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\ bstract

[n this thesis Nig,l'¢2y Nanowires and Nis-Fe»y Nanotubes were deposited inside the home
made ancdized aluminum oxide (AAQ) templates The process ot deposition was carried
out by DC clectrodeposition method The composition analysis and surface morphology
were explored by energy dispersive spectroscopy (EDS) and scanning electron microscopy
iSEM) respecuvely Scanning electron microscops proves that the sampic prepared well in
desired manner Very line and homogencous growth of Ni-,Fe. Nanowires and Ni--Fea,
Nanotubes was confirmed turthermore SEM calculation prosves average diameter ([3) ol
theNi+| €15 nanowires 1s 30 nm and length (L) ot the Ni-it ¢2y nanowires 15 10 um  [he
average dameter (D) of the Ni--Fey; nanotubes s 200 nm and length (1) ot the samic
N1-Fexs nanotubes 1s 10um In order to examine the magnetic properties ot the sample M-
I curves were obtained by vibraung sample magnetometer (vSM) at ditterent angles
hetween the wire axis and external magnenic fietdd M-H curves prove that both nanowires
and nanotubes have easy axis along the perpendicular ot their axis [ o some extent shape
anisolropic behavior was also confirmed by M-H curves .Atter this we take these curves at
low temperature I'=3K and found that thermal energy decrcases at low temperature
Lausing an increase In saturation magnetization (Ms) Further we employed FMR to study
some others magnetic parameters With the help of FMR we obtained intensity vs H field
curves and resonance vs angle curves and found out the resonance fine width and easy avis
as well Results taken trom these curves are consistent with the M-1H curves 1 nally we
draw the graph ol delta M cunves tor both nanowires and nanotubes Magnetostatic
nteraclions are very weak inside the NissFe-; Nanotubes but on the contrary magnetostatic

nteractions or dipolar interactions between the Ni~.Feay Nanowsres are very strong



Chapter 1 Intiroduction to nanoscience & technology

¢ hapter |

Introduction to nanoscience & technology

1.1 Study at nano level scale

[n nano science and technology all the studies and experimentations are done at atomic level The
scale of nano can be understood by many ways From a verv common defimuon it 15 the one
hilhonth part ot a meter (1-2] On another way one can understand 1t in a good wav. just by sumply
thinking about a single hydrogen atom whose atomic radius 1s experimentally understood that 13
(1053 nm Now 1t we place five (05) hvdrogen atoms together in a line then the length of this line

wil! be referred to 1 nm almost as shown n tigure 1

H H H H H

— = >

] nm

Figure 11 Five H atom 1n a row makes the length of 1 nm

In this way we can say that it 1s the study of matter at atomic level where the simple Newion laws
does not hold The quantum mechamics rules play a vital role in the study ot matter at nane level
fhere are ditferent nano structures of different dimensions which are fabnicated and charactenzed
by the nano scienust for the betterment of human s lite and their needs Scienusts and engineers
presently working on many nano structures but the lerromagnetic nano structures and
semiconduclors are most prominent tor different data storage devices and energy storage devices

respectinely
1.2 High surface to volume ratio

\s compared to bulk matenal high surface 1o volume ratio ot nanomatenals 1s also very important
regarding their chemical reactivity  This 1s because of the availabiluy o1 greater number of atoms
present at the surface of the nanomatenials Actually the atoms are unexposed at bulk level specially

those atoms which are inside the matenial but ar nano level masimum atoms hayve opportunity to

6



Chapter 1 [ntroduction 10 nanoscience & technology

react because ot larger surtace area the atoms inside the matenal are now lacking the covering

which they have 1n bulk torm The whole phenomenon {3] 1s shown 1n tigure 2

/!

Lurtace area Lrface ared of ung Cube
- dunadimoaontaces: = b o s Iomugcmanfaces s 2o

“g.al sLMace area
-Menrracutes - 1372 cme

Figure | 2 Basic compdrison ot surface area between bulk and nano malerial
hipwsw bbe co ukschoolsposcbiesizesacnce2 lumucnals chowesnmnotchnologyiey | shimi

\ll those materials whose one dimension 15 at least ranges trom one nanometer 0 hundred
nanometers are ¢alled nano materals and the sctence and technology concerned with them s called
nano science and technology Such matenals are tabricated synthesis or manutactured by two

Jillerent approdches usually known as top down and bottom up approach

1.3 Surface energy

Surtace energy 1s aimost directly proportional to the surtace area and the matenals surlace dared
depends upon the dimensionality (at nano tevel) of the matenal [he surtace arca becomes
promunent at nano dimensiens that intern increase the surface energy as well  This 1s actuaily
because ot more number of atoms exposed on the surface ot atoms because ot nano dimensions

'his phenomena explained by the tigure | 3 given below [4]
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"tgure 1 3 The percentage of surface atoms changes with the palladium cluster diameter

The graph shown n the figure 03 iffustrates that when the size of the particle squeezes 1o nano
range trom um scale then a vast increase in percentage of atoms exposed and the surtace cnergy

become larger 10 the extent of seven orders of the magnitude

[n case ot singular surtace as shown in figure 04, to which we want to subdivide into two surfaces

we need the tollowing amount of energy
! Nb
=-Nbepa
Y =3 P

W here. Ny 15 the numher of broken bonds. pa the atomic density of atoms per surtace and € the

bond strength of the matenal

Figure 1 4  Schematic showing two new surfaces being created by breaking a rectangular sohd

Into two pieces
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1.4 Review of nano milestones

\eeording to history point of view of nanotechnology there are many milestones having great

worth Exvervone have a simple question 1n their mind that how log nanotechnology been uulized”

It we look back 1o the thousands ol years then we will come to know that pottery 1s one of the
major branch of industry that unconsciously using the nano paruicles Such type of pottery object
was Lycurgus chalice in the late tourth century AD and nght now this nano based oldest chalice
can be seen 1n the Brniush museum This Roman chalice was tamous because ot s two colors green
and transtucent red T'he appearance ot green color was due o retlectance ot hight and when the
chalice was directly tocused by hight 1t appears translucent red Romans also attributed 10 these
colors with their ancestors heroes who worked well in the eve of peoples  \ctwally thesc colors

are due to the 70 nm silver and gold particles [4)

With retlected hight  with tocused light
Figure 13

'he nanotechnology now-a-day s 15 because ot the hard work of the scientists 1n scientifte research
that has been going on tor over the centurtes The lamous scientists who attract the altenuon while
resiewing the nanotechnology milestones because of their nice scienutic contributions are enlisted

below with their discoseries and inventions

- In 1857



Chapter 1

- In 1905

» In 1932

Introduction to nanoscience & technology

Colloidal gold was discovered by Michael Faraday, in which he illustrated his
appropnate entity of Collowdal gold to the Roval Society Faraday proves to them
that the sample having Au naro particles produces ditterent colors hke ruby red

and blue when exposed to the varyving hght conditions {3]

On the behalf of complete quanutative theory Albert Einstein explains the
dispersion and presence of colloids He also explains the Brownian motion of
colloids by considenng them big atoms This theory turther later on proves correct

by the experiments of Jean-Baptist Perrin

Lavers of atoms or molccules whose thickness around onc atom thick was
established by Langmuir Such types of layers tabricated by Langmuur have 1wo
dimensional structures that lead towards the manufacturing of transparent glass
with the addition of thin film of fluorine compound [n 1932 he was also aw.nded

with the Nobel Prize tor his spectacuiar work

~ In 1958:

7 In 1974

Richard P. Feynman gave a revolutionary 1dea to the scienufic researchers by
which the wision of thunking totally changes His vision was the abundance of
toom ~ to research at nanoscale By adopting his innovative 1idea given in ground

breaking speech that ‘There s plenty of room ut the botiom’ scientists starts

working and finding the solutions of scientific problems at the atomic lexel or nano
level Later on alier seven years ol this breakthrough in nanotechnology he

awarded with Nobel Prize 1n 19653

First time 1n the history the word of nanotechnology was introduce by a persen
belong to the University of Tokvo named as Norwo l'amguchi™ In order to
fabricate ultra high and more precise structures at small level this term was comed

bv hum called as "NANO™ The structure {ineness and accuracy regarding the

10
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length scale was on the order of | nm (nanometer) :om whe Baw Comepr w

“ang ledmplogs  Procecduigs of the Internstional L onterence ul Produchon Faginoonng |71

# 1In 1981
o Gerd Binning and Heinrich Rohrer remained successtul to control the placement ot
the atoms of the matenals at nanoscale They invented the Scanning Tunneling
Microscope (5TM) With the help ol this marvelous device they make the nano
scienusts able to measure the nano structures and electron density For this great

work and achievement they were awarded with the Nobel Prize in 1086

# 1n 1985
¢ A new type of carbon just like a spherical tootball made of 12 pentagons or 20
hexagons panels Smalley Robert Curl and Harold Kroto discovered the C-60 1t
1s also khnown as buckmunsterfullercne  The atorementioned scientists were

awarded witb the Nobel Prize 1n 1996

INgure 1 6 Buckminstertullerene

» In 1990
¢ [BM practically introduced the competence to control the placement ot atoms
lhe scienust of IBM, Don Eagler successiully placed senon atoms on michel

substrate very precisefy in such a way that they write [BM with that well placed
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atoms  This experiment wds done on ultra high vacuum and the very low

temperature achieved with liquid helium

» Y i
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Figure 1 7 Controlled placement of atoms on nickel substrate

» 1n 1991
¢ lhe great man Sumino lipma discovered a process to tabricate the onc
dimensional carbon nano structures called nanetubes. The length ot these
structures was about one micron and the diameter range 15 4 nm to 30 nm {6]
These tubes are made of carbon atoms sheets which further rolled down 10 make

first single walled nano tube (SWNT)n 1993 as shown in the figure below

Figure 1 8 single-wall-carbon-nanotubes
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» [n 1993

# [n 1997

» In 2001

Introduction to nanoscience & 1echnology

(dSe. CdS and Cdle are the matenals out of which lor the first ime best quality
quantem dots were tabncated Murray Norris and Bawends were the scientists who
performed this tabulous work to synthesize quantum dots Quantum dots are such
tiny particles that posses beautiful optical properties The normal white spectrum
of light absorbed by the quantum dots whtie depending upon their size they let oul
colors of diflerent waveiengths Such charactenistics are entirely depends on the

uny ndture ol the parucle [7]

Lucent Technologies prepared the nanotransistor that contains ali ol 1ts main parts
Just within the thickness of 60 nm The martn parts are source. drain. gate and gate
onide After three vears in 2000 the DNA motor was v ented by the joint venture
of Oxford University and lucent technologies [n luture such DNA motors will be

used (o assemble rudimentary circuns by acting as swiiches |81

Prototype fuel cell. tn 2002 dust and stain repellent tabrics developed 1n 2003 the
more efficient prototype of nano solar cell produced Day by dayv the pace of
development 1n nanotechnelogy ncreasing which results in amazing  break
through hke in 2004 the cancer tumors 1n mice were destrosed by Nanoe Spetra

Bioscience with the help ot gold-coated nano shells [9]

1.5 Classification of materials at nano scale

When we look towards the definiuon of nano science and technology then we understands that i

1s very rich in research that explains the new horizons and diverse characteristics ot the matenais

In fact the reason 1s that 1t surrounds the very broad spectrum ol research fields ot ditterent

matenials | hese materials can be any but now-a-davs the tollowing matenals are on lop regarding

research and application poiwnt ot view [10]



\bstract

[n this thesis Ni=n['e2a Nanowires and Niz-Fes; Nanotubes were deposited inside the home
made anodized aluminum oxide {AAQ) templates T'he process ot deposition was carried
out by DC electrodeposiion method The composition analysis and surface morphology
were explored by cnergy dispersive spectroscopy (EDS) and scanning ¢leciron nmicroscopy
(SEM) respectively Scanning electron microscopy proves that the sample prepared well in
desired manner Very fine and homogeneous growth ot Ni-gl'cay Nanowires and Ni--Fea;
Nanotubes was confirmed [urthcrmore SCM calculation proves average diameter (13) ol
theN1-t €:1 nanowires 15 30 nm and length (L) of the Nisl ¢2; nanowires 18 10 um the
average diameter (D) ot the Ni--Fea; nanotubes 1s 200 nm and length (1) ot the same
Ni-zFes, nanotubes 1s 10pm  In order to examine the magnetic propertres of the sample M-
It curves were obtained by vibrating sample magnetometer (VSM) at ditterent angles
between the wire awis and external magnenc field M-H curves prosve that both nanowires
and nanotubes have easy axis along the perpendicular ot their avis 1o some extent shape
anisotropic behavior was also confirmed by M-H curves Atter this we take these curves al
low temperature T=3K and found that thermatl energy decreases at low temperature
Ldusing an Increase in saturation magneuzation {Ms) Turther we employed FMR to study
some others magnetic parameters With the help of FMR we obtained intensity vs H [lield
vurves and resonance vs angle curves and found vut the resonance line width and casy axis
as welt Results taken from these curves are consistent with the M-H curves Tinally we
draw the graph ot delta M curves for both nanowires and nanolubes Magnetostanie
mteraclions are very wedk inside the NixybPes; Nanotubes but on the contrary magnetostatic

interactions or dipolar interactions between the Ni-n['¢-y Nanowires are sers strong
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Introduction to nanoscience & technology

1.1 Study at nano level scale

In nano science and technology all the studies and experimentations are done at atomac leve! The
scale of nano can be understood by many ways From a very common detinition 1t 1s the one
billionth part ot a meter {1-2] On another way one can understand 1t 1n a good way, just by simply
thinking about a singie hydrogen atom whose atomic radius 1s experimentally understoed that is
0 053 nm Now if we place five (05) hydrogen atoms together in a line then the length of this line

wil! be referred to 1 nm almost. as shown in figure |

H H H H H

—F =2

| nm

Figure | | Frve H atom 1n a row makes the length ot 1 nm

fn this way we can say that 1t 1s the study of matter at atomic level where the simple Newton laws
does not hold The quantum mechanics rules play a vital role 1n the study of matter at nano level
L here are ditferent nano struciures ol different dimensions which are tabricated and characterized
by the nano scienust for the betterment of human’s life and their needs Scientists and engineers
presently working on many nano struclures but the terromagnetic nano structures and
semicondudtors are most prominent {or different data storage devices and energy storage devices

respectinely
1.2 High surface to volume ratio

\s compared to bulk matenal high surface to volume ratio of nanomaternals 15 also vers important
regarding their chemical reactivity  Fhis is because of the availability ol greater number ot atoms
present at the surface of the nanomaterials Actually the atoms are unexpased at bulk level specially

those atoms which are inside the material but at nano level maximum atoms have opportunity o

6
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react because of larger surface area the atoms inside the matenal are now lacking the covering

which they have in bulk torm [he whole phenomenon [3] 1s shown 1n figure 2

Curdace are3 LM3Ce 3rea 0f one cube
- dumrd Mmoo fates: 2 b M s 2mezoamoar{aces - Zdem

T, al surace drea
- Zdcme g cubes = 132 em-

trgure 1 2 Basic comparnison ot surtace darea between bulk and nuno matenal
hitpswww bbe o ubschoobsgescbitosizesoienee 2 Temalenals choscesnanotechnologaros | shiiml

\ll those matenals whose one dimension 15 at leasl ranges trom one nanometer W hundred
nanometers are called nano malerials and the science and technology concerned with them s called
nano science and technology Such matenals are tabricated. synthesis or manutactured by two

Jditferent approaches usuatly known as top down and hottom up approach
1.3 Surface energy

Surface energy 15 almost directly proportional to the surtace area and the matenals surtace area
depends upon the dimensionahity (at nano level) of the material The surtace arca becomes
prominent at nano dimensions that intern increase the surtace energy as well This s actuallhy
because ot more number ot atoms exposed on the surtace ot atoms because ot nane dimensions

[ his phenomena explained by the figure | 3 given below [4]
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Meure 13 T'he percentage of surface atoms changes with the palladium cluster diameter

Che graph shown n the tigure 03 illustrates that when the size of the parucle squeeses to nano
range trom um scale then a vast increase in percentage ot aloms cxposed and the surtace energy

become larger to the extent ot seven orders of the magnitude

In case ot singular surface as shown in figure 04, to which we want to subdivide 1nto (wo surtaces

we need the following amount of energy

1
y=5Nbepa

W here. Ny 1s the number of broken bonds. pa the atomic density ot atoms per surface and € the

bond strength of the matenial

N

Figure 1 4 Schematic showing two new surfaces being created by breaking a rectangular sohd

mnto two pleces
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|.4 Review of nano milestones

\ccording to history pomnt of view of nanotechnology there are many mulestones having great

worth Everyone have a simple question in their mind that how log nanotechnoiogy been utilized”

I we look back to the thousands ol years then we will come 10 know that pottery ts one ot the
major branch ot industry that unconsciously using the nano particles Such type of pottery object
was Lycurgus chalice in the late tourth century AD and right now this nano based oldest chalice
¢dn be seen in the Briish museumn  'his Roman chalice was tamous because of 11s two colors green
and translucent red The appearance of green color was due 10 reflectance of hght and when the
chalice was directlv tocused by hght 1t appears translucent red Romans also attributed to these
colors with their ancestors heroes who worked well in the eye ot peoples Actuaily these colors

arc due to the 70 nm silver and gold particles [4)

With retlected ight  with focused light
[gure 15

[ he nanotechnology now-a-days is because of the hard work ot the scientists in scientitic research
that has been going on tor over the centuries [he tamous scientists who attract the attentton, whtte
reviewing the nanotechnology milestones. because o1 their nice seicntific contributions are enlisted

below with their discoveries and invenuons.

- In 1857
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- 1n 1805

» In 1932

Introduction to nanoscience & technologs

Colloidal gold was discovered by Michael Faraday, in which he llustrated his
appropnate entity of Colloidal gold to the Roval Soctety Faraday proves to them
that the sample having Au na~> particles produces ditterent colors like ruby red

and blue when exposed to the varying light conditions (3]

On the behalf of compiete quantitative theors Albert Emstemn explains the
dispersion and presence of colloyds He also explains the Browman motion of
collowds by considering them big atoms This theory further later on proves correct

bv the experniments ol Jean-Baptist Permin

Lavers ot atoms or molecules whose thichness around one atom thick was
established by Langmuir Such tvpes of tayers tabricated by Langmuir have (wo
dimensional structures that lead towards the manutacturing of transparent glass
with the addition ot thin film of fluorine compound [n 1932 he was also awarded

with the Nobel Prize tor his spectacular work

»~ In 1958:

» In 1974

Richard P. Feynman gave a revolutionary idea to the scientific researchers by
which the vision of thinking towally changes His vision was the abundance ot
room’ to research at nanoscale By adopting his innovative idea given 1n ground

breaking speech thar ‘There s plenty of room ur the bottom™ scientists starts

working and finding the soluuons of scientitic problems at the atomic tevel or nane
level Later on after seven vears of this breakthrough in nanotechnology he

awarded with Nobel Prize in 1965

First ime 1n the history the word of nanotechnology was introduce by a person
belong to the Umiversity of Tokyo named as Nono Taniguchi™ In order 10
fabricate ultra high and more precise structures at small level this term was coined

by him called as NANO™ The structure fineness and accuracy regarding the

10
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fength scale was on the order of | nm (nanometer? o we tw Coep

*ane lechnalupy Prowcediney of the Inteenational | anlerence of Proguction t apincermg, |74

» In 1981
e (erd Binning and Heinnch Rohrer remained successtul to control the placement ot
the aloms of the matenals af nanoscale [hev invented the Scanming Tunnehing
Macroscope {STM) With the help ot this marvelous device they make the nano
sctenlists able 10 measure the nano structures and electron density 1'or this great

work and achievement they were awarded with the Nohel Prize in 1986

»# In 1983
* A new hvpe of carbon. just ike a spherical tootball made of 12 pentagons or 20
hevagons panels Smalley  Robent Curl and Harold Kroto discovered the C-60 It
15 also known as buckmunsterfullercne  fhe slorementioned scientists were

awarded with the Nobel Prize 1n 1996

ligure 1 6 Buckminstertulierene

7 In1990
» [BM pracucally introduced the competence 1o control the placement ol atoms
I'he scienust of IBM, Don Ligler successtully placed xenon atoms on nickel

substrate very precisely tn such a wav that they write IBM with that well placed
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atoms  I'his expeniment was done on ultra high vacuum and the yveny low

temperature achieved with higuid helium

WA VAN A
» Y Hh HE AA
N FL: Wi O A 4

, A W én H L \\
, i Sinidv & L
i
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Figure 1 7 Controlled placement of atoms on nickel substrate

» In 1991

¢ [he great man Surmino hpma discovered a process to fabncate the one
dimensional carbon nano structures called nanotubes. lhe length of these
structures was about one micron and the diameter range s 4 nm (o 30 nm [6]
These tubes are made ot carbon atoms sheets which turther rolled down to make

tirst single walled nano tube {SWNT) in 1993 as shown in the tigure below

Figure 1 8 single-wall-carbon-nanotubes
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» In 1993

» In 1997

# In 2001

[ntroducton to nanoscience & technology

CdSe CdS and CdTe are the matenals out of which tor the first time best quality
quantum dots were tabnicated Murray Normis and Bawend) were the scienusts who
pertormed this tabulous work 1o synthesize quantum dots Quantum dots are such
liny particles that posses beautiful optical properties The normal white spectrum
ot light absorbed by the quantum dots while depending upon their size they let out
colors ol ditterent wavelengths Such charactenisues are enorely depends on the

1ny nature ol the particle 7]

Lucent I'echnologies prepared the nanotransistor that contains all ot its main parls
just within the thickness of 60 nm T'he man paris are source dran gate and pate
oxide Atter three years in 2000 the DNA motor was invented by the joint venture
ot Oxtord University and lucent technologies In tuture such DNA motors will he

used 10 assemble rudimentary cireunts by acting as switches |8

Prototy pe tuel cell. in 2002 dust and stain repellent tabrics developed 10 2003 the
more elficient prototvpe of nano solar cell produced Day bv dav the pace ol
development 1in nanotechnelogy increasing which results 1in amazing break
through like in 2004 the cancer tumors 1n mice were destrosed by Nano Spectia

Boscience with the help ot gold-coated nano shells [9]

1.5 Classification of materials at nano scale

When we look towards the detinition of nano science and technology then we understands that 1t

15 very rich in research that explains the new honzons and diverse charactenistics ot the materials

[n tact the reason 1s that it surrounds the very broad spectrum of resedrch tields ot ditterent

matenals [hese matenals can be any but now-a-days the tollowing matenals are on top regarding

research and application point ot view [10§
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v Magnetic materials

v Semiconductor materials

v Dielectne matenals

v Superconductor materials ctc
W hen scientists and engineers try 1o tailor the phystcal or chemtcal charactenisuies ol the above
mentioned materials at nano level scale then they will fabricate a new sort ot matenal called nano
material The nano materials further classified regarding their structures and dimensions weather
thcy belongs to any of the aforementioned matenals Such nano matenals tabricated through
special kind of process 1n a clean room environment Depending upen structure and dimenstonality
these nano matenals are nane particles, quantum dots (Q D7) nano wires (NW %), nano rods
{NR™). nano tubes {NT7) and nano shects or thin film etc In this way we can say that nano science
and technology 1s the science which deeply concerned with the matenals structure ot nano scale

size duc to which they exhuibits improyed or desired physical. chemical or brological properties | 1-

2] Nano matenals turther grouped 1nto the following
v Zeto-Dimensional Nanostructures
v One-thmensional Nanostructures

v [wo-Dimensional Ndnostructures

According to application point ot view nano materials have broad scope being used n data storage
devices, ditterent electronic sensors. sports medicine agriculture and textle & fabrics ctc he

lgure | @ explans the above nanostructure classification of different nano materials
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Figure 19 Vanious types of nanostructures regarding thetr dimenstons

1.5.1 Zero-Dimensional Nanostructures

Nano particles have been developed by applying different techniques which inciudes top down
and bottom up approaches as given below

+ Miihing or attrition

e Fiching

o Repeated quenching

o [ithography

Nano particles with tens 10 several hundred diameters can be produced by attrmtion The nano
product 1 ¢ nanopariicles from this particular technique have substantial shape large solume
changes as well as down-and-out thermal conductivity In the same way lithography technique
play a viial role 1n the tabrication of nano particles Bottom up approach has been currently proved
very effectine for the synthesis of nano particles The jollowing bottoms up approaches are very
popular now-a-days [11]

e homogeneous nucleation trom vapors

» heterogeneous nucleation on substrates

¢ phase segregatten from solid at high temperatures

¢ contined chemical reactions (micelles)
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To synthesize 0-D structures the miniatunzation of the nano products 1s not the only option For
device applications the synthests and process conditions ought to be under control tn such a way
tha che resulting products have the tollowing disttnguished properues [12]

e | nitorm size distribution

¢ [dentrcal (shape) morphology

e [dentical crystal structure

¢ No agglomeranion

SEM micrograph of 0-D matenals given below

Figure 1.10 0-D matenals

1.5 2 One-Dimensional Nanostructures

Nano products related to |-D nanostructures are ot ditferent categories depending upon the
ditferent ( size and diameter The names of these categories are given as [13]

e Nano whishers

e Nano fibers or nano fibrils

e Nano wires

o Nano rods

s Nano tubules

s Naneo cables
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Nane fibers and nano wires are such 1-D nano products which are considered larger than nano
whiskers and nano rods The range of the diameter of nano wires and rods 1s less than o few
hundred nano meters proved in recent research [14] While whiskers and fibers diameter range 15
up to several hundred nano meters to microns Generally the aspect rauo’ of nano wires 1» greater
than the nono rods Where the aspect ratio 15 detined as L D where L 15 length and [ 15 the diameter

ot the concerned structure

I'here are some 1mportant categories of synthesis techmaques for 1-D nano structures collectively

These categones are given betlow [15-17]

» Spontaneous growth
» Template based synthesis
e Flectrospinning

e [ithography

Spontaneous include the foliowing steps
1 Exvaporation
1 Dissolution
1 (ondensation
" VLS (v apor hiquid solid) growth
v SLS ( solid hquid sold) growth

A Stress induced recrystallization

L' he above mentioned synthesis techmques are grouped further in two ways bottom up and top
down categories

Botlom up approach Spontaneous growth. Template based synthesis Flectro-spinning

l'op down hithography

Carbon nano tubes and ferromagnetic nano tubes are special tamily of 1-D structures The reason
18 that they are used in very advanced device fabncation equipment The ferromagneuc [-D nano
strictures are used in data storage devices [18-24]

St M micrographs ot 1-D structures
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—

Figure 1 11 1-D matenal

I 33 Two-Dimensional Nanostructures

'he well-known two dimensional nano structure 1s the thin tilm as show 1n the fig 1 12 1t ¢ look
back 1n historv. we come to hnow that more or less a century ago scientist had a sound know ledge
about the two dimensional nano structures in the firm of thin film many methods tor the synthesiy
ot this two dimensional structure deyeloped 1n that ime and with the passage of nme scientist and
cngineers brought development and betterment to the synthesis process All of such svnthesis
techniques which were deseloped previousiy. now a davs they are widely used 1a different kinds
ot industnes. tor different scientific appiications and devices Like solar cells and biosensors ctc

the deposition technique of thin film grouped in two main stireams given below
e Vvapor based deposition
I he examples of VBD of thin [iim are

1 Sputtering

1 atomic tayer deposttion {ALD)

m ¢vaporalion

v molecular beam epitaxy (MBE)

v chemical vapor deposition (CVD)

» Liquid based growth

The examples ot I BG are very well known which are given below
[ L.lectrochemical deposition (ECD)
I Chemucal solution deposition(CSD)

L Langmuir deposiion
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I Rlodgett films

3 Self-assembled mono layers {SAMSs)

["fectro chemical deposition 1s very cost effective because rest of the lechmques utilizes uitra high
vacuum that s why researchers ginve preterence to electrochemical deposition on the vacuum based

synthesis echniques

Figure 1.12 Matenal with 2-dimension

1.6 Brief history of magnetism

Magnetie matenials history grows up with the science’s hustory Regardless the tact that the
previous history of magnetism s indistinet but its characternistics of attracting preces ot ron
bewitched the peoples of thousands ot years ago Fe;Oy (lodestone magnenic) svas the [irst
magnetic material that was found in Magnesia (right now known as Turkey) Inimalls the magnete
device was tabricated by the lodestone magnetite The Chinese are the proncer of making first
uscful device by which they measure the directions of earth’s magnetic field as shown below n

(ieure 1 13

In 1064 tirst professional navigatonal compass fabricated This invention plays a vial role in the
discovery of America and Afnicain [492 and 1433 respectively There were many wrong concepls
regarding the origin of magnetism but 1n but a first scientific and logical text “On the Magnet™ by
William Gilbert in 1600 overthrew them This effort put the scienusts 1n the nght path and later
onn 1820 Hans Chnstran QOersted discovered that a current carryving conductor have the magnetic

tield around it

19
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Tigure | 13 The earliest magneuc device from China South pointer

Alter this the success goes on in this tield and clectromagnetic induction was discovered by the
Michael Faraday in 1821 [he breakthrough of magneto optic and the Maxwell's equation about
unufied theory of electncity, magnetism and Light 1in 1845 and 1864 respeenvely was also a mice
achievement This brings the many improvements in the human’s Iife in the torm of electric

motors. street hghts and telegrams [25])
1.7 Phenomena of magnetism

Matenals show the response ot attraction or repulsion 1n the presence of external magneuc field
Mostly matenals show such type ot phenomena, some retlects strong and some give weak response
lo the apphied magnetic tield Depending upon this magnetic response or behavior ot the material

they are grouped in more or less three or tour categones [26]
["urther there are mainly two types ol magnetism

» clectromagnetism

¢  pcmaneni-mdgnetism

[he former term 1s related with the magnetc field produced by the unudirectional motion ol
electrons nside the current carrying conductor, which can be found by the right hand twist rule
The later term 15 related with the magnetic field preduced by the spin and orbital mouon of electron

mmside the atom around the nucleus [27]
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As discussed above that the microscopically the magnetic etfect generated nside the atom 1s
because of the trinsic spin and orbiting motion of electrcn that further become the property ot

the whole matental This 1s shown schematically tn the following figure 1 13

Eiectron

Nucleus

Fipure | 14 Two intrinsic motion ot electron about nucleus spinning and orbiting

\ctually the spin moment and orbital moment 1s because of this intrinsic motion of electron around
the nucleus as shown 1n figure 1 14 These two moments ot electron wiil further combine o

produce the total magnetic moment

[t 1s observed that the magnetic moments cancel each other which results almost sero or wedk
magnetic field bul sometimes 1t 15 also observed that thev cooperate with each other to gencrate
strong magnetic field this amazing property of the material depends upon the filling and infilling
the atomic orbits The strong magnetic lield 1s because ot the unpaired electrons whiie the filled

orbits shows weaker magnetic field because the oppostte spins cancels out each other etfect [28]

Coilowing ditferent behavior of magnetism 1s expected from the magneuc material

0 duamagnetism
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O paramagnetism
0 {erromagnetism
O antiferromagnetism
When matenial 15 subjected to the external magnetic field then one must observed the

atoremenuoned magneuc behavior because of magnetic moments of the atoms |29] Figure 1 14

u1ve the broad view of magneuc matenals inside the periodic 1able ol ¢lements

LIFerramagnetic L)Annt2rramaanwlin

MIP araniayn elis MCiamagrnehc =
[
3¢ T v ___C.r_Mn FelColM |Cy|Zn|>al5e|as] Ca g-r b
k__f_ Zr |tb |Me __'Ilc Ru l'i‘h l;d A cd I‘n Sn |Sp Te |1 |Xe
lar Hf ([Talwvwv (Reajtr] ir § FtiAujHg] THIEPD B PPe ] A R0
A

| (oo naoebsaden]eulvuloy fmele T vl ]

I'igure 1 15 Penodic table of magnetic materials

1 7.1 Dhamagnetic materyal

\s all the orbuals tilled and there are no unpaired electrons Jue to which there will be no magnenie
moments instde the diamagnetic materials The magnetic susceptbility ., of diumagnetic matenals 1s
jess than cero almost in the order of -10°130-31} This 1s due the tact that such matenals shows negative

mdgnetization there magnetic moments orient themselves contrary 10 (the apphied external magneue

licld H' W hen the external magnetie field 1s removed they sull show some pegatiny ¢ magnetization as

show n figure | 16

>

{
I
|
|

PP I A Y TP
[ TAMIAACHETIC HATERIA 5]

e e P e ————————————————

[1gure 1 16 Diamagnetic matenials when (a-leit) no ticld 1s apphied (b-centre) held 15 apphed

tc-nght) Neid 15 removed

90
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1.7 2 Paramagnetic materials

Paramagnenic substances are those substances 1n which partially filled atomic shells or obits are
present ['hat s why unpaired s electrons become the cause of magnetic moment These magnetic

moments are onented regularly inside the material as shown 1n the tigure | 16

no applicd
magneue Held pplicd magnetic icld

brgure 1 17 Paramagnetc materials when (a-feft) no magneuc ficld (b-night) applied magneuc

tield

W concluded that in the presence of external magnetic field the magnetic moments aligned
themselves in the direction of external magneuc field and a total magneuzation M=M, obscred

in the matenal which results the positive susceptibility

| 7.3 Ferromagnetic materal

In terromagnelic materials the magnetic moment ol cach adjacent atom 15> aligned parailel W hen
such matenals subjected to the ¢xternal magnetic ticld then their alomic magneuc moments
arrange themselves in the direction ot external field and they will remain in the same position even
alter the externai tield becomes equal to zero Co Fe. Nietc are the best examples oi terromagnetic

matertals The magneuc susceptibility of these materials s very high up to the order ot 10° |32
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PN NN

tat Unmagneazed dotnatns 1) Magneuzed domans

trgure 1 18 Ferromagnelic material when ta} no magneuc field {b) magneuc lield
1 7.4 Ant1 ferromagnetic material

In ant ferromagnetic substances the magneuc moments of atoms ahgned oppositely as 1llustrated
in the figure 1 18 given below Below the Neel temperature let's suppose 1f one group 1s upward
then the other surly downward which results 1n zero spontancous magnetic field On certain
twmperature when they are subjected to external magnetie ficld they will respond hke a

paramagnenc material with positive but smaller values of magneuc susceptibility

["igure 1 19 Anti-terromagnetic material
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1.8 Central principles of magnetism

The net magnetic induction out of magnetic matenal can be tounc ou with the help ot lollowing

cyuation
B = poH + oM (1)
OR
B = (o (H+M) (2)

When we apply external stiimulus H (external magnetic field) on the magnetic matenal due to
which intema! magneuzation M produced 1nside the matenal the agpregate effect of these two
ficlds 15 denoted by B as given in equation § and equation 2 Where B 1s also known as magnetic

moment per unit volume  of the mareral
1o = constant ot permeability = 41\ 10 Wb A-m

Fesla ¢ or (Wb/m=) 15 the system miemnational unit of B, while Am™ 15 the system mnternational

unmoftH& M

1.9 Magnetic Permeability

Il we talk about iree space then there will be a direct relation possible in between B & H we can
write tor tree space that B=H But in case of magnetic matenal the magnetic induction B become
larger during the presence ol external magneuc field H to what extent the magnetic induction
become larger this will decide the term p known as “magnetic permeability™ and that can be easily

understand from the tollowing relation

B=uH (3)
From equation 3 we can write the relation for “magnetic permeabihity” as

n=BH {H

tience we can say that it 1s the quotient of magnetic induction over the exposed external magnoue

ficld as given in equation 4. while the SI unie of magnenc permeabihity 15 WhrA-m



Chapter 1 [ntroduction to nanoscience & technology

Relative permeability () 1s another parameter by which we can undersiand the further properues

ot the matenal. which 1s the quouent of p/ po

[he way we increase the intensity of external {icld in the same way the volume of intcrnal
magnetization ot the magnetic material increases this phenomena 15 hnked with the magnetc
susceptibility  1he magnetic susceptibility of the material can be understood by the following

expression
M=ym H
Or
#m = M/H (3)

It 15 cleared trom the above formula of magnetic susceptibility that it ts unut less because 1115 the

ratio of such quantities (M & H) those posses the same SI unnts

There 15 also a mathematical relation between susceptibility and magneuc permeability that can be

developed by the manipulation of the above equations as,

Im=pr -1 {6)

1.10 Magnetization processes and hysteresis

The magnctization carry through the [erromagnetic materals s very remarkable regarding
dilterent research and device tabrication point of view [he well known matenals regarding Lhis

pomt of view are Ni. Co, Fe and some ol their alloys

The rudiment property ot ferromagneuc subsiances Is their response 10 the external magnetic tield
H The magnetc property explained or reveled by the VSM in M-I loop describes the non-linear
response of matenial’s internal magnetization M (o the H (external applied field) as shown in the

higure 16 given below The M-H loop 1s also known as magnetization hysieresis curve

In order 10 obtain M-H curve tfor the understanding ot magnetic hehavior ot I M material 1t 1s
place (n the VSM charactenzation tool 1his tool has ability to generate the curve between M oand
H Imuallyv the sample gets saturated 1n one direction because ot the application ol external licld

H and in the direction of H Actually all the randomly onented magnetic moment ol all the domains

26
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inside the matenal arranged themsclves with the external magnetc field H produced by the super-
magnets or clectromagnenc coils This point 1s marked with M n the figure 117 When the
external field reverses trom ils ma amum value towards the mimimum value the magnetized
Jdomain also reverses but not moives back linearly with the field H even though the H becomes
zero but there is stll some magnetization inside the matenial | his phenomenon is of remanent and
ssmbolized by the M, inside the curve on v-axis At this stage few magnetic moments ot the
domains get reversed with the field H that s whv we observe M\, inside the matenal which 15
because ot previously saturated magnetic domains Alter this the external field becomes negatine
so that to obtain zero magnetization inside the matenal The magnitude ot H where the M 1s almost
sero 15 known as the coercive field He as shown in the M-H curve At this stage the domains once
apatn 1s so arranged that they cancel out cach other eftects which results in null or sero
magnetization We can also say that at Hc tifty percent of the domains reversed against the
saturated direction of M5 When we further go increasing the H 1n opposite direction the rest ol
the domains get saturated in totally opposite direction until to reach the opposite magnetization

saturation For demagnetization ot terromagnetic substance thermal heating apphed

Figure 1 20 M- curve of a terromagnetic matenal
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Some of the important ferromagnetic matenals have the tollowing saturanon magnetization (Ms)

values given in the table 01

lable @1 Values of saturation magnetization of FM materials

N1 483
CossFess 1950
NtagFezo g00

1.11 Shape anisotropy

[ he shape of the sample and aspect rauo as well. has the great impact on demagnetization energy
or the shape anisotropy ot the sample or matenal [t’s uniquely a pure property of thc matenal that
depends upon the structure dimensionality The magnetization process inside the prolate spheroid
and sphere 15 1otally differem because difference 1n structure (semi major and minor axis) In
sphere the magnetuization occurs uniformly 1n all directions rather in prolate spheroid 1herr
magnelization process occurs easily along the cvlindneal axis rather than diametricallv At nano
level especially when we talk about the one dimensional structure lthe nano wires and nano tubes
this effect have s own great etfects and worth because 1t detines or alter some other magneuc
properties of the material 1 e 1t wiil mits the magnitude of coercivity 1n | M matenals [n a way
to comprehend the concept of shape anisotropy let us take the example of prolate spherowd which
ts very close to the samples structure tabricated in this presented research work 1¢ NW™ The

prolate spheroid 1s given in the figure 1 20
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lhgure 1 21 Prolate spheroid’s schematics for shape amisotropy

When external magnetic field ot some suiiable magnitude magnetizes the prolate spheroid o some
extent M by making angle 8 with the " ¢ (prolate major axis) then the Ly “magnetostatic encrgy

can be mathematuically given below,
Ems=3 M2 sing% (Na — Nc) 17)

W here the demagnetization factors towards a-axis and c-amis are 1llustrated by the Na & N

respectinely [33)
The shape amsotropy constant can be written as 1n the present case of prolate spheroid

Kszlez(Na—Nc) {8}

D
While the “"shape amsotropy constant™ K specify the aspect ratio (whch 1s 1n general. length over
the diameter) in order to tind the shape amisotropy For instance taking No = 2m and N.= 0 then we

Rha\e left with this relation [38-39]
™ Evs=1 M2(2m ~ 0)
Evs- M2(m —0)
Frne=Mim {9

That s why it can be thought-out that NW's and NT’s have their casv axis along the wire and tube
length respectively

1.13 1-D magnetic nano structures & their applications (NW?™)

[Tere 1s the bird™ eve view of the nano wires ot various matenals and especially magnetic matenals
A nano wire 1s such 1-D structure 1in which the transport ot charge carner in two dimensions 1s

prohibited Because of this tvpe of nano structure nano wires and nano tubes have diverse area ol

29
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applications regarding technological device point of vtew Normally the diameter range of the NT'*
and N'W" 15 1n the order of manometer while the length 1s 1n the range of some nm to few microns
Due 1o these umque si1ze ranges of these nano structures become the cause of tremendous quantum
mechanical effects As compared to bulk the nano range structures hasve extraordinary physical
properties and charactenstics 1 e “electnical. optical and magnetic charactenstics* Presently the
nano scientists are researching and investigating their great properties for manv potential

applications [34]
In this regard many kinds of nano wires and nano tubes are fabricated of different sutable matenials

uiven lo the table (2

Table 02: Nano wires of different materials [35]

1

Metallie Semiconducting Insulating |

‘ Nickle Silicon siiicon dioxade ‘

| i _j

Platinum Indium Phosphide T10; elc I
Gold etc GaN etc

1.13.1 Magnetfic Nanowires

Now-a-days magnetic nano matertals and their structures are at the top prionty basis ol the
researchers The world’s cutting edge research on the magnetic nano wires and lubes 15 the big
evplanauon of their importance being uuhzed in the different patterned magnetc data storage
devices ltke MRAM. RACE TRACK memory and substance for microwave applications etc [36-
37| The mystery of magnetic one dimensional structures 15 still under discussion and rescarchers
tries 10 explored their essennal scienntic 1ssues such as. “shape anisotropy as opposed to magneto-
crvstalline amisotropy. cstablishing the easy axes for tvpical preparing conditions and descripuon

ol magnelo-static interaction between wires” There are numerous methods (o fabricate the |-D
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magnetic structures. but electrochemical fabrication process 1s one ot the best and vost eftectine
techmques (AC & DC tabnication process} Possin was the scientist who published tor the firs
ume the deposition of NW's by the electrochemical deposition process in 1970 At that time he

made use of track mica {1lms tor the deposition of NW "s [38-39]

CoMn allov Ni. N1 Sn and NiFe NW’'s has heen tabricated tor different technological
Jpplications  Experimentally it 1s proved that the retantivity, dipolar interaction between the wires
and coercivity can be tarlored by changing the diameter and lateral length of the wire By changing
these magnetic properties we can use these NW's 1n different data storage devises Cobalt
manganese alloy with large aspect ratio 1s considered good for random access memory [40-41]
High coercivity 1s the big demand of the data siorage devices that 1s fulfitled by the high aspect

iTEs

1at10 and with packing density at least lO”“f'rT [42] In this rescarch work NiWFe)., nano wires and
nano tubes are fabricated and characterized tor the purpose of data storage devises We try our
level best to produce the nano wires ot high density and homogeneous in nature as lurther

vyplained 1in the upcoming chapters
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Chapter 02

Synthesis of 1-D nanostructures

2.1 Introduction

I he growth of nano structures for different multifunctional applications 1s carned out with
ditferent routes and methods Technically or scientificaily there are mamly (wo
approaches for the fabrication of different nano structures and these 1wo approaches are

{1) *Top down Approach™ & {n} ‘Bottom up Approach™

On the behalt of above mentioned approaches there are further techniques to produce nano
structures  These techniques have therr own ments and demeriis regarding therr
production cost and yield quality The following schematc diagram iilusirates these nano

fabrication techniques with respect to “Top down & Bottom up Appreaches”

REabrication techniques.of
;  Nanomaterialm-5,

Kptom-up 2pproach

oad vagor deposition
icak vapor dep (PYD}
umiw fayer dep. (ALD)
d lsass dep. (FLD)
ja De¥am epilaxy

organie vaper phase
(MQVPE)

Mgure 2 1 Systemauc diagram of fabrication techmique of nanomatenais synthesis [43 ]

2.2.1 Top-down technique

[L1s the process ol splitting up of the matenal from bulk level 10 a very minute ievel ol
nano meter range Overall we can say that the top down approach s basicaily
mimaturization ot bulk matenial up to the nano or micro level extent The main probiem

with this technigue 1s that 1t creates impertections within 1ts nano preducts But on the
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other hand it the nano production from this melhod 1s very cost etfective and very easy as
compared to the rest ot the techmques Top down approach includes the ~clectron beam
lithography high-energy wer ball milling gas-phase condensation aerosol spray and

atomic torce mampulation’ as its matn lechnigues o synthesize the nano produdts

2 2.2 Bottom-up lechnique

Bottom up technique 15 the reciprocal bottorn up technique reparding concept and as well
as experimental lab working In this context it will be quite nght 1o say that the bottom up
technique 1s the name of sewing or knitting of atom to make the desired nano products
he wcll known methods which comes under the heading of this technique are
hyvdrothermal synthesis Organo metalhe chemical route solgel synthesis, colloidal
precipiation, revere-micelle route, template assisted sol-gel™ etc [gure 2 2 1llustrate the

Al science ubout top down and bottom up techmques
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Figure 2 2 Top Down and bottom up Approach ot synthesis processes [44]

Electro-chemical deposition 1s an elegant, cost effective and sersatile in the deposiuon of
nano structures (NW™ NT™® & NR™) among all the abovc menuoned techniques [ he
fabrication ot any hind of nano structure electro-chemical deposion emplovs the
concerned structure’s metal pattern which 1s knewn as  template  The templates are

clectnically insulators because of ovidative laver and their formula s A5 Bio medical
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sensors, non-linear optics, magneto optics, semiconductors micro electro mechanical
system and all other technologies required suitable nano structures for present and future

technological applications or device tabrications |35-63]

The demand of such future technological application 1s fultilled by anodic aluminum
ovide {AAQO) templates which solves all the key chatlenges ol the present nano-fabnication

technology The main key challenges are given below

[Low cost
[ arge production of nano structures
Homogeneous growth

Versatile 1n yielding nano siructures

AN N N NN

[lave control over growth

[n this way we can say that templates based nano tabrication 1s having more worth and
value as compared to the other synthesis techniques 1e e-beam & ion beam nano-

lithography. Vapor hquid-solid growth ewc [56-58]

We have great control over the aspect ratio (length over the diameter) and diameter ot

nano-structures by using AAQ templates [59-61)

AAQ templates have great power ot attraction tor scientist and researchers because ot

their hrgh density and regular distributions of pores |62-63]

[n this way tor the sake of metallic nano-structures this technique 1s playing a v 1tal role in

research and technology

2.2 AAO templates

Whatman 15 the company which commercially synthesizes the templates 1here are two
main Lypes of lemplates which are tormed by annodization process I'he names of (he
templates are (1} anodized aluminum oxide templates, 2) polycarbonate membrane

templates

Anodic aluminum oxide consists of uniform cell structure having hexagonal self orgamzed
nano pores [he growth of nane pres 1s vertical to the membrane surtace. while each pore

1s parallel o each other as shown in tigure 2 3. given below
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] Pore

S ore Ditance

LLURNTILT o

i 1gure 2 3 (a} Schemauc diagram of anodic aluminum oxide (AAO} template and (b) side

view of AAQO templates (¢) top view |70]

The tollowing experimental parameters or physical conditions have great impact on the
structurai charactenstics of the AAO cylindrical pores in such a way that we can tun¢ up
the. mter pore distance (D) lateral length pore diameter (Dp) and regulaniy of the AAO

pores

Appled voltage (Vapp)

Temperature

Time

Nature of acidic solution like H2SOs or oxalie etc

Purity ot acids

N N N RN

Molarity ot acids [63]

Imitially AAQO templates were tormed as a protective laver because 1t has the property ol
anti corrosion Such type of AAO templates coatings were also used 1n mechamcal
tndustry where the surfaces of different kinds of tools were made protective and well
finished or smooth [66-67] There ts a specitic process known as two step annodizauon by
which homogeneously self organized pore membrane {abricated [38} According to this
method the tollowing Dy and the corresponding to Dy were published in the screntific

literature with the following size,
Dy =6 nmto 200 nm
Dine= 65 nm to 300 nm [68-70]

Dhtferent kind of mmpurnities imperfections and the grain size of Al Joil may have strong

impact on the final structural parameters of’ AAQO templates The research in the leld ol
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every area of science and technology 1s reinforced with the versaulity of AAO templates
[71] The pore density of AAO templates s 1n the range of 10" p:cm® by which researcher
may able to synthestze a comprehensive numbers of nano wires stmultaneously  The other
amazing feature of AAO templates 1s that when they react with phosphoric acid their pore
diameter becomes wider [72] From figure 2 3 1t 1s cleared that AAO templates have 2-D
array ol umform size cylindrical and hexagonal packing of pores Furthermore we can also
say that AAO templates are best substrate to deposit dilferent metals tike Ni. Co T¢ and

Cu
2.3 Experimental steps for the fabrication of AAQO templates

We can prepare a very {ine quality of AAO templates inside the graduate physics lab

castly by pertorming the following sciennfic experimenial steps

>STEP—1
>STEP 2x
>STEP-3
S
>STEP 5
>STEP 6,
>STEP-7
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2.3.1 Electro-Polishing of Al Foul

[his electrochemical process ol electro-polishing was performed ar room temperature
Dunng this process the irregular surface of Al foil were made smooth for the growth the
AAQ templates Duning this chemical process the dirt from the surface of Al foil was seen
removed clearly just after the 60 to 70 seconds The whole chemical process almost takes
at least 3 miputes Following acids with certain proportion were used to prepare the

clectrochemical solution
HCIO, -23%% and ethanol-75% (1 4 by volume)”

About 9 volts constant DC voltage was applied for three minutes tor electro-polhishing At
the ¢nd of chemical reaction the Al strip was remoted from the apparatus and rinsed with
distilled water instantly A very hne and smooth retlecting shiny surface appeared when it

gets free from moisture and completely dried as shown 1n the figure 2 4

)

Figure 2 4 ta) Schematic view of electro-polishing (b) Electro-polished Al foil

2.3.2 First Anodization of Al fo1l

After getting the electro-polished Al foil the next process of anodization were periormed
instde the specific acidic electrolyte. phosphonic acid of Molanty 03 M Duning ths
process a siratum of Al2O3 deposited which made the Al tod] insulator  The tirst
anodizatton was performed at 5 °C for four hours under constant value of DC voltage 60
V' The templates tormed 1n first step of anodization little bit irreguiar but they were madc

smooth and regular i second step of anodization The chemical reaction which taken
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place on both cathode and Al strips which was connected with anode c¢an be written in the

(orm ol n the tollowing chemical equations

[ he Overall anodization of Al s —

231+ 3H,0 — ALO, + 3H.

- The Anodic reaction Laking place at metal-oxide boundary is —_—— —— —

=24l 30— ALO, - 6¢

The Anodic reaction proceed at oxide-¢lectrolyte interface

¢ 2A17 F IO — ALO. + 6H'

When porous oxide layer 1s formed

“IAl = 2ZAlT ¢ 6e

The reacuion at cathodes in which hydrogen gas 1s Librated - - - -

«hH* + he — 3H,

Aved

Eraciiaiym
ELT )
u
E——
-— ———
L o Ul o Lo U Tk

b -

N L i Yy oy

Figure 2 5 (a) expenimental set up for Anodization and (b} Al toil after first Anedization

2.3.4 Second anodization of Al foil

lhe growth ot AAO templates 1s actually the growth of owide layer 1e Al:O; [he
direction ot deposiion or the evolution ot this ovide laver s entirely electne lield
dependent which 1s setup on the Al stnp, dipped 1n acidic electrolyte. as an anode This 1s
aiso observed that durning first time anodization process the gradual evolution of owude

layer was not so smooth almost irregular in nature schematically shown inside the figure

2 6 given below
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: A0 340
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[1gure 2 6 (a) Al foil before electro-polishing (b) Atter Electro-Polishing (¢) Fist

Anodization (d) etching process (d) Second Anodization

As 1t 1s gh demand of the better research to grow regular, homogenous and straight
pores ot AAQO that's why we cannot rely on the first annodization Now In a way (©
solving this problem of nregularity ot AAO pores the strip was dipped inside the yellow
solution and put into the oven at 60 °C for one hour and thirty minute [his process 1s also
called heat treatment The yellow solution ingrechents are HiPO1 6 wt Yo and CrOs5 | 8 wit
®aacsd  During this process all the regulanties ot the AAO owide laver were etched and
the Al strip was only lett with the footmarks of the earlier evolution or growih ot oxide
l[aver After getting this Al strip 1t was further rinsed with distilled water and tastens with a
support mnside the lab to dry 1t at room temperature Now this Al strip 1s ready ftor the
sceond annodization the annodization parameters will remain same but reaction hime Is
increased up to 12 10 14 hours for the sake of better and latterly long and well ordered
homogenous structure of AAQ templates The structure or the geometrv of AAO
tempiates right now enurely on the same track or fool prints of the previous but the only
2ood thing 1s that 1t 1s not like before 1e trregular 1t 1s now tully ordered form with

hexagonal structure of AAQ as shown 1n the figure 2 7 given below

Figure 2.7 SEM. henagonal structure of AAQO templates

L he value of current does not remain constant even the value ol voliage remain constant

throughout the reacnon This 1s because the fact that the growth of owide layer
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continuously increasing and 1t 15 insulator 1n nature due to which current doesn t remained

same and drops to some extent with the passage of ime

2.3.5 Detaching of barrier layer

The barrier of AAQ templates were removed at the end ot second anodization The Al
strip was not removed from the acidic electrolyte [t was kept in dipped position and the
process ot barrier removing started The process 1s so simple. 1t 15 just the siepping down
the value of voltage after some specific ume About one volt 1s dropped after three
minutes During this process of barner breaking the value of current dropped gradually
until reached the minimum value 1e zero m A. at that ume the barrier layer completely
removed trom the bottom of templates The Al strip was then removed and from the

apparatus and rinsed with the distilled water
2.4 Factors affecting the evolution of AAO template
['ollowing factor can affect the growth of AAO templates (n different ways

v Anodizauon voltage
v pH of electrolyte

v Anodization ume

The researchers finally {inds answer ot mystery that the shape and size of AAQO templates
cspecially their diameter, ennirely depends upon the anodizauon voltage The barrier laver
can also be tune up with the anodizauon voltage The size ot nano pore diameter 18
directly proportional with the anodization voltage and H ranges trom | nmto | 2 nm per

volt [73]

 he next parameter that affects the evolution and growth of the AAO templates 1 pH
value of the acidic electrolyte There are three main types of acidic electrolyvtes used for

that purpose

> Sulfunic acid {H2804)
- Oxalic acid (H:C:03)
- Phosphoric aud (H3POq4)

Ihe molariiv and pH of cach acid have its own impact on the formation of templates

peometry [t 1s experimentally noticed that the pore diameter 15 relauvely small by sultunic
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deid as compared to the rest of the acids But the anodization time 1s predominantly
reduced by using sulfuric acid as an electrolyte 1he above mentioned electrolytes have
their own fiv value of working voltages and molanities upon which they work soundly
The pore size and regulanty of the pore cyhnders 1s experimentally observed very good of

larger size by phosphonic acid (74- 73]

The tormation of AAQ templates means the growth of oxide laver on the Al toil The
urowth of oxide layer can be increased by increasing the anodizauon ime simply In this
way we can say that the lateral length ot the nano pores can be affected by the anodization
tme If the reaction ume i1s larger than as a result ot this the lateral length of the templates
also becomes larger [76] The following SEM images give proot of thts fact 1n increase of
lateral length of templates that 1s fabricated into the oxalic acid of 30 gramv] at room

temperature with 40 V of anodization voltage

ligure 27 The thickness of AAQ template with the anodization time {a) 3 hours 140 um) (b} 6

hours (38 um) and {v) 13 hours (123 um} [83)

2.5 Electrodeposition Technique

Electrodeposition technique s just hike electrolysis process In this techmque the two
clectrodes dipped inside the acidic electrolyte and then current passed through them
During this process the solution decomposes into positive and negative tons that turther

uet deposited 1o the opposile polanty electrodes

1 lectrodeposiiion lechnique 1s very uselul as compared to the rest of phissiaal weohnigues
[his technigue 1s very cost effective and verv versaule to tabneate ditferent nane
structured specially nano wires and nano tubes There are three mamm Gvpes ol
clectrodeposiuon techniques In this technique researcher can use the lab environment lor

the tabrication ot nano structures mn other words there 15 no need of anv expensive
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apparatus or equipments like ultra high vacuum technology etc The deposition rate of ths
techmique 15 relatively high 1n companison with the other physwal deposition techniques
All those ¢lements and compounds that feel or expenence the electrostatic torce can be
deposited by using eclectrodeposition techniques Following chenucal parameters play a

vital role in depositing the metal elements

> local current density
> celectrolvie concentrations
= butler capacity

> pH

> leveling agents

> bnghteners

- surtactants

= contammants

> temperature

> aguation

7 substrate propertics

leaning procedure

Ly

The schematic view ot electrodeposition apparatus 1s shown in the hgure given below In
this rescarch work the deposition of 1-d nano structure carned out with electrodeposition

techmque 1n laboratory made AAQO templates
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2.6 Template assisted electrochemical deposition

There are two types of templates the first one 15 anodized aluminum oxide (AAQ) and
polycarbonate membranes These templates are available 1n market made by the
Whatman Company™ but both of them can also be prepared inside the lab of the same
quality One can also prepared the choice of its own templates regarding pore size and
nano c¢ylinders length or on the other hand can also buv {rom the market for research

work
2.7 Types of Electrodeposition

Basically there are three well established and well practiced electrodeposiion methods

which are given below

! DC {Direct Current) electrodeposition
11 Pulse current electrodeposition

111 Alternating Current (AC) Electrodeposition [78-79]

[n DC (Direct Current) electrodeposition we need such ty pe of AAQ which 1s completely
detached trom the substrate (Al) In this regard one should deposit the at least 20 pm thick
oxlde layers so may able to remove casily After this detaching process the detached laver
undergoes the process of puttering of conductive layer trom any one of its end The
sputtered conducting layer has thickness range from the lew nm to 300 nm depending
upon the nature of the deposited structure The electrodeposition techmques other than DC
clectrodeposition technique do not required the detachmenr process of AAO templates
I'he mostly used method of deposiuon 1s AC deposition method because of its simplicity

and easy handling and good results tor the nano wires [80)
2.8 Evolution process of Nanowires

I'he evolution process ot nano wires starts from the bottorn of templates that 1s sputtered
with the Cu conducung layer and placed at the negative electrode known as working
electrode When the sputtered templates dipped nside the electrolvie along with the
working electrode then the current passed through the clectrolvte during this process the
solulion splits up Into 1ts positive and negatve 1ons [he desired 10ns moves owards the

templates and get deposited 1nside the pores ot the templates Specific and suitable amount
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of negative potential applied to the working electrode ftor the deposition ot respective

positive tons {81-82]
2.9 Synthesis of ferromagnetic NisoFe20 nanowires and nanotubes

In order to fabricate excellent permolly of NigFe: DC electrodeposition techmque
emploved The selection of this technique 1s because of 1ts own worth ot ¢xcellent nano
products like nano wires and nano tubes We used selt made A\AQ templates tor the

tabrication ot permolly menuon above
2.9.1 Growth of NizeFe2o NWs
he recipe of chemicals used for the purpose of NixuFexo NW s 15 given in the wable 2

Table 2 I Chemicals used tor NigeFexq NWs

| Chemicals \ Suitable Ratio
' 1
' NiS0s 6H:0 ' EE
FeSO4 7TH20 054 ]
SDS 002 g O
~—
: Sodium Citrate H06g i
3 —
. Thiorca BO3 e i

i

By using the above recipe 250 ml clecirolvte were prepared lhe selt made \AO
templates were sputtered with Cu laver of 300 nm by ULVAC to make them conducting
Furthermore the AAQ templates were pasted above the working electrode and then finally
cvposed 1o the clectrolyte Then a -1V applied 10 the working electrode ot this three
clectrode cell The electrolysis process takes place duning which positive wons produced
and they get deposited to the inside ot the AAQ templates The process ot reduction 100k
placed here because of gain ol elecwron trom the working potential | he process starts tor

ditferent durations ot ume n order 1o make more than one samples
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2.9 2 Growth of NisoFezo NTs

For the growth of NigeFeas NT's foliowing recipe of the chemicals were made use as

shown tn the table 2 2

Table 2 2 Chemicals used lor NigoFeag NTs

Chemicals . Suitable Rano
NSOy 6H20 02379-035¢p
FeSOy 7TH-0O 005-0038¢g i
| I'mion-100-x 006-0035¢ I
i
SDS ' 00072-001 g
Sodium Citrate 0025-0udg :
I'hiora (0 0068 — (009 g :

In awav 1o making nano tubes a 30 nm thin laver of Au was sputtered on one stde of the
AAO templates 1hen we tollow the same procedure mside the three electrode cell as
tollowed for the nanc wires The same value of -1V s used for the reduction ot positive
wns 1n the AAO templates But al this time the positive 1ons get reduced by getting
electrons just with the walls of AAQ templates and become solhidify 1o finally form the
NTI's of the atford mentioned permolly  [he whole experimental setup ts shown imside the

tigure 2 9 given below
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Chapter 03

Characterization techniques

3.1 Introduction

Just after the deposition of ferromagnetic nano structures 1@ NW's & NT s the next step
ot the research 1s 10 mvestizate the hidden science or physics at the nano level For this
purpose the deposited matenial sample was sliced nto ditferent appropriate umt size
portions tor the sake ot ditterent charactenzation techmques Following are the major
techmques by which the sample undergoes to collect the raw data for the analysis of

different phenomenal feature of NiFe permolly

. Scanning Vibrating ' Ferromagnetic;
3+ ' Electram Sample- Resonance- .

Micrascope Magnetometer
(SEM) (VsMm) . (FMR}.

I'gure 3 1 Important techniques of this research project

[he scanning electron microscopy of the sample provides the clear image ol the sample al
different optical zooming size 1in general The surface topography will be esplained
through this techmgue One can casity understand that weather the desired structure
tormed or not like in our research we will see that weather the NW s or NT1's formed in a
good way or not The regulanty and seme other measurements regarding the gcometry vl
the structure can also be taken trom the SEM Well the Vibraung Sample Magnelometer
1 VSM) provides the information regardmg magnetism ot the matenal It prosides the M-i1

vunve ot the sample trom which many properues Iike coercivity and remenance of the
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material can be obtained FMR 1s also an advanced techmique by which we can find out
the some ferromagnetic response ot the sample by applying external magneuc tield The

turther explananon ot each techmigue 1s given below one by one
3.2 Scanning Electron Microscope (SEM)

High resolution 1mages of a sample surface can be created using scanning electron
microscope SEM It could also give intormation about the surface morphology of the
specimen {t comprises of high energy electron beams I'he electrons emitted trom the
electron gun due 10 the heaung of filament using a high voltage Fhe electrons are
accelerated by potential difference and then focused onto the sample surface by magnctuc
lenses SEM has condenser and objective lenses which are used to tocus the beam ol
¢lectrons coming trom electron gun 04 nm to 5 nm 15 the range of the tocus beam by
condenser lens While 0 2 to 40 keV 1s the range of beam energy A number ot signals are
obtained by the interaction of beam with the sample These signals are by auger clectrons
secondary electrons. back scattered electrons and charactenistic X-ravs There are different
1y pes of detectors present sin SEM for different signal detection Back scattered electrons
are helptul tor viewing the image Secondary electrons are used for the topography and
surface morphology SEM 15 a nondestructive technmigque as no volume losy lakes place
when the production ol X rays with the interaction of electrons takes place Bul sometimes
sample almost become useless atter SEM charactenization when sample v insulator
Actudilv a conducung laver of gold (Au) sputtered on the surtace ot sample to mahke 1
interacting tor the beam coming trom electron gun and further focused by the magneuc
lenses A Bach scattered clectrons are used for the elemental distribution (n the sample
Charactenstic X rays are emitted when the beam ot electrons removes some nner shell
clectrons and high energy electrons are caused to till the inner shell These emitted X-rays
are used tor the composition of element For the production of picture detected signal and
beam position are mportant parameter The resolution of SEM does not depend on the
spot s17e of clectron but rather on the wavelength associated with this lundamentai
parucle SEM has a magmfication power from 20 to 30000X and hds a resolution ot 30

nm (o 100 nm Small signals are amplified and displayed on the computer screen
L he SEM compnses ol mainly tollowing parts

d) Flectron gun that emits clectrons due to thermiomc emisston or field emission
process
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b) \Magnete lenses tor controlling and focusing of the clectron beam onto the
sample’

<) ‘Sample ¢hamber in which a sampie 1s placed This chamber 1s very sensitive (o
vibrations

d) Detectors tor detectton of various signals resulting due to the interaction ot

clectron beam and surface electrons of the sample

ﬂ'f B\,
v

bigure 32 {a) Scanming electron microscope (b) Block diagram of Scarning
electron microscope

3.2.1 Important precautions regarding SEM

| he sample should be moisture tree High vacuum 1s required tor the operatton of SEM
Sample must be conducting for the proper operation of SEM for nen-conducting materials
the sample surface 1s made conducting by coating ot some conducting matenal hike gold

Or copper
3.3 Vibrating Sample Magnetometer (VSM)

For the measurements of magnetic matenals and magnetic behavior vibranng sample
magnetometer I1s a widely used device T'he principal ot VSM 15 based on | aradavs law ot

clectromagnetic induction which 1s change 1n the magnetic ticld produces an induccd
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clectric tiled The tnformauon about the changing magnetc tield 1s given by this electric
ticld For the characterization of magneuc behavior of ¢ matenials VSM 1s considered to
the conventional techmique of character.zation we record the magnetic moments as a

funcuon ot apphed magnetic field and temperature

VSM 15 the most common nstrument used for the magnetic measurements like hysteresis

loops [t was developed by S Foner and Van Osterhart

T Lomt 13MehfY

“arr pha raa +
L Hhranen

[ AR

"R Wt DO e

k H| Buschow nd F R de Boer Plasics of Magnensim ana Magnerie Materiais
kluw g Acidenne /Plenum Publishers 2003

Figurer 3 3 Lab view and the schematic diagram of the VSM

\ uniform magneuc field 1s fall on the sample during the measurements Magnetic field 1s
penerated by an electromagnet or by a superconducting magnet The samples mounted 1n
the center ot untform magneuc field are oscitlated by the vibrator | he vibratoris a tvpe ot
velocity transducer which 1s ike mechanically coupled loud speaker A set of suitable pick
Jp wotls detects the magnetic {lux changes with the time as the sample 15 oscillated  The
electric field 1s caused 1n the pick-up coils by the changing magnetic lield as stated by
Faradays law Magneuzation of sampie 1s proporhional to the induced current produced 1n
sample Induced current will have a higher value 1t the sample possesses higher

magnetization VSM has a butlt in amphfier which amplities the induced current VSM 15
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Charactenzation techniques

3.5 Conventional Ferromagnetic Resonance Flip-chip based technique

The magnetic excitation n the frequency domamn measurement 1s sinusoidal magnetic
field A, and the vector network analyzer detects the response of sample We can apply the
magnetic field to the nanowires which satisfy the FMR condition the field can be applied

along perpendicular and parallel directions

The fig shows the main components of the setup The coplanar waveguide CPW which
have characteristic impedance of 50 ohm 1s connected to VNA using coaxal cables and
microwave connectors Teflon nsulated coaxial cables and SMA connectors are oficn
used for such radio frequency connections They have a band widih of 18 GlHz and are

low priced as well The used cables should not have a metallic reinlorcement

Material parameters are obtained by tlip-chip based measurements, these are important for
data storage devices technologically The schematic ot flip chip measurement setup 1s
shown 1n fig magnetic field perpendicular to RF magneuc field and parallel 10 nano wires

1s applied. so that resonance condition must be saustied

Veclor Network Anatyzer

Navegude

]

\ Sample

]
Elsctramagnets Pawer Supply

Figure 3 5 Schemauc representanon of VNA-FMR svsiem



- Results and discusston

Chapter 04

Results and discussion

4.1 NirgFezs Nanowires and NirsFezs Nanotubes

DC electrochemical deposition method was employed to synthesize Ni-Feay Nanowres
and Ni+-Fer; Nanotubes inside the anodized alumina oxide (AAQ) templates [hen these
nanowtres and nanotubes were further characterized by SEM, VSM and I'MR to
investigate their different properties especially ferromagnetic properuies and surface
morphology etc A vomprehensive discussion on results of all characterization techniques

are given below
4.2 Surface morphology

The scannming electron microscopy has been used to delve the surface morphology of the
NiFe permolly sample but before this to launch the sample inside the vacuum chamber ot
the SEM 1t was made sure that the sample 1s moisture free and conducting Especially in
case of AAQ template assisted sample 1t was dissolved inside the 0 1 M NaOH aqueous
soluuon at temperature T=60°C and Time = 2 hours prior to put into the SEM sample
holder A beam of 20 keV was used o investigate the sample surface SEM uses the wave

naturc of the particle to cxpiore the topography of the sample [he SEM images results are

shown 1n the figure 4 |

[1gure 4 1 SEM results ot nano wires tleft image) and nanotubes { right image)
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SEM micrographs confirm the uniform and regular structure of nanowires and nanotubes
as shown above The length and diameter of nanotubes and nanowres were also measured
trom the scanning electron microscope The average diameter (D) of the NiFen
nanowires 15 30 nm and length (L} of the NiwsFexs nanowires 1s 10 um The average
diameter (DY of the Ni--Fe:; nanotubes 1s 200 nm and lengith (L) of the same Ni--} ens
nanotubes 15 8um Figure 4 | also shows a homogeneous and highly ordered growth The
length and diameter of each 1-D nano structure can be increased by increasing the

deposition time and voltage 1n electrodeposition method

4.3 Magnetic Characterization

4.3.1 MH loops of nanowires and nanotubes

The magnetic properties of Ni+sFe:s Nanowires and Ni--Fea; Nanotubes were invesuigated
by using wvibrating sample magnetometer which proves to be highly sensitive to
charactertze the sample’s magnetic properies DMS Model 4HF Vibraung Sample
\Magnetometer (VSM) ot ADE Technology was employed and 1ts sensitivity range lhes

almost 1n the range of 107" emu

The Niwteas Nanowires and NirsFezs Nanotubes have prominent magnetic properties
[ heir magnetic properties were explored by hysteresis (M-H) curves as shown n tigure
42 These (M-H) curves were obtained by applying the external magneuc tield atv ditlerent
angles, ranging trom (Y to 90Y Easv axis magnetization direction’ ts one of the most
tmportant magnetic parameter that can be tound bv calculatng the remenent squarcness
{Mr Als) wnh the help ot graph plotted above n tigure 42 a) and 42 b) tor difterent
angles As we have 1-d structures, that 1s why we have calculated the squarcness along the
botb axes parallel {H at 1Y) and perpendicular (H at 90") of the samples As it 1s clear
trom the above cited graph ot nanotubes. the squareness of M-H loop 1s much larger along
the perpendicular direction On the other hand the sheerness 1s larger along the avis of the
nanotubes Hence consequently we can say that the easy awis of the nanolubes hes

perpendicular to their axis

[n case of nanowires majestic trend 1s observed 1n the sawration magnetization At every
angle there will be a fix sawration magneuzation (Ms) and corresponding remenent

magneuzation Mr The Ms and Mr decreases side by side with the decreasce ot angle  \t
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[irst glance 1L seems that the easy axis lies along the axis of the nanowires but calculation
proves that the squareness is larger along the perpendicular directton ol nanowires axis

Hence the ca<y axis of nanowires 15 along perpendicular to the wire axis

I'rom both M-H graphs (nanowires and nanotubes) a clear cut difference observed
regarding easy axis which conforms the shape anisotropic behavior ot the nanowires and

nanotubes

[he direction ol magneuc momenits reversed as the external magnetic field reverses its
direction. 1s calied magnetizauon reversal There are many magnetication reversdl
mechanisms inside the magnetic matenals and depending upon these mcihamsms the
magnetic moments reverses 1ts direction with respect to the external lield As we observe
1N case ot nanowires that the He 1s inverselv proportional to the angle of the external tield

that s why the magnetic moments reverse because ot the curiing mode

p o3 o i—Ren Nanotubes -
e _ 17
L=10um D=2% nm P TP
' ST
1 .'h.
-
LA v .
1
-
= f
= 00k } N
E P NiFe-TO
g MiFe-T 15 !
. . Nife-T 30
s NiFe-T45
S NFe-T 50
* I'? NFe TTH
N s W NiFe T %0
< 4 3 3 N 3 2
H (kOe)
i T —
1 Niwbe o Nanowres — —— = =
[ 3] -
1 12 um D% WY K
a4 al
o . |
= -
~ 74 Lt B
—_ :‘?’ o i
2 - 15
= o4
s 4 1]
= ; 15
E o -{ ul
= if s 1
S 4y h 4
- 1, L
L e -_,’ 1
1
1+ . . 1 1
12 a 4 2 4 L] 12
H (kQe)

'tgure 4 2 a) nanotubes hysteresis (M-H) curve and b} nanowires hvsterests (M-H) curve
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Frg 4 5 a) resonance graph of NizFeas nanowires 4 5b) resonance graph ot Ni-7Fexs

nanotubes

The both samples ot Ni7sFe24 Nanowires and Ni7-Fe>; Nanotubes have same lateral length

ot 10 um but wath different diameters as illustrated 1n the above graph

The magnetic field was applied at vanous angles from 0 degree to 90 degree as shown n
the Fig 4 3 a) resonance graph of NiseFezs nanowires 4 5 b) resonance graph of Ni--l'¢2;

nanotubes

The figure shows the angular dependence of resonance tield obtained when intensity line
cuts v-anis  Fhere s a great analogy and consistency of these FMR results with the M-H

loops lhese graphs conforms that the easy axis of nanowires and nanotubes lies in the
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perpendicular to the 1-d sample geometry (NWs & NTs) Behind the screen. reason 1s that
those angles where the resonance 1s mimmum will be referred as the easy axis | he graph
+ a) and 4 5b) both explains that the easy axis ltes at almost at YU degree By these revults
we cdan Jalso predict the shape anisotropy of the sample which 1s also perpendicular 1o the

both nanowires and nanotubes

¢ _ _ a
LY (Heff— S M) b Hor+ — M2 41

o y Mg dt

The above equation 1s known as ~“Landau-Litshitz-Gilbert™ a 1s the - Gilbert damping
constant™ 1ts magnrtude or value depends upon the nature of the material Here y

15 gyromagnetic ratio” and its value 15 given below
y=ge2mC=22I1x10°m A" 5!

4.3.3 AM Curve
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Figure 4 6 AM Curve for both NiFe Nanotubes and Nanowires

it 1s very important to know that whal type of magnetic interaction taking place inside the
magnetic materntal, which 1s important for the tuture applications like data storage devices
[n this regard we cannot neglect the worth of AM curves There are many other methods to
explain the magnetic mteractions but relatively the Henkel analvsis {83] AM cunves
dernned from VSM parameters 1s relatively more advanced and unsophisticated tor the
said purpose In order to know about the magneuc interaction ot NiwwFeag Nanowires and
Nir7Fez3 Nanotubes we also draw a praph as shown in figure 46 As we have one-
Jdimensional nano structure that 1s why depending upon the pore size and their density

magnetie tnieractions are possible



Results and discussion

In the Fig4 6 we observe a deviation trom the linear Itne It can be noted that delta M
curves have pedk negative values which are typically associated with magnetostalic
interactions that tend to destabilize the magnetized state or easy magnetization reversal of
the nanowires This 18 the big evidence about presence ot magnetic inleracttons inside the
Ni~l'e2y Nanowires and NirFex: Nanowubes The black tine shows the AM cunve ot
Niz7Fez; Nanotubes while the red line 15 the AM curve of the Ni-«Fexy Nanowires Actually
AM plot can be justified or defined as the deviation from the 1dealized hincar hine If the
delta M curve goes straight parallel to the 1deal hne or zero line then it clearly means that

there are no parucular magnenc interactions inside the matenal

As we see that the black AM curve starts from positive and just reached near 1o the
idealized hnear line and then gets parallel with it This indicates that the magnetostatic
interactions are very weak inside the Niz7Fe2; Nanotubes While on the other hand the red
AM curve makes a prominent negative peak that indicates the magnetostatic interactions
or dipolar interacttons between the Ni7sFea« Nanowires These strong dipolar interacuons
are because of magnetostatic energy ot the domamns as a tunctton of applied external
magnetic field These AM result are consistent with that ot M-H loops and FMR results in
which easy axis 15 tound to he perpendicular to the nanocyhinder axis due to dominance ot

magnetostatic interactions and weakness of shape anisotropy
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4.4 M-H loop at different temperatures
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Figure 4 7 M—H curves of NiFe NTs at temperatures T = 5 K and 300 K

In order to see the behavior of such nanotubes at low temperature the M-H curve at [=5K
were taken while the lateral length of nanotubes 1s approntmately [0 um with diameter ot
200 nm and compared with that of T=30K It 15 very clear trom the above ciled graph that
a drastic Lhange of pattern observed with the change of temperature from 300 K to 5 K
Actually this may be the settlement of the magnetic moments towards the such
crystallographic axis which dare attributed to the easv avis of the said matenal of the NTs
te NiFe (N177Fez; Nanotubes) At low temperature the magnetic moments of the different
domains are arranged 1n singular direction because of low thermal enecrgy consequently
less external magnetic tield required for its magnetization The another aspect trom the
same phenomena 1s that the resullant response of the maltenal regarding saturation
magnetization 1s much higher at low temperature as compared 10 the higher one, on the
same magnetizing external field This thing also leads towards the mimimization of
magneto-Crystalline energy due to which high saturation of magnetization produced at low

temperature on the same external magnetizing field [85] as shown n figure 4 7
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