through electrodeposition which is one of the most active current research
fields [41, 244]. In future spintronics device that require spin-valves to inject the spin polarize
current, need to fix one of the ferromagnetic material to anti-ferromagnetic which form their
specific structure [245]. The iron-based ferromagnetic material couple with non-ferromagnetic
like Manganese at nanoscale shows magnetically soft composite due to interfacial exchange
coupling [246, 247].

The existence of the biologically alloys, such as Fe-based FeMn biodegradable alloy, that
seems to be more suitable than nickel based; the anterior being necessary for humanoid [248.
249] and the nickel classified as a carcinogenic and a toxic [250]. Manganese is observed not
to be toxic in cardiovascular system at a higher ratio [251-253]. The Mn from such alloy due
to its controlled degradation could be acknowledged to be less than their toxic level in blood
[254-256]. The ferromagnetic Fe which makes alloy with non-ferromagnetic material such Mn
to form FeMn that were deposited through electrodeposition in AAO templates gives rise to a
new technology. To fabricate align and uniform NWs in AAO templates, by using
electrodeposition, have been used in many technological applications, such as the growth of
vertical devices, with high aspect ratio. Up to present, very minor research has been done to
study the structure and magnetic properties of FeMn alloys as a result to this, it is difficult to
deposit Mn with Fe electrochemically [257, 258]. Hence, the work of this paper is first to

synthesize FeMn alloy NWs in AAO templates through electrodeposition and second is to
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Figure 8. 1: (a, b & ¢) A typical top view SEM results and (d).show EDX result of AAO templates
Prepared by 5% H;PO, with a high-density array of Nanopores

analyze their structural, magnetic and electrical properties in detail that will enhance the

properties of spintronics devices in future prospectus.

8.2. Results and Discussions
The transit behavior of the current w.r.t time, during the first and second step of anodization,

was explained in our previous work in detail {195]. Fig.8.1 (a-¢) shows the top view of the
AAO templates at a different resolution, which confirmed the regularity and homogeneous in
a hexagonal shape. The average diameter and interpore distance were about 50nm and 125nm
respectively. Whereas Fig.8.1d shows the EDX of the templates.

The SEM images were obtained at different resolution as shown in Fig.8.2 {a. b& c).
and typical EDX spectra are presented to confirm the deposition of the required materials as

shown in Fig.8.2d. Samples were characterized through SEM after the dissolution of the
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Figtﬁz 8.2: (a, b &¢) The SEM analysis and (d) EDX result of FeMn alloy NWs.

templates in 0.1M NaOH aqueous solution at 60 °C for 2 hrs. The average diameter of these

NWs was about 50 nm.

Up to now, no specific method is discovered through which we can align these NWs after
dissolving in NaOH solution. The compositional analysis of FeMn alloy NWs reveals that by
increasing the concentration of Mn in the FeMn bath solution at constant electrodeposition
voltage (15 V), that enhanced the concentration of Mn and decreased the Fe contents in the
synthesis of FeMn alloy NWs as shown in Table.l. Which strongly affected on the structural,
magnetic and electrical properties of FeMn alloy NWs.

The crystal structure of Fei—xMnx NWs were examined by obtaining X-rays diffraction
{XRD) patterns without separating Al-substrate. Fig.8.3 shows the obtained diffraction
patterns, which were analyzed by comparing with standard data [Fe (JCPDS# 96-411-3932),
FeMn (JCPDS# 96-152-5356)]. The three diffraction peaks at 26 ~ 44°, 65° and 78° were

observed in all obtained diffraction patterns. The diffraction peak at ~ 78° with (310) plane
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Figure 8. 3; XRD patterns of FeMn alloy NWs.

corresponds to reflection from the Al-substrate. In general, lhe penetration depth of X-ray
increases at higher angle that is why reflection from Al—substrate appeared in the XRD patterns.
The diffraction peaks at 44° and 65° with {110) and (200) planes, respectively, refers that the
NWs were crystailized into body centered cubic structure. However, a shift in diffraction peaks
was observed with increase of Mn content in NWs. The lattice parameter {(a) of NWs was also
from (110) diffraction by applying following relation:

d=

a

—_— A
VhI+ k2412 §

Where d is the interplaner spacing and &, k and { are the miller indices of diffraction peaks.

The calculated lattice parameter values of NWs were listed in Table.8.1 that showed the lattice

Table 8. 1: Different calculated parameters of FeMn alloy NWs are obtained from XRD, VSM and
EDX analysis. Here we represent the lattice parameter (a), Grain size (D) and lattice strain (g),
dlslocanon denslty (&), coercivity (Hc) and squareness {S‘)

T ST AR T P T P Lt i e A E

0.1M 236 6.3 324 0.22

A

B 0.1M  0.0IM 34 6 FepadMigee 2.853 43 210 54 - -
¢ 01M  0.02M 82 18 Fe,Mng,y  2.851 46 186 a7 252 023
D 0.IM  0.03M 74 26 fe,;Mng;s  2.850 52 176 3.8

E 01M  0.04M 61 29 Fe,Mny,,  2.847  S3 173 35 230 025
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Figure 8. 4:' The Grain size and Dislocations of FeMn NWs w.r.t atomic % of Fe and Mn.

parameter was decreased with increase of Mn content. Furthermore, Grain size (D) and lattice
strain {€) of the NWs was also calculated from highly intense diffraction peak by applying
Debye Scherrer equation and Stokes-Wilson Equation respectively, their values are listed in

Table.8.1. An increasing trend in grain size was observed which indicates to the decrease of
line dislocation density (6 = 51;) with increase of Mn content in NWs as shown in Fig.8.4.

These analyses suggest that the grain boundaries was increased in NWs with the Mn
substitution.

The electrical properties of Fei—xMnx alloy NWs were measured through four-probe
(Hall technique) using “Swin Hall 8800, China”. Before to start the electrical characterization,
first the samples were dipped in the ¢.1M NaOH aqueous solution for 2 hrs at 60 °C, through
which the templates (work as insulator) were removed from the upper part of NWs. So that no
hurdle is expected during the characterization, while in the lower part remained there to support
the NWs in the standing mode. As we deal with NWs instead of NW, because it is difficult to
characterize a single NW. Therefore, the electrodes {four-probe Hall technique) are connected

at the four corner of the sample (in square form) through silver paste.
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Figure 8. 5: Four probe {Hall measurement) analysis show the variation of mobility, Conductivity
& resistivity w.r.t at% of Fe and Mn in FeMn alloys NWs.

Fei-xMnx alioy NWs were characterized through four-probe (Hall measurement)
technique as shown in Fig.8.5. which depend on Lorentz force. Fig.8.5 shows the variation of
conductivity, resistivity and mobility w.r.t the variation of atomic percentage of Fe and Mn.
Initially when pure Fe was deposited without Mn, then the grain size was absorbed up to 38nm.
Which show high conductivity, mobility and display low resistivity. However, as the
concentration of Mn is increased gradually (from 0.01 to 0.04M) in Fe;_xMnyx alloy NWs,
Then the grain size was increased in a regular pattern, as shown in Fig.8.5. Also the resistivity
was increased gradually (24 to 75.5 Q.cm) w.rt increase in Mn concentration, while
conductivity and mobility were shown opposite fashion to that of resistivity.

The magnetic properties of Fe, Fep s2Mno 18 and Feos1Mng 39 NW's were examined by recording
hysteresis loops at room temperature with applied magnetic field along the long axis of NWs,
Fig.8.6 displays the recorded hysteresis foops and their corresponding parameter are listed in
Table.8.1. It was observed that the coercivity (H,) and saturation magnetic moment was
decreased with increase of Mn. Generally, the value of saturation magnetic moment depends
on type of the materials and independent on its geometry, while H, depends on geometry and
exchange length of the materials, which is directly related with the reciprocal of the grain size
in multi-magnetic domain material i.e. H, o 1/D. Here, in present case, the H, also showed

inverse trend to grain size that confirms that the NWs consists on multi-magnetic domains.
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Figure 8. 6: Show the magnetic response of FeMn alloy NWs with the external magnetic field aligned
parallel] to the long axis.

Whereas, the squareness (5*), which is the ratio of remanence magnetic moment to saturation
magnetic moment, of NWs was increased with increase of Mn content in FeMn NWs. This
increase in S* reveals that uniaxial magnetic anisotropy of NW was improved. In principle, the
overall magnetic anisotropy in NW arrays depend upon shape anisotropy, magnetocrystalline
anisotropy and magnetostatic interaction between NWs. Among these anisotropy factors, shape
anisotropy and magnetostatic interaction between NWs only depend on geometry and directly
proportional to saturation magnetization of the NWs. Here, the increase in magnetic anisotropy,
without any change in geometry and decrease of saturation magnetic moment, suggests that
increase in magnetocrystalline anisotropy is the possible reason behind increase of magnetic

anisotropy.
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Conclusion

The fundamental and principal objectives of this thesis was synthesize of aligned, homogenous
and the periodic form of self-assemble anodized aluminum oxide (AAO) templates by two-
step of anodization. The choice of self-assembled anodic alumina is to fabricate the nanowires
(NWs) in the desired length and diameter. Such parameters strongly affect their magnetic,
electric and structural properties of the synthesized NWs. The properties of the NWs that has
high aspect ratio relative to the bulk counterpart also processes the shape anisotropy and
transfer the additional charge (spin-dependent) in traditional electronic devices to enhance the
function of spintronics devices, such as MR, GMR, TMR. To achieve such objective, four
different series of the NWs have been synthesized; two series of the full Heusler alloys NWs
(Co-based Co2Mng sFeo sSn and Fe-based Fe2CoSn) and two series of the binary alloys NWs
(Feioo—xCuxand Fe;—xMnx). Hence the quaternary full Heusler alloys NWs with a stable phase
indicated by L2; through the chemical formula X;YZ (2:1:1) and binary alloys were
synthesized through AC-electrochemical deposition in self-assembled AAO templates through
the pore diameter lie in the range of 55-65 nm. Such Heusler series can be predicted as half-
metallic ferromagnetism with 100% spin polarization. Therefore such character NWs, the Co-
bésed CozMno sFeo sSn full Heusler alloy and Fe-based Fe:CoSn full Heusler alloys NWs were
selected for such research, which has not been synthesized experimentally earlier before in the
form of NWs. Hence the synthesized NWs of four different series have been characterized
through various physical properties; morphology, electric, magnetic, structural and transport
properties and the origin of band gap at Fermi level shows spin polarization 100 % (half-
metallicity), has been confirmed through density functional theory (DFT) by using WIEN2k
programs of full potential linearized augmented plane wave (FP-LAPW) technique.

Keeping in view the Co-based Co:MnosFeosSn full Heusler alloy NWs has been
selected to synthesize their full order and stable (L21) structure by changing 2V from 10 to 18V
through AC- deposition potential in AAO templates that tune their various physical properties.
The AAO templates were synthesized in 5% phosphoric acid with 60V (constant DC source)
by two-steps of anodization at the range of temperature 1 to 5 °C. The morphology of the
synthesized NWs of all series have laid in the range of 55 to 65nm that has confirmed from
scanning electron microscope (SEM) images. The EDX confirmed the deposition of all desire

materials and display that each element has different reduction potential. The structure analysis
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through XRD at 10V, 12V and 14V are attributed to only fundamental reflection peaks that
display B2-type A2-type called partially disorder and full disorder structure analysis
respectively. But at 16V and 18V, the reflection of fundamental along with odd superlattice
and even superlattice have been observed that confirmed the formation of full order L2,
structure of full Heusler Co2Mng sFep sSn alloy NWs. The electrical measurement with four
probe hall technique was done without anodic alumina shows the decrement in resistivity from
160 to 40 Q-cm relative to the increment of the deposition potential to confirm the metallicity
of our sample. At 18V only full order L2; structure has been synthesized without any other
phase like Sn, that enhance coercivity sharply from 65 to 2450e. The half-metallicity (100%
spin polarization) due to the origin of band gap at Fermi level is confirmed through DFT
measurement by WIEN2k programs of full potential linearized augmented plane wave (FP-
LAPW) technique.

Now the spin-dependent properties as half-metallic ferromagnetism is achieved in a
more appropriate format by selecting the Fe-based Fe2CoSn full Heusler alloy. The results from
such Heusler alloy has been achieved to synthesize Fe2CoSn full Heusler alloy NWs. To attain
the desired results, 9 to 17V AC-electrodeposition by the difference of 2V has been taken in
the same morphological AAO templates. From EDX, it is confirmed that the required ratio of
full Heusler alloy2:1:1 combination has been successfully attained at the deposition voltage of
15 and 17. The full order desired structure L2; of Fe2CoSn Heusler alloy NWs has been
obtained at same voltages that contain all fundamental reflection, odd and even superiattice.
Whereas A2 and B2-type disorder structure have been observed at 9 to 13V. The increase in
intensity and variation of shift w.r.t increase in deposition voltage shows the enhancement of
the grain size and decrease of stress (increase in lattice parameter) respectively. From M-H
loop, it is clear that coercivity attained sharply to its maximum value (484 Oe) among all
samples when deposited at the 17V show the effect of L2 structure on its magnetic properties
of Heusler alloy NWs. From two probes (I-V) technique, such Heusler alloy NWs illustrate the
non-ohmic character and show maximum mobility with the formation of L2; order structure.
The DFT calculation by WIEN2k program to investigate the half-metallicity in Fe2CoSn
Haussler alloy NWs. Few states of Fe-3d at Fermi level show through the partial density of

states (PDOS) contribute very less in conduction compared to minority channel. It also obeys
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Slater-Pauling rule, in which magnetic moment of total spin that proportional linearly to the

valance shell electrons in the unit cell of Fe2CoSn Haussler alloy NWs.

The spin-dependent devices are linearly proportional to the structural and
compositional constraints. The advantage of the alloy (Ferro-nonferro) NWs over single
elemental (ferromagnetism) NWs can be used to tune the magnetic and transport parameters
through morphology and composition ratio. Therefore Fejpo—xCux alloy NWs has been
fabricated in anodic alumina through the same approach and parameters, only 16V deposition
potential remain constant by the variation concentration of FeCu in the electrolyte. First, only
Fe-bcc peaks are observed in XRD pattern, because of it deposited without Cu contents. Hence
Cu contents is progressively added in the Fe-electrolyte solution, which completely suppresses
the Fe-bcce peaks and has produced the FeCu bcc peak along with separate Cu-fec reflection
planes also observed. From XRD analysis, the lattice parameter has increased that affects to
decrease the laftice strain. Therefore shift was produced towards lower angle. The coercivity
show decreasing pattern because of enhancement in the grain size. And the magnetic moment

alignments of Fe was suppressed because of the atomic radius of Cu is greater than that of Fe.

The last binary alloy is ferromagnetic material coupling with non—fefrofnagnetic to
synthe:size the Fe;—xMnx alloy NWs. The Fe-Mn is a biologically (biodegradable) alloying
element, as a high ratio of Mn is observed to be not toxic. Keeping in view the last step of®his
research was to synthesize the FeMn alloy NWs in AAO templates by the same technique AC-
electrodeposition at room temperature. The analysis of X-ray diffraction (XRD) pattern shows
that the aluminum peak are observed because of such NWs are characterized with the substrate.
The XRD patterns exhibited the FeMn NWs were crystallized into body centered cubic (bcc)
structure. Furthermore, the lattice parameter of FeMn NWs was decreased with addition of Mn
content. The grain size shows the increasing order (from 38 to 53nm) w.r.t to increase the
concentration of Mn in Fei—xMnx bath solution, that effect to decrease the coercivity. The
shape anisotropy is dominated in FeMn alloy NWs. Therefore, it has been attributed the motion
of domain walls due to the decrease the magnetic grain boundaries. The four-probe (Hall
measurement) technique shows the resistivity has decreased slowly (24 to 75.5 Q2.cm) opposite

to that of conductivity by the increment of Mn contents in Fe;—xMnx alloy NWs.
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