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Abstract
NigoFe and NioFe/NiO films and nano-stripes were characterized retigally
through AC and DC susceptibility measurements, laysteresis loops as a function of
field and temperature. While the near-pattern filwere characterized in the in-plane
configuration only, the nano-stripes were charéer in parallel, transverse and the
perpendicular field configurations. The effects tbk constrained geometry on the
coercivity, exchange bias field, and the superpagamatic blocking temperature were
studied. It was determined that the coercivity, hexxge bias field and the
superparamagnetic blocking temperature can beadaltady not only by using a patterned

media instead of a plane film, but also by therdagon of that pattern.
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Chapter One: Introduction to the Thesis

The never-ending efforts for smaller devices witbager storage and computation
capabilities have been fuelling progress in devio@iaturization. The reduced
dimensionality of a magnetic system can result agnetic properties different from the
bulk. Advanced fabrication technologies have mad@oissible to prepare magnetic
microstructures and nanostructures with well defingeometries. The study of
nanostructured magnetic materials has seen a tdmusramount of effort being put in
this field over the last few decades.

Nanoscience deals with the study of phenomenaertlat objects of dimensions
in the range from 1 to 100 nm. Molecules, viruseiggrated circuit components and the
grains in magnetic-recording film media are exammplieobjects with these sizes [1]. The
study of the magnetic properties of objects witHeaist one dimension in a nanoscale
range is termed nanomagnetism. The scope of nam@tigg spans the magnetism of
zero-dimension (nano-dots), one dimension (hanesvand nano-rods), two dimension
(thin films) and three dimension (nano-particlesanorsize objects as well as
macroscopic systems that contain nanoscopic oljelcts

Many materials, e.g. Permalloy, have had their raignproperties studied
exhaustively in their bulk form. However, the adivefh nanomagnetism has opened a
whole new area of research in these materials at ndnoscale. In this project,
polycrystalline NioFex thin film and nano-stripes were studied, angofN&o coupled to
NiO in the form of a thin film and nano-stripes wadso studied to examine the exchange

coupling effects in addition to coupling effectdvoeen the stripes.



1.1 Magnetism in NigoFeyo and NiO

The two types of magnetism which are of signifianior this work are
ferromagnetism and antiferromagnetismgoN&o is a ferromagnet while NiO is an
antiferromagnet.

In antiferromagnetic (AFM) materials, the nearesighbour magnetic ions align
favourably their moments anti-parallel to one apotThis type of magnetism is usually
found in the systems that can be considered tavbeirtterpenetrating sublattices with
moments pointing in opposite directions. Superemgka is responsible for
antiferromagnetism in NiO, illustrated in Fig. 1Nickel has an atomic number 28, hence
Ni*? in NiO has 8d electrons. The nickel atoms in NiO are arrangedrinoctahedral
coordination and the five degeneraterbitals split under the influence of the crystal

field. Three orbitalsd, , d ,and d,, are low energy orbitals because they point 45%fro

xy !
the adjacent oxygen atoms and are known,asorbitals. Two orbitalsd , and dxz_yz

are high energy orbitals as they point towardsaiffjacent oxygen atoms and are known

as e, orbitals. Bothe, orbitals contain one electron each. ng_yz electron interacts

covalently with the electron with opposite spintive p orbital of neighbouring oxygen

ions. Since the electrons in th@rbital of oxygen have opposite spins, their iat&ion

Oxygen
p orbital
Ni*? Ni*?

Figure 1.1: Antiferromagnetic spin alignment as a esult of superexchange in NiO



& o— —© :
Nickel ions with opposite spins

. Oxygen ion

Figure 1.2: Antiferromagnetic structure of NiO. lons on the three faces only are

shown for the sake of clarity
with dxz_yz electrons of nickel ions at both sides results e @ntiferromagnetic

alignment of the spins of the nickel ions [3]. Alkowa certain material-specific
temperature, the Néel temperature (Fig. 1.3), tidering is lost and the material
undergoes a transition from AFM to paramagnetic \RMere thermal energy destroys
the magnetic ordering by overcoming exchange iotena

It is now well known that ferromagnetism (FM) isvgoned mainly by two
contributions; quantum mechanical exchange intemastand conduction electrons,
depending on the system.ghfieyo is a 3d ferromagnet [4], like its constituentskeicand

iron. In NiggFey, the 3d electrons form a band structure with theléctrons and are
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Figure 1.3: Low field magnetic susceptibility (magetization/field) as a function of

temperature showing (a) Néel temperature () and (b) Curie temperature (Tc)

responsible for the magnetism [5]. Iron and nickale incomplete 3d shells. Due to
strong crystal field interaction, the orbital morhen is quenched and hence only the
spins are responsible for the ferromagnetism. Tdheel&ctrons in nickel and iron are
itinerant and the reason behind the ferromagnethabiour of NigoFeo The FM
materials undergo a transition from FM to PM abavenaterial-specific temperature
known as Curie temperature (Fig. 1.3).

Magnetic hysteresis is an important property ofderagnetic materials and is
characterized by the magnetization vs field (M yscHrve. A typical hysteresis loop is
shown in Fig. 1.4. The saturation magnetizatiothesmaximum possible magnetization
of a specimen. The remnant magnetization is theai@ng magnetization of the
specimen at zero field after it has been saturatednetically. The coercivity is the
magnetic field required to nullify the magnetizatiof the specimen. ldeally, a hysteresis
loop is symmetric about the magnetization axis lace coercivity is (Eh-Hc2)/2 = Her

= -Hcz = He.
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Figure 1.4: A typical hysteresis loop

In the case of FM/AFM layers, after cooling the em&tl from a temperature
higher than the Néel temperature in a field largeugh to saturate the ferromagnetic
material, the hysteresis loop is often not symrogbut displaced along the applied field
axis as shown in Fid..5. This shift in the hysteresis loop along theli@gdl field axis
with respect to the zero field is called the exdwamias Kex) field and defined as
Hex=(HcatHc)/2. It arises as a result of an interaction thiotige interfaces between the
materials of different magnetic nature, e.g. ader@gnet and antiferromagnet. The

exchange bias field is described by [6]

_ 2Jgy Sem (Sarm

2
ey Mgy Ly

HEX

where Sev and Sarw are the spins of atoms at the FM/AFM interface ang is the

cubic lattice parameter of FM layev! ., is magnetization density of the FM layer while
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Figure 1.5: Behaviour of the magnetic moments of aexchanged bias system at

different stages in the hysteresis loop

t-, is the thickness of FM layeid., is the interface coupling constant. This intexacti

modifies the behaviour of the ferromagnet in thespnce of an applied field and hence a
shift in the hysteresis loop is observed [1]. Fegr5 shows a schematic of a hysteresis
loop for an exchange biased system. At the starth@sample is saturated. At (b) FM
moments are inclined to follow the applied magnééld but the moments in AFM layer
exert a torque and hence offer resistance to magtieh reversal. An obvious result of
this force is a shift in the loop towards a negafield.

Magnetic hysteresis appears as a result of rotafionagnetization and change in
the number of domains. Magnetic domains are thel segagons with moments aligned in
the same direction. Normally ferromagnets are @dithto domains aligned in different
directions. The process and extent of domain fdaonas governed by the balance of the

contribution of different energy terms.



1.2 Energetics at the nano-scale

A ferromagnetic system will be in equilibrium a$ ininimum total energy. The
total energy, according to micromagnetic theoryhe sum of four main energies. These
four energies are the Zeeman energy, the exchareggye the stray field energy, and the
anisotropy energy [1].

If a magnetized sample is moved from a zero extdreld into a magnetic field
woH, some work needs to be done to keep the maghetizzonstant. The work required

is called the Zeeman energy and given by

Ezeeman = _J ,uom [HdV
v

where M is the macroscopic magnetization of the samﬁés the applied field an¥ is
the volume [7]. The Zeeman energy is at its minimuinen the magnetization is aligned
with the applied magnetic field as evident from dlo¢ product in above relation.

In a typical ferromagnetic material, the momentsfgr to keep aligned in the
equilibrium magnetization direction and hence paralignment of neighbouring spins
is preferred. Deviation from this ideal situationllveost energy which is known as

exchange energy and is defined as

Eremmor = A [ (grad m)'dv
where A is the exchange stiffness constant amdis the normalized magnetization
m=M /Mg [7].

Stray field energy is also known as magnetostatiergy, dipolar energy or

demagnetization field energy [1], [7]. It is reldt® the field generated by the body itself.
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The divergence of the magnetization results in figkl, known as the demagnetizing

field H, . The stray field energy is defined as [1]

Estravren = __/Uo_[ H, IMdV

For almost every magnetic material, the energysofagnetization state depends
on the difference in the direction of the magndimma in an applied field and the
preferential direction called the easy axis. Thgrde of this anisotropy is defined by the
magnetocrystalline anisotropy.

Magnetocrystalline anisotropy results in hard aaslyeaxes of magnetization in a
single-crystal. It stems from the spin orbit intdr@n of the electrons. The electron
orbitals are coupled to the crystal by the cryftd. So the interaction between these
orbitals and electronic spins results in a prefgaémlirection of spin alignment along
certain crystallographic axes [8, 9]. The magnitofi¢he anisotropy constants, ek,

determines the strength of magnetocrystalline &mipy. For NioFex, K is 270 J/m
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Figure 1.6: Magnetization curves of (a) iron and (pnickel single crystals (used with

permission from John Wiley & Sons, USA) [8]
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=2.7x10* erglcnd [1]. Figure 1.6 shows the magnetization vs fieldves for iron and
nickel single crystals with crystal axes shown he tinsets. The value oK is
4.8x10°J/m = 4.8x10° erg/cm for iron and -4.5%10° J/m = -4.5<10" erg/cn for
nickel at room temperature [10]. For positike easy axes are along lattice axes while
negative K implies the easy axes along the cubgodias.

Surface anisotropy is caused by broken translayonmetry at the surface or an
interface. The surface anisotropy is described by

E, = Ksh—(ﬁtﬁ)z)
whereKs represents the out of plane surface anisotropgtaohand has the values in the
range 1G to 10* J/n? or 10° to 107 erg/cnf. m is normalized magnetization and is
surface normal [7].

It will be appropriate to discuss the characterigngths in the thin films before
proceeding with a detailed overview of the diffargmes of domains.

1.3 Characteristic length scales

The novel phenomena related to the field of nanoreggm emerge because
magnetism in nanoscopic objects is different frohattin macroscopic objects.
Nanoscopic objects have the dimensions comparabtee characteristic lengths, e.g.
domain size. The surface-to-volume ratio is exceytily high when we move from the
macroscopic regime to the nanoscopic one. Due ¢o nanoscale dimensions, the
presence of imperfections and defects becomes mmp@tant compared to macro-sized

objects. These factors drive the magnetism at #m@scale. The length scales relevant to
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this work are the exchange length, the domain walth, and the critical diameter of a
single domain.

The exchange length is the minimum length scale wdgch the direction of the
magnetization undergoes no appreciable variati@h [Ihe exchange length determines
the distance range of spin alignment. It represdrgscharacteristic length scale below
which the division of the long range order into dons is not energetically favourable

for the system [13]. The exchange lenigths [1]

/ 2A
lex = 2
HoM g

where

A= Exchange stiffness constant. It represents thengtin of the magnetic
coupling and hence determines the difficulty foe ttheviation of a given spin

from the direction of the exchange field [1]

U, = Magnetic permeability of the free spacer=40" H/m
M ¢ = Saturation magnetization.

Another important characteristic length is the domaall that is defined as the

Figure 1.7: Domain wall width (©¢)
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region between two neighbouring domains. The mazatein changes direction from
one easy crystallographic axis to another at ohiwithe domain wall [8]. The domain

wall width (Fig. 1.7) 8o, can be determined from the relation [1]

O, :ﬂ\/E
K

whereK is uniaxial anisotropy energy.

The critical diameter is the maximum size of thgobto be in a single domain
configuration. Beyond this size, division of thejest into different domains is
energetically favourable. For magnetically soft enials (i.e. with lowK) like NigoFe,

the critical radius is given by [14]

A
= 2121 | ——
R |27M2

For NigoFex, A = 1.07X10™ J/m = 1.0%10° erg/lcm andMs = 8.13x10° A/m
= 813emu/cmi. Substituting the values in above relation, we Ret 10.8 nm. So the
critical diameter i9Dc= 21.6 nm.

1.4 Domain walls in thin films

The Bloch wall, Néel wall and the cross tie wak éine three common types of
domain walls in thin films. In a Bloch wall (Fig.8a), the magnetization rotates in a
plane parallel to the plane of the wall. For a fivith thickness beyond a critical limit,
Bloch walls are energetically more favourable. Hogrein the case of thin films where
the exchange length is large compared to the filitkhess, Néel walls (Fig. 1.8b) are
energetically more favourable in which the magraton rotates in a plane perpendicular

to the plane of the wall [1]. A cross tie wall (@)8s a combination of the Bloch and the
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Néel walls. It appears in thin films with the thigss range between those energetically

favourable for Bloch and Néel walls.

Bloch
domain wall

Figure 1.8: The (a) Bloch (b) Néel and the (c) cregtie domain walls

The presence of domains can result in an overadl @enegligible magnetization.
The balance of the contribution of different enetgyms is the basic reason behind the
division of a ferromagnetic material into domaiAs. increase in the number of domains
results in low magnetostatic energy of the syst@omwever, this can not continue
indefinitely. The region of transition between ttveo neighbouring domains, i.e. the
domain wall, is a region with high energy and hecaeses an increase in the exchange

and anisotropy energy [1].
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1.5 An Overview of Previous Work in NiggFexo and NiO Film Systems

As this work focuses on the magnetic behaviour arfaastripes and thin films
made of NégFex and NiIO, it will be appropriate to discuss prewdomork in this area.
The nano-stripes can present different magneti@awebr because of the related shape
anisotropy and the size constraints. A multi-phasgnetization reversal can result from
the stripes of different material or sizes couplegether. McCord et al. [14] studied the
magnetization reversal in alternately occurring:Riig and CF ion implanted NjiFero
stripes; both types of stripes beingnl wide. The hysteresis loop showed that the
magnetization reversal was a two phase processmEgnetization reversal, studied by
magneto-optical domain imaging, appeared to ochuwwugh a head-on domain wall
motion along the stripe axis in which domain aligamihstarted from one end of the stripe
and grew in the direction of the magnetic fields$tzender et al. [16] showed that, for
alternately occurring NiFe;g and Cr ion implanted MiFe g stripes each of width 1om,

a multi-domain structure appeared during magnetizaeversal. However, this was not
the case for the stripes of widthuin where the switching process parallel to the strip
direction proceeded via head-on domain wall movenmkdeyeye et al. [17] observed a
two-phase magnetization reversal behaviour in tgetenesis loop while studying
alternating 2um wide stripes of NbFey and cobalt of thickness 20 nm and 40 nm
respectively. Goolaup et al. [18] studied the dfffchomogeneity of stripe width on the
magnetization reversal. They found that the easylaysteresis loop showed a two phase
behaviour for the alternating width (w) nano-wif@sv = 250 nm) while for the stripes
with the same width, the hysteresis loop showenhgles phase behaviour. The edge-to-

edge distance between the nano-wires in both sgaes0 nm. They also found that an
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increase in the thickness of the wires from 20 ar6@ nm resulted in an increase in the
coercivity. Theis-Brohl et al. [19] have reportetha-phase magnetization behaviour in
the case of C@Fesf/Mngslri7/Cu with alternating stripes bombarded with "Hens.

Figure 1.9 shows a two phase hysteresis loop fafBpnano-stripes with the applied

M/M
o

-1
M 1 L 1 i M 1 " 1 M
-3000 -2000 -1000 0 1000 2000 3000
H (Oe)

Figure 1.9: Normalized hysteresis loop for NbFe nano-stripes at 10 K with
magnetic field applied along the axes of the strige(error bars are smaller than the

symbols)

field along the stripes axes. The two phase behawb the hysteresis loop appeared
because of the existence of patterned and un-patteregions in the sample. The
existence of stripes resulted in an enhanced caBrcin case of the magnetic field
applied along the easy axis of magnetization, aspemed to the unpatterned material

which is reported by several groups [18-31].
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An interesting phenomenon is the existence of exghdias in the NiFey thin
films. As the thickness of the film is reduced teextain limit, surface effects become
significantly prominent and important. Surface metgration is obviously different from
the bulk and hence acts as a source of exchangénttiae NgoFe thin film [34, 35].

Exchange bias in the MNFel/NIiO bilayers emerges from the exchange
interaction at the interface of the two layers E- Zhao et al. [39] showed that, in the
case of the NpFe/NIiO bilayers, the uncompensated spins are essefaiathe
appearance of the exchange bias. However the tHgoryeiklejohn and Beans [40]
explaining the exchange bias on the basis of uneosgied spins fails because the
exchange coupling exists for the compensated sgsnwell. This fact along with the
order of magnitude too small exchange bias fieldntithe expected value from
calculation by Malozemoff [41, 42] indicated the pomtance of the AFM domain
formation [43]. Attempts were made to explain tlkel@nge bias by proposing domains
perpendicular and parallel to the interface. Thésterce of exchange coupling at
FM/AFM interface shows that these AFM domains dftae formation of the domains in
the FM.

Mauri et al. [43] studied the relation between the&hange bias and the AFM
layer thickness. For a thickness less than a alitialue, the anisotropy energy of the
AFM was small and the AFM magnetization at the rilgige just followed the FM
magnetization. It resulted in an enhanced coeygitibwever no exchange bias was seen.
The interfacial exchange energy was overcome byathisotropy energy above the
critical thickness. This resulted in stable AFM matization at the interface which, in

turn, caused the exchange bias. An increase itaglee thickness resulted in an increase
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in the number of domain walls which played a majge in determining the exchange
bias. With a further increase in the thickness éhemme a point where it was more
favourable for the AFM layer to have larger and dewdomains. This resulted in the
decrease in the exchange bias.

There are contradicting reports about the effeclatdral size reduction on the
exchange bias field as compared to the plane fithile some groups [44-46] claim an
enhancement in the exchange bias field in theestrgs compared to the thin films, some
others [47, 48] report otherwise. Nemoto et al.] [dl®owed for Ni;Fe o/ NiO wires of
widths from 0.2um to 0.4um that the exchange bias field increased with gwehse in
the wire width. However, Fraune et al. [47] havewh an increase in the exchange bias
field with an increase in the wire width at roormfgerature. While at 5 K, the exchange
bias field was independent of the wire width.

The emergence of the exchange bias is influenagdfisiantly by the magnetic
field applied during the field cooling as this fleestablishes a strong unidirectional
anisotropy [50], however exchange bias can appean &ithout applying an external
field because of the magnetization of the FM Ig$éf.

1.6 Why NiggFeyo and NiggFexo/NiO thin film and nano-stripes?

As a part of this project, polycrystalline pfrexo thin films and nano-stripes were
studied alone and coupled to NiO.gfe, is a material of industrial and research
importance and has been extensively studied beadutselow coercivity, high magnetic
susceptibility, low remagnetization losses, low metgstriction and high anisotropic
magnetoresistance [52, 53]. The high Néel tempergl5 K) [54] of NiO makes it a

technologically important material to provide exeba coupling to the NiFey in the
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magnetic recording industry. NiO is chemically $ahnd has high resistivity [55, 56].
The NioFe/NiO spin valve system provides high sensitivity6][5 From the
technological point of view, a material with minimwcoercivity and maximum exchange
bias field is important. In this project, e and the NjoFe/NiO nano-stripes were
studied to understand the effect of the constrageametry on the coercivity and the
exchange bias field. Magnetometery and susceptoynetehniques were employed in

order to characterize the magnetic behaviour othitrefilms and nano-stripes systems.
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Chapter Two: Experimental Techniques
2.1 Sample Preparation

The samples were prepared by Hsuan-Rong Huang dinelesupervision of Dr.
Ko-Wei Lin at the Department of Material Scienced @éngineering, National Chung
Hsing University, Taiwan. Figure 2.1 shows a schigrdiagram of the Dual lon Beam
Deposition System used to prepare theoféo and the NjoFe/NiO samples.
Commercial NigFeo and Nickel sources were used as targets. The Kaubource was
used to focus an argon (Ar) ion beam onto thgMéy, or Ni target for the cleaning or in-
situ ion bombardment during NiO deposition. The &l source was used with a fixed
voltage to ensure constant ion-beam bombardmengertriring NiO deposition. The
pressure was first reduced t& @0’ Torr, and deposition was done at 50* Torr. The
OJ/Ar ratio in the End-Hall ion source was kept fixad16% and it was operated at an
anode of voltage 70 V and an anode current of 8.68or the Kaufman ion source, the

argon flow was 3 sccm while the beam voltage waks\B8@nd the current was 7.5 mA.

Pumping
system
Shutter \
end-Hall
/Source
Substrate_w" bt
holder ‘ 41 ]
/ P 9.0.0 0 ;as
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lon Source

o Ar
. 02

® target atom

view port

Figure 2.1: Schematic diagram of a Dual-ion Beam position System
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NigoFep and NioFe/NiO nano-stripes were prepared onto a templatectwhi
consisted of a patterned hydrogen silsesquioxa®®Q{Hilm on the top of a silicon oxide
substrate, as shown in Fig. 2.2. The 50 nm thiak & nm-period line/space structure
(Fig. 2.2) in HSQ was made using EUV-IL (Extremetrélfiolet Interference
Lithography) at the Paul Scherrer Institute (PSWitzerland by Eulitha Corp. EUV-IL

provided high resolution (~ 10 nm) and yielded me@ositioning of the stripes. Figure

76 nm
—

Patterned
HSQ film ¢50 nm

Silicon Oxide Substrate

Figure 2.2: A schematic diagram of the template uskfor the nano-stripe deposition

|964.9 ym|

491.8 pm

253.3 ym

stripes

near-pattern

Figure 2.3: A schematic diagram of the exposed filmThe shaded areas represent

the patterned regions. Film size was 3 cm x 3 cm.
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2.3 shows a schematic of the nano-stripes sampletiré dimensions of patterned areas.
The dimensions were extracted from a scanning relecinicroscopy image of the
exposed film provided by Eulitha Corp. The sizeéhaf developed film was 3 cm x 3 cm.

2.2 Structural and compositional characterization techmiques

Transmission electron microscopy (TEM) and scannetgctron microscopy
(SEM), was performed to have insight into the nstmacture and composition of the
samples.

2.2.1 Transmission Electron Microscopy (TEM)
The JEOL JEM-2010 (Fig. 2.4a), operating at 200akM equipped with a LaB

electron gun, was used for the microstructural atiarization of the samples. The JEM-
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Figure 2.4: TEM (a) JOEL JEM-2010 (b) Layout of opical components of a basic

TEM
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2010 can provide high resolution imaging with Or28 point resolution.

Figure 2.4b shows the layout of the optical compteen a basic TEM. An
electron gun at the top produces the beam of elestiThe condenser aperture allows the
formation of the electron beam to the desired size location for interaction with the
sample. A typical TEM is equipped with three stagédenses, i.e. condenser lens,
objective lens and projector lens. Finally, the gmas formed on the phosphor screen at
the bottom. In general, this screen is replacedrbynage recording system [57].

2.2.2 Scanning Electron Microscope

A scanning electron microscope (SEM) was used the structural

characterization of the template and the nanoedripig. 2.5 shows a simplified diagram
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Figure 2.5: Schematic of the SEM components
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of the SEM showing its components. The electrondtieig from the electron source
(tungsten filament, LaBetc) are accelerated through a typical acceleyatoitage of
30KkV. After passing through the magnetic lens, trextebn beam falls on the specimen.
The electron beam, on striking the surface, proslscene backscattered electrons, some
lower energy secondary electrons, a few Auger mdastand characteristic x-rays which
are detected by respective detectors [58, 59].
2.3 Magnetic characterization techniques

The magnetic characterization of the samples irdudC and DC susceptibility
and hysteresis loop (M vs H) measurements. Thisnetég characterization was
performed with the commercial superconducting quaninterference device (SQUID)
magnetometer, Quantum Design MPMS-XL, using a recgting sample option (RSO)
which provided a sensitivity of$10° emu [60].

SQUID operation is based on flux quantization aosephson tunnelling [62]. The
MPMS-XL employs a radio-frequency SQUID (rf-SQUIDjor the magnetic

measurements. In the rf-SQUID, a single Josephsorttipn is connected in a

Figure 2.6: A schematic of the rf-SQUID
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superconducting loop. This loop is inductively clmgpto the inductor (B of a tank
circuit. An AC current source oscillating at a neaot frequency (20 MHz to 10 GHz)
drives this tank circuit. Figure 2.6 shows a schindiagram of an rf-SQUID. The
measured flux is superimposed over some dc bias Tlhis flux results in a change of
the average value of the phase across the Joseplrstion which causes a change in
the impedance for the rf drive oscillations. Thasiges a variation in the amplitude of the
rf voltage across the tank circuit. This variatisrthen amplified and filtered. The output
voltage is proportional to the measured flux.

In the MPMS-XL, the sample moves through the supedacting pickup coils
(Fig. 2.7). These pickup coils are connected toSRJID with superconducting wires.
The current from the detection coils is fed to 8@UID sensor by inductive coupling.

The SQUID electronics produces an output voltage ik proportional to the current

Superconducting wire

D,

=
-

Figure 2.7: A schematic of the superconducting detdon/pickup coils

()




24
flowing in the SQUID input coil working as a highlgensitive current-to-voltage
convertor [63].

The measurement of a sample magnetization is peeidhby moving the sample
through the pickup coils (Fig. 2.7). These coils kcated at the center of the magnet
outside the sample chamber. The magnetization efntloving sample produces an
electric current in the pickup coils. Any changdhe magnetic flux results in a variation
in the persistent current in the closed circuihfed by the detection coils, the connecting
wires and the SQUID input coil. This variation iretcurrent in the pickup coils produces
corresponding variations in the SQUID output vadtaghich is proportional to the
magnetic moment of the sample [64].

2.3.1 The Superconducting Magnet

The MPMS uses a superconducting magnet wound wleaad configuration.
The magnet is constructed as a closed superconducibp and hence allows it to be
charged up to a specific current. Once charged, niagnet can operate during a
measurement in persistent mode without any extesaaknt source or power supply
[64]. The Quantum Design MPMS-XL used in this wprkvides a magnetic field range
of + 5.5 T with high homogeneity about the sample s|@€8% over 3 cm scan length
[65]).
2.3.2 Magnetic Measurements

As a part of the sample preparation for these nieasents, the film was first cut
of the proper size and enclosed in a gelatine daswd immobilized. The capsule was
then inserted in a clear straw of length 13.5 cig.(E.8) so that the sample was near the

middle of the detection coil when installed in MEMS. Due to the geometry of the
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Straw —

Capsule

Horizontal straw
cuttings to hold the Sample
sample in place

Figure 2.8: The sample holder assembly showing tlsample inside the capsule

pickup coils, a sample of size of 3 mm in all thddmensions is recommended. To keep
the gelatine capsule fixed at its location, twawstipieces were fitted at both sides of the
capsule as shown in the Fig. 2.8. The straw wasedlavith plugs at both sides and
attached to the graphite sample rod. The sampletheasinserted in the sample holder
space while keeping the airlock valve closed. Assfthal stage of the sample installation,
the sample space was purged and then the airldele veas opened. After this, the
sample rod was lowered into the sample space annleskto the actuator shoe at the end
outside the sample chamber.

The sample has to be centered properly to enbateatl four pickup coils sense
the magnetic moment of the sample. Figure 2.9titiss the centering procedure. If
properly centered, the sample should be at theoimottashed line (Fig. 2.9a). As the
sample moved through the pickup coils, SQUID respoto its magnetization was

plotted (Fig. 2.9b). Figure 2.9c shows the SQUIBpmnse as a function of the scan
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length which shows that the sample was not cen@ndchence needed adjustment. If the
cases when the adjustment was within the limihefttansport mechanism, the automatic
adjustment function of MPMS MultiVu software wasoeigh. However in the case when

required adjustment was beyond the limits of thegport mechanism, the sample had to
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be removed from MPMS. The position of the gelatiapsule was adjusted depending on
the measured center position. For a 6 cm scanHeifgthe measured center was at a
position above 8m, e.g. 3.6 cm, the gelatine capsule was movedigand vice versa.
After this manual adjustment, the sample was ilestadnd centered again.

The measured magnetization of the sample dependts amtial magnetization,
the remnant field in the magnet and the quantitthefmaterial. To address the problem
of the initial magnetization, centering was perfedhat different fields e.g. 0 Oe, 10 Oe,
100 Oe, 500 Oe so that it was ensured that thelsigas actually from the sample and
not the straw or gelatine capsule. At the highetd§ the signal could switch from
positive to negative polarity because the diamagrsggnal from the gelatine capsule and
the substrate was large enough to overcome théiy@signal from the ferromagnetic
film. The diamagnetic signal from the straw was ingportant as it was cancelled due to
the second derivative configuration of the pickogsc(Fig. 2.7). The remnant field in the
MPMS magnet was the field trapped in the supercctadwinding of the magnet after
being charged to a high magnetic field. This issae resolved using the “Magnet Reset”
option in the MPMS MultiVu software which servecethurpose by quenching the field.

2.3.2.1AC Susceptibility

For an AC susceptibility measurement, a small A@edfield (small enough not
to affect the intrinsic energy barrier in the systgg7]) of frequencyw is applied. This
drive field induces a time-dependent magnetizatiothe sample which is detected by
the SQUID. For very low frequencies, AC susceptametis most similar to DC
magnetometery. In this case, the induced magneiioent of the sample is give bac

= (dM/dH) Hac sin(wt) wherey=dM/dH is the slope of the magnetization as a function of
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the applied field curve, called the susceptibillic is the amplitude of the driving field
and w is the driving frequency. The AC magnetizationtioé sample does not follow
along the M vs H curve at higher frequencies bezafsthe dynamic effects in the
sample. The AC magnetic susceptibility measurengumes the magnitude of the
susceptibility ¢) and the phase shift relative to the drive sig@@l The in-phase
component of the AC susceptibility ig(w) = y(w) cos@) and the out-of-phase
component ig”"(w) = y(w) sin(p) [68].

AC susceptibility is time-dependent measurement Hral timescale is well
defined which can be varied over several ordersagnitude i.e. from ~I19s* to 10° s™.
The real or in-phase component of AC susceptibilit{w), indicates how well the
magnetization of the system follows the applieddfielThe imaginary or out-of-phase
component of AC susceptibility,' (o), represents the dissipative processes in thelsamp
[68], [13].

In order to measure the AC susceptibility, the damyas first zero-field-cooled
down to 5 K and then AC susceptibility measuremeas done, after applying a drive
field of 2.5 Oe, in the temperature range 5 — 40@tKrequencies 10 Hz, 500 Hz and
1000 Hz. The measurements were done at 10 K insewith the temperature stabilized
during the measurement. A sample script for an Agteptibility measurement is given
in Appendix A. The frequency dependent change ia &C susceptibility data
corresponds to superparamagnetic blocking temperg@r]. A frequency independent
peak in both the in-phase and out-of-phase measumtsnrepresents a Néel or Curie

temperature of the sample depending on the magnattice of sample (FM or AFM).
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2.3.2.2DC Susceptibility

DC susceptibility is the time averaged magnetizabb the sample as a function
of the temperature in a constant applied magnietid. fit is a low-field technique and can
give information about the Curie temperature (frgignificant rise in the magnetization
below the Curie temperature) and blocking tempeeattrom the bifurcation of zero-
field-cooled (ZFC) and field-cooled (FC) M vs T nseeements [11].

DC susceptibility as a function of temperature wesasured over 5 K to 400 K.
The magnetic field was 100 Oe. The sample wasdoeted down to 5 K in the absence
of any applied field as a part of ZFC measureniemén the time averaged magnetization
of the sample was measured in response to the £08pplied field as the temperature
was raised to 400 K in 10 K intervals with the temgiure stabilized every 10 K. This
was followed by cooling the sample again down % @&C measurement) and measuring
the time averaged magnetization of the sample spaese to the 100 Oe applied field.
The sample was then heated to room temperaturresatténg the field to O Oe. A sample
script for a M vs T measurement is given in App&rili
2.3.2.3Hysteresis Loops (M vs H)

Hysteresis loops (M vs H) are very important to enstand the magnetization
reversal mechanism and macroscopic magnetic prepast the sample. The hysteresis
loops were measured after field-cooling the sanpl® K in the presence of 20 kOe
magnetic field. The samples were field-cooled befareasuring the hysteresis loops to
study the magnetization reversal and exchange bigsrtant information regarding the
magnetization reversal mechanism and coercivityabelir was gained from the

measured hysteresis loops. In order to get maxinmiformation, the loops were



30
measured with small field increments (5 Oe or 1) &ehe fields around the coercivity
while larger field steps were used for measuremantarger fields. A sample script for

hysteresis loop measurement is given in Appendix C.
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Chapter Three: NiggFe,o nano-stripes
3.1 Structural Characterization

The structural characterization of thegdfie,p nano-stripes was performed by
Hsuan-Rong Huang at the Department of Materialer®®e and Engineering, National
Chung Hsing University (NCHU), Taiwan under the swyision of Dr. Ko-Wei Lin.

3.1.1 Micro-structural Characterization

A scanning electron microscopy (SEM) image (Figlb3.showed a 25 nm
separation (valley) between the 44 nm widgyN&,, nano-stripes. Figure 3.1a shows the
cross-sectional view of the nano-stripes while Bidb shows the planar view. A cross-
sectional view of a single nano-stripe is showithi@ inset of Fig. 3.1a. Results showed
that the thickness of the depositegdRe,, was 12 nm at the top, 9 nm at the sides, and
10 nm in the space between the stripes (valley).

A near-pattern film was the part of the un-pattdrfien around the stripes (Fig.
3.2) and hence underwent the same deposition aeshe nano-stripes. Figure 3.2

shows the transmission electron microscope (TEMjhifield (a) and dark-field (b)

. I |

NCHU S 3.0Ky  X100,000 100nm WD34mm NCHU SEl 3.0k X100,000 100nm WD 2.6mm

Figure 3.1: SEM images of the NpFe,o nano-stripes (a) cross-sectional view, a single
stripe is shown in the inset with the thickness ofhe deposited region. (b) planar

view, width of the stripe and the valley is shown.
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Figure 3.2: The (a) bright field and the (b) dark-ield TEM images of the Permalloy
near-pattern film.

images of the NpFeo near-pattern film. An 18 nm thick polycrystallifém was
observed with the crystallite sizes between 5 nchlZnhnm.

3.2 Magnetic Characterization
Figure 3.3 shows the applied field (H) configuratdfor the parallel, transverse

and perpendicular/out-of-plane measurements. Taepatern film was characterized in

(b)

stripe

1

|

a)

valley

stripe
valley
T

T

‘ H

Figure 3.3: A schematic diagram of the applied fiel (H) configuration in the (a)

parallel and (b) transverse and (c) perpendicular enfiguration.
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the in-plane configuration only because the demiggateon field was the only difference
between the in-plane and out-of-plane configuration

3.2.1 NigoF ey near-pattern film

In this section we shall discuss the magnetic dtaraation of the NpFe,o near-
pattern film that encompasses the AC and the DCeptibility measurements and the
hysteresis loops.

3.2.1.1AC Susceptibility Analysis

The in-phase AC susceptibility measurement (FigaBshows two frequency
dependant changes at 50 K and 150 K. As the sangdecooled to 5 K in the absence of
any applied field, domains were frozen randomlyth/the increase in the temperature
from 5 K, the domains remained blocked until 30TKe thermal energy was not enough
to overcome the anisotropy energy of the domains.38 K, the in-phase AC
susceptibility started increasing. At ~B0 the system changed its magnetization from
“blocked” to “superparamagnetic”. This change t@eparamagnetism resulted in the
small peak also in the out-of-phase AC susceptybiieasurement (Fig. 3.4b). At this
temperature (50 K), available thermal energy wasugh to overcome the anisotropy
energy of the domains of smaller crystallites ohiith the increase in the temperature,
larger domains from the larger crystallites aldaxed resulting in a continuous increase
in the in-phase signal (Fig. 3.4a). This crystallize distribution resulted in a plateau in
the in-phase AC susceptibility. At 250 K, the otHpbhase AC susceptibility (Fig. 3.4b)
started decreasing while the in-phase AC suscéptibontinued to increase which is, in

addition to the frequency dependence, another ctearstic of superparamagnetism [69].
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Figure 3.4: AC susceptibility data for the NjoFexo near-pattern film showing the (a)
in-phase ") and the (b) out-of-phase ") data at measuring frequencies of 10, 500

and 1000 Hz (error bars are smaller than the symbeg)

3.2.1.2DC susceptibility Analysis

Figure 3.5 shows the ZFC and the FC temperaturerlgmce of magnetization
of the NgoFeo near-pattern film. The zero-field-cooling resuliadhe magnetization of
domains being frozen randomly resulting in the vieny overall magnetization of the
film at 5 K. With the increase in temperature fr&K, the domains started relaxing.

With the increase in the temperature, thermal gnpegmitted the domains to orient
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Figure 3.5: Low-field (100 Oe) ZFC and FC temperatte dependence of the
magnetization for the NiFexo near-pattern film parallel to H. (error bars are

smaller than the symbols)

along the applied field direction. Being considéyatmaller (5-15 nm) than the single
domain critical size for the BiFeo (~22 nm), the crystallites of the sample were
expected to be single-domain. At low temperatuties,thermal energy was enough to
overcome the anisotropy barrier of smaller domainly. However, with the increase in
the temperature till 30 K, domains of the largeystallites were able to relax and be
aligned along the applied field resulting in contias increase in the overall moment of
the sample. At 50 K, the ZFC and the FC curves geetggether which indicated that no
irreversibility in the magnetization was expectédrd above 50 K in the presence of the
100 Oe applied field. This showed a superparamagrettaracter to the magnetic
response [69] and was in agreement with the ACeqidxslity measurements. At this

stage, the anisotropy barrier of the domains wasamme by the thermal energy and the
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only force affecting the alignment of the domainaswhat from the applied magnetic
field. That was why the ZFC and the FC measuremeeats the same beyond 50 K. With
the increase in temperature, increasing thermetuations resulted in a gradual decrease
in the magnetization of the sample until 400 K.

For the FC measurement, until 50 K, the sample m®i@ation was
superparamagnetic and hence the magnetizationeatample kept increasing with the
decreasing temperature because of the decreasdemmal fluctuations. As the
temperature was further decreased below 50 K,wadafion was observed between the
ZFC and the FC measurements because the appliédfigned the domains during the
cooling process resulting in an increased magreiizaf the sample.

3.2.1.3Hysteresis loops

Figure 3.6 shows hysteresis loops for thg)fo near-pattern film at different
temperatures in a parallel field configuration. gy 3.7 shows the same hysteresis loops
after the subtraction of the high field susceptipi(Fig. 3.8) from the substrate and the
sample holder, while Fig. 3.9 shows the same hgsigroops over the applied field
range of 600 Oe.

Some coercivity was observed at 10 K and 25 K, vewby 50 K the coercivity
reduced to zero. The crystallite size distributr@sulted in a coercivity at the lower
temperatures, i.e. 10 K and 25 K because at therléemperatures, thermal energy was
not enough to overcome the anisotropy barrierdldha domains and hence the need of
a higher magnetic field to rotate larger domairsaiited in a non-zero coercivity [72]. At
the higher temperatures, the thermal energy wasiggndo overcome the anisotropy

barrier of the domains of the crystallites so tphplied magnetic field was able to align
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Figure 3.6: Hysteresis loops (20 kOe field-cooleddr the NigoFeyo near-pattern film

before subtracting the high field susceptibility
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Figure 3.9: Hysteresis loops (field-cooled 20 kO&r the NigoFeyo near-pattern film,

magnified in the applied field ranget500 Oe

the domains’ magnetization and hence the coerciatyished by 50 K. This was in
agreement with the AC and the DC susceptibility sneements. The crystallite size

distribution resulted in an asymmetric behaviouthaf loop along the magnetization axis
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in the intermediate fields while going form +H tél-and from —H to +H. For example,
considering the hysteresis loop at 10 K, magnetimavas different in the applied field
range from -100 Oe to -400 Oe as compared to tbat 400 Oe to -100 Oe. At very low
temperature, the domains were blocked becauseedbth thermal energy and hence a
larger magnetic field was required to align all t@mains in the direction of the applied
field. As the direction of the applied field waveesed a smaller applied field was able to
align the domain in smaller crystallites only. Widlm increase in the magnitude of
applied field, domains in the larger crystallitdsoaaligned along the applied field (Fig.
3.9).

The coercivity was not measurable at 50 K as lleental energy was enough to
overcome the anisotropy barrier of the domains,ctvhwas in agreement with the AC
and the DC susceptibility measurement.

An interesting phenomenon was the non-zero exchhragefield in the NigFex
film (Fig. 3.10b). This was, most likely, becauseacsurface effect [34, 35]. The surface

magnetization was different from the bulk of tHenfand played an important role at low
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Figure 3.10: Temperature dependence of (a) the camvity (Hc) and (b) the

exchange bias field (Hx) for the NiggFeyo near-pattern film
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temperatures where thermal energy was smallerttitesurface anisotropy energy. This
difference of the magnetization behaviour, as alted pinning of the magnetization,
caused the non-zero exchange bias field. The egehlaias field dropped to zero at 25 K
because the thermal energy was able to overcomsutii@ce anisotropy energy at this
temperature.

3.2.2 NigoF ey nano-stripesin the parallel configuration

This section will encompass the magnetic charaton of the NjoFexp nano-
stripes in a parallel field configuration (Fig. 8)3describing the AC and the DC
susceptibility measurements and the hysteresisloop
3.2.2.1AC susceptibility Analysis

The in-phase and the out-of-phase AC susceptibdéia (Fig. 3.11) showed a
frequency dependant change in the temperature r@2ge270 K. That frequency
dependent change in the AC susceptibility shows dhahis point, the sample became
superparamagnetic [69]. At that temperature, theemergy was enough to overcome the
anisotropy barriers of the domains and the domairegjnetization started following the
applied AC field. A prominent change in the outptfase AC susceptibility indicated the
dissipative processes in the sample at this terhperas the domains started depinning
and following the applied AC field and the domaimlle were trying to move. This

suggested hysteresis at and below this temperature.
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Figure 3.11: AC susceptibility data for the NgoFe,, nano-stripes in parallel
configuration showing the (a) in-phasey) and the (b) out-of-phasey”) signals with

measuring frequencies 10, 500 and 1000 Hz (error ¥ are smaller than the

symbols)

3.2.2.2DC Susceptibility Analysis

In the ZFC case (Fig. 3.12), as the magnetic fiedd applied and the temperature
was increased from 5 K, the magnetization of thepta reached its maxima at 90 K.

However, at this point, ZFC and the FC measurenaidtaot merge. This indicated the
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Figure 3.12: Low-field (100 Oe) ZFC and FC temperatre dependence of the
magnetization of the NigFe,o nano-stripes in the parallel field configuration error

bars are smaller than the symbols)

inability of the domains to align in the directiah applied field. This likely stemmed
from a magnetic interaction between the neighbgumano-stripes. With a further
increase in the temperature, the ZFC and the FCsumements merged by 280 K
indicating the change of magnetization from “blatkéo “superparamagnetic”. As the
temperature started decreasing from 400 K, the &€& @as the same as the ZFC data till
280 K because only the magnetic field was affecting domains’ alignment as the
sample was superparamagnetic. A bifurcation appdeate280 K which indicated the
irreversibility of the magnetization behaviour. Timagnetization of the sample kept on
increasing below this temperature as domains wegzing with their magnetization set

by the applied field.
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3.2.2.3Hysteresis loops

Figure 3.13 shows hysteresis loops at differentperatures for the MiFeo
nano-stripes, after field-cooling the sample inaaafiel field configuration. The noisy
data at high magnetic fields resulted from the SQ&/Iresponse to the overwhelming
diamagnetic signal from the substrate and the saimgder assembly. Figure 3.14 shows
the same hysteresis loops after the subtractigheohigh field susceptibility (Fig. 3.15)
of the substrate and the sample holder assemblje wkig. 3.16 shows the same
hysteresis loops in the applied field range of L& to 1000 Oe.

The shape of the hysteresis loops clearly suggeastednagnetic phases in the
sample, i.e. applied field dependence of the mazatein from a patterned area with
stripes and the near-pattern area around the strijd@gnetization reversal, in this case,
was clearly a two step process. Consider the hggteltoop at 5 K. Due to the existence
of the stripes, the loop was different when theliagpfield changed from +750 Oe to -
1000 Oe as compared to that when the applied ¢iedshged from -1000 Oe to +750 Oe.
Application of the saturating magnetic field in tharallel field configuration resulted in
alignment of the domains along the easy axis ofsthipes. Upon the reversal of the
applied field, due to the coupling between the hieggiring stripes, the reversal of
domains and their propagation along the stripe ltasked. This magnetic coupling
resulted in a low magnetization in the low appliedd ranges, e.g. -1000 Oe to +750 Oe
for the hysteresis loop at 5 K. A larger magndatdfwas able to align the domains in the
stripes as well. The hysteresis loop being asymmetiong the magnetization axis
resulted in the non-zero coercivity in the rangenefisurement (Fig. 3.17a); however, the

exchange bias field (Fig. 3.17b) dropped to ze®0aK similar to the NjpFeyo near-
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pattern film because of the surface magnetizatidece[34, 35]. This surface effect
along with the magnetic interaction between theorstnipes resulted in a non-zero
exchange bias field at 5 K, 10 K and 25 K. Howewsr 50 K the thermal energy was
able to overcome the anisotropy barriers of theaosand the exchange bias field was
not measureable.

3.2.3 NigoF ey nano-stripesin the transver se configuration

This section will describe the magnetic characédian of the NigFe,, nano-
stripes in the transverse configuration (Fig. 3.8l@scribing the AC and the DC
susceptibility measurements and the hysteresisloop

3.2.3.1AC susceptibility Analysis

The in-phase and the out-of-phase AC susceptibifiBasurement (Fig. 3.18)
showed a frequency dependant change at ~ 50 K.fi#gsency dependent change was
the signature of superparamagnetism [69]. Since rtfagnetic field oscillated the

domains in a direction perpendicular to the axishef stripes (Fig. 3.3), the domains in
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the side areas of the stripes were the most resmottsthe applied field. The thickness

of the deposited material was only 9 nm at thessidéich was less than the critical size

of single domain. The near-pattern area and thateas of the stripes were not expected

to be influenced considerably by this AC magnagtdfwhere an additional interaction
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among the crystallites was present perpendicultratripe axis and along the magnetic
field axis. So the blocking temperature was consiolg lower than that in the case of the
parallel configuration because of the depinninghaf domains in the side areas at low
thermal energy and the magnitude of the in-phadeoat-of-phase signal was also order
of magnitude less than that in parallel configunatbecause most of the response was
coming from the side regions only.

3.2.3.2DC susceptibility Analysis

As the temperature started increasing in the poeseh the applied magnetic
field, the ZFC magnetization rose abruptly until K@Fig. 3.19). However, the FC and
the ZFC magnetization did not merge until the maxmtemperature of 400 K. This big

difference between FC and ZFC measurements embegeaise of the local field result-
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Figure 3.19: Low-field (100 Oe) ZFC and FC temperatre dependence of
magnetization for the NigoFeyy nano-stripes in the transverse field

configuration(error bars are smaller than the symbdas)
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ing from the interaction between the neighbouritigpss. As this magnetization needed
more energy as compared to that in the case of ptmallel configuration, the
magnetization increased a little until 120 K. Aft#his temperature, a competition
between the relaxation of more domains and therthkefluctuations resulted in a slow
decrease in the ZFC curve. The overall moment effitm was considerably higher in
the case of the FC DC susceptibility measuremecause during the field-cooling, the
domains were freezing under the influence of theiep magnetic field.

3.2.3.3Hysteresis loops

While coercivity was present at 5 K, 10 K and 20bk,50 K the coercivity was
no longer measureable. At lower temperatures, Yadadle thermal energy was enough
to overcome the anisotropy barrier of the smaltendins only so higher magnetic field

was required to attain the maximum magnetizatiaiménsample. At higher temperature,
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Figure 3.20: Hysteresis loops (20 kOe field-cooledr the NigoFe,o nano-stripes in a

transverse configuration before subtracting the hig field susceptibility.



50
6e-05

4e-05

2e-05F

M (emu)
(=)

-2e-05

-4e-05}

L 1 M 1 A M 1 i 1 M
-69-9&]00 -4000 -2000 0 2000 4000 6000
H (Oe)
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Figure 3.22: High-field diamagnetic susceptibility(yr) from the substrate and the
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the thermal energy was large enough to overcomeanisotropy barrier of the larger

domains and hence less magnetic field was requicedachieve the maximum
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magnetization of the sample. That is why the cedycivas at the maximum at 5 K and

decreased with increase in temperature and evéntirapped to zero by 50 K.
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Figure 3.23: Hysteresis loop (20 kOe field-cooledr the NiggFexo nano-stripes in the

transverse field configuration over +500 Oe applied field range (error bars are

smaller than the symbols)
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exchange bias field (Hx) for the NigFe,y nano-stripes

configuration.

in the transverse
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The non-zero exchange bias field in theyN&o nano-stripes in the transverse
configuration (Fig. 3.24b) was, most likely, becaus the surface effect [34, 35]. The
surface magnetization was different from the bulkhe film and played an important
role at low temperatures where thermal energy smdhan the surface anisotropy
energy.

3.2.4 NigoF ey nano-stripesin the perpendicular configuration

This section will deal with the magnetic charaetgion of the NioFexo nano-
stripes in the out-of-plane/perpendicular applieddf configuration taking the AC and
the DC susceptibility measurements, and the hygteleops into account.

3.2.4.1AC susceptibility Analysis

Neither the in-phase nor the out-of-phase data stoany temperature or
frequency dependent change. As the demagnetizigionwas significantly large in this
field configuration, the actual field determinirfgetmagnetization was much smaller than

the applied field which resulted in a very low matio response to the applied field.
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in the

perpendicular configuration showing the (a) in-phase (") and the (b) out-of-phase

(") signals at measuring frequencies of 10, 500 ad@00 Hz

3.2.4.2DC susceptibility Analysis

The ZFC and the FC data (Fig. 3.26) showed a gigddacreasing trend, a

characteristic of ferromagnetic material.

Howevancs the ZFC and the FC

measurements were almost the same, the domainsinegmaligned with applied

magnetic field. Thinner than the critical diametée film along the applied field and the

hard-axis magnetization resulted in a very low nadigation of the sample as compared
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Figure 3.26: Low-field (100 Oe) ZFC and FC temperatre dependence of

magnetization for the NigFexo nano-stripes in the perpendicular configuration.

to the parallel and the transverse configuratiens(aggested by the AC susceptibility
measurement).

3.2.4.3Hysteresis loops

Figure 3.27 shows hysteresis loops at differentptmatures for the MFey
nano-stripes after field-cooling the film in therpendicular configuration. Since the
substrate was out-of-plane with the applied field, did not see any high field negative
susceptibility. Figure 3.28 shows the same hystere®ps in the applied field range
+1000 Oe. Due to the small thickness of the matal@ahg the applied field direction,
surface effects played an important role and aobagy (Fig. 3.29a) was measured over
the complete temperature range. The exchange B&b Was zero throughout the
experiment (Fig. 3.29b) which was because the pmability of the surface was not as

strong as in the case of the near-pattern film@naequence of the irregularity in the
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the perpendicular configuration (error bars are smdler than the symbols)
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the perpendicular configuration over a+1000 Oe applied field range



150 (a)l

o

|

|

|

|

|

|
——i

|

|
——i

|

|

i b

H,(Oe)
H,,(Oe)

50} }- . _

OfF——————— e - — )

1 1 L 1 L L 1 L
0 50 100 150 200 250 300 ] 50 100 150 200 250 300
T (K) T (K)

Figure 3.29: Temperature dependence of the (a) camvity (Hc) and the (b)
exchange bias field (Hx) for the NigoFey nano-stripes in the perpendicular

configuration.

surface caused by the stripes. The surface irragul@sulting from the pattern along
with negligible effect of the coupling between theipes in the perpendicular field

configuration resulted in the exchange bias fieltlbeing measurable.
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Chapter Four: NiggFexo/ NiO nano-stripes
4.1 Structural Characterization

The structural characterization of thegdRieo/NiO nano-stripes was done at the
Department of Materials Science and EngineeringjoNal Chung Hsing University
(NCHU), Taiwan by Hsuan-Rong Huang under the supienv of Dr. Ko-Wei Lin.

4.1.1 Micro-structural Characterization

A scanning electron microscopy (SEM) study showd@® am separation (valley)
between the 66 nm wide §fFe0/NiO nano-stripes (Fig. 4.1b). Figure 4.1a and 4.1b
shows the cross-sectional and the planar view eih#mo-stripes, respectively. A cross-
sectional view of a single nano-stripe is presentedhe inset of Fig. 4.1a. Results
showed that the thickness of the deposited matesaal 39 nm at the top, 18 nm at the
sides and 20 nm in the space between the stripes.

Figure 4.2 shows the transmission electron micnes¢®EM) bright-field (a) and

dark-field (b) images of M§Fexo/NiO near-pattern film. The polycrystalline film thithe

——18nm
— 20 nm

NCHU SEI 30kV X100,000 100nm WD 29mm NCHU SEl 3.0kV  X100,000 100nm

Figure 4.1: SEM images of the NpFe,o/NiO nano-stripes (a) cross-sectional view, a
single stripe is shown in the inset with the thickass of the deposited region. (b)

planar view, width of the stripe and the valley isshown.
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Figure 4.2: The (a) bright field and the (b) dark-ield TEM images of the

NigoFexo/NiO near-pattern film

Substrate
40 nm i

Figure 4.3: TEM image showing the cross-section @he NiggFe,o/NiO near-pattern

film

crystallite sizes between 2 nm and 9 nm was obdeigure 4.3 shows a cross-section
of the NoFex/NiO near-pattern film. The thickness of thedRe, layer was 1/Am and
that of NiO layer was 34 nm.

4.2 Magnetic Characterization

The magnetic characterization of thedRe,o/NiO nano-stripes was performed in

the field configurations similar to the §yFe,o nano-stripes in the previous chapter. The
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magnetic characterization of the near-pattern filas done to compare and understand
the magnetization behaviour of the stripes. The-pattern film was only characterized
in the in-plane configuration because the demagaiitin field was the only difference
between the in-plane and out-of-plane configuration

4.2.1 NigoF ex/NiO near-pattern film

In this section, the magnetic characterization e NioFeo/NiO near-pattern
film is discussed which encompasses the AC an®@tasusceptibility measurements and

the hysteresis loops.

near-pattern
film

Figure 4.4: The NpoFex/NiO near-pattern film and the magnetic field (H)

configuration

4.2.1.1AC susceptibility analysis

The in-phase AC susceptibility data (Fig. 4.5a)véhan increasing trend over the
temperature range of the measurement because thairdo continued to relax as the
temperature increased from 5 K. However, due toettehange coupling between the
NigoFe and the NiO layer, the magnetic response was famagnitude less than that

for NigoFeyo near-pattern film. The out-of-phase AC susceptibdhows an upward trend
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at ~350 K which may be because of reduced Néelaemyre and the small grain size of

NiO crystallites [70, 71].
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Figure 4.5: AC susceptibility data for the NioFe,o/NiO near-pattern film showing

the (a) in-phase ') and the (b) out-of-phase ") data at measuring frequencies of

10, 500 and 1000 Hz

4.2.1.2DC susceptibility analysis
Figure 4.6 shows the ZFC and the FC temperaturersmce of magnetization.
The Néel temperature of NiO is 525 K [54] and thei€ temperature of the MNFey is

853 K [73] so no magnetic transition was expectedur experimental range of the
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temperature. As the temperature was made to irerfam 5 K (Fig. 4.6), domains
started aligning along the applied field resultinghe increase in the overall moment of
the film. The ZFC magnetization changed very sloisyween 50 K and 150 K which
might be because of the requirement of the eneoggvercome the pinning of the
domains at the NiFexx-NiO interface.

The exchange coupling and the distribution of thairngsize at the interface
resulted in a distribution of the strength of thgoNe,-NiO coupling at the interface.
This distribution in the exchange coupling strenggsulted in the distribution of the
number of NéoFeo domains aligning along the applied field. The ieguent of

different energy values to align theghle,o domains along the field resulted in a plateau

2.60x10™

2.50x10™
H
8 2.40x10™
s
2.30x10™
-4 . 1 . 1 . 1 N
2.20x10 100 200 300 200
T (K)

Figure 4.6: Low-field (100 Oe) ZFC and FC temperatte dependence of the
magnetization for the NioFexo/NiO near-pattern film parallel to H. (error bars are

smaller than the symbols)
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in the ZFC measurement (Fig. 4.6). With an increadbe temperature, random thermal
fluctuations in the NpFey layer resulted in a decrease in the sample mamgtietn. At
350 K, the ZFC and the FC curves merged togeth@haihdicated that no irreversibility
in the magnetization should be expected at andeaBB89 K in the presence of 100 Oe
applied field. For the FC measurement, as the testyre started decreasing from 400 K,
the magnetization of the sample started incredsaoguse of the decrease in the thermal
fluctuations. At 350 K, a bifurcation of the ZFCdathe FC measurements was noticed
because the applied magnetic field continued tgnalhe NgoFeo domains during the
cooling process and hence the magnetization ofdineple in the FC measurement was
considerably larger than that in the ZFC measurémen

4.2.1.3Hysteresis loops

Figure 4.7 shows hysteresis loops for thei&/NiO near-pattern film at
different temperatures. The noisy data at high retigrfields resulted from SQUID’s
response to the overwhelming diamagnetic signahftbe substrate and the sample
holder assembly. Subtraction of the high field epsibility (Fig. 4.8) yielded the
hysteresis loops shown in Fig. 4.9 while Fig. 4sh@ws the same hysteresis loops over
the applied field range from -400 Oe to +200 Oe.

A non-zero coercivity was noticed at 5 K, 10 K &tdK. However, at 50 K, the
coercivity vanished. This behaviour was likely besm of the crystallite size distribution
in the NigFey film with the same reasoning described for the@eiy behaviour of the
NigoFexo near-pattern film in the section 3.2.1.3. The exaje bias field did not drop to
zero within the temperature range of the measureimerause the Néel temperature of

NiO (525 K [74]) was greater than the maximum terapee (400 K) and hence the NiO
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Figure 4.7: Hysteresis loops (20 kOe field-cooledipr the NigoFexo/NiO near-pattern

film before subtracting the high field susceptibilty.
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domains were frozen in the temperature range ofrés@surement.
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Figure 4.9: Hysteresis loops (20 kOe field-cooledipr the NigoFexo/NiO near-pattern

film after subtracting the high field susceptibility.
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Figure 4.10: Hysteresis loop (field-cooled 2 kOepf the NiggFe,o/NiO near-pattern
film in the field range -400 Oe to 200 Oe (error bes are mostly smaller than the

symbols)
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Figure 4.11: Temperature dependence of (a) the camvity (Hc) and (b) the

exchange bias field (Hx) for the NigoFexo/NiO near-pattern film

4.2.2 NigoF ex/NiO nano-stripesin the parallel configuration

This section will encompass the magnetic charaatan of the NjgFe/NiO
nano-stripes in the parallel field configurationg(F4.12), describing the AC and the DC

susceptibility measurements and hysteresis loops.

stripe
valley

Figure 4.12: The NjoFeyo nano-stripes in the parallel field configuration

4.2.2.1AC susceptibility analysis

The in-phase and the out-of-phase AC susceptiliffity. 4.13) did not show any
change in the temperature range of the measurernmettie parallel configuration, the

applied AC field tried to oscillate the domains rajothe preferred direction of
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magnetization, i.e. the easy axis which needed biggrgy as seen in the case of the

NigoFe nano-stripes in the parallel configuration. In i&#dd to this easy-axis

magnetization, exchange coupling between thgRdi, and the NiO layer also offered
resistance to the domains’ response in accordaitbettve applied alternating field. As a

result, neither the in-phase nor the out-of-pha€esfisceptibility showed any change in

the temperature range of the measurement.
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Figure 4.13: AC susceptibility data for the NgoFe,o/NiO nano-stripes in the parallel

configuration showing the (a) in-phasey) and the (b) out-of-phasey”) signals with

measuring frequencies 10, 500 and 1000 Hz
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4.2.2.2DC susceptibility analysis

The ZFC DC susceptibility data (Fig. 4.14) showedtyvsmall changes in the
magnetization of the sample until 60 K. Since th@eas of width 66 nm were 10 nm
apart, in addition to the exchange coupling betwten NgoFe,n and the NiO layer,
strong magnetic coupling between the stripes dffeesistance to the alignment of the
domains by the applied field. By 70 K, the ovenmalagnetization of the film started
decreasing because of the thermal fluctuations.38®@ K, the ZFC and the FC
magnetizations merged, indicating the irreverdipilof magnetization beyond that
temperature in the presence of a 100 Oe appliechetiadfield. As the film was cooled
from 400 K for the FC measurement, a decreaseeirihtrmal fluctuations resulted in a

gradual increase in the overall magnetization efftlm. Since the domains were freezing
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Figure 4.14: Low-field (100 Oe) ZFC and FC temperatre dependence of the
magnetization of the NgoFe,/NiO nano-stripes in the parallel field configuration.

(error bars are smaller than the symbols)
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under the influence of the applied field during to®ling process, the FC measurement
showed a increasing magnetization of the film attdmperatures below the bifurcation
of the ZFC and the FC data at 350 K.

4.2.2.3Hysteresis loops

Like the NgoFex nano-stripes in the parallel field configuratitine shape of the
hysteresis loops suggested clearly two magnetisgshan the sample, i.e. applied field
dependence of the magnetization from a patternea &ith stripes and the near-pattern
area around the stripes. As the applied field ckdnts polarity, the magnetization in the
near-pattern region aligned along the applied fighdwever, due to the exchange
coupling between the piFep and the NiO layer and the magnetic coupling betwtbe
stripes, the reversal of the domains and theirggapon along the stripe was blocked. As
a result, the magnetization was different overappglied range from -750 Oe to -1000 Oe
as compared to that over the range from -1000 Q&30 Oe. The same was observed
along the positive applied field axis. The coupdirimetween the stripes and between the
layers resulted in non-zero coercivity over the gerature range of the measurement
(Fig. 4.19a). The non-zero exchange bias field ower temperature range of the
measurement showed that NiO magnetization wasffexted by the magnetic field and
continued to provide exchange coupling to thglfé,, film. The exchange coupling
between the two layers resulted in enhanced exeharas field as compared to the
NigoFex nano-stripes in the parallel field configuratioachuse the exchange coupling
between the NyFe and the NiO layer was stronger than the surfaieetin the case of

the NioFex nano-stripes in the parallel configuration.
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Figure 4.15: Hysteresis loops (20 kOe field-coole®r the NigoFe,o/NiO nano-stripes

in a parallel configuration before subtracting thehigh field susceptibility.
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Figure 4.16: High-field diamagnetic susceptibility(ynyr) from the substrate and the

sample holder assembly
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Figure 4.17: Hysteresis loops (20 kOe field-coole®r the NigoFe,o/NiO nano-stripes

in a parallel configuration after subtracting the high field susceptibility.

1x10
55107
’5‘ L
§ o
E b o—o 10K
.= 25K
-5x107° o—a 50 K -
75K
' ek
=-1x1 0'4 a—a 200 K A
250 K
v—v 300 K
o 1 o [ | o o [ o
-1500 -1000 -500 0 500 1000

H (Oe)
Figure 4.18: Hysteresis loops (20 kOe field-coole®r the NigoFe,o/NiO nano-stripes
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Figure 4.19: Temperature dependence of (a) the camvity (Hc) and (b) the
exchange bias field (Hx) for the NigoFe,/NiO nano-stripes in the parallel

configuration

4.2.3 NigoF ex/NiO nano-stripesin the transverse configuration

This section will describe the magnetic characéin of the NggFe,o/NiO nano-
stripes in the transverse configuration (Fig. 4.2@scribing the AC and the DC

susceptibility measurements and the hysteresisloop

(b)

stripe

valley

Figure 4.20: The NjoFeyo nano-stripes in the transverse field configuration

4.2.3.1AC susceptibility analysis

The in-phase AC susceptibility (Fig. 4.21a) conéiduto increase in the

temperature range of the measurement as the doowitisued to relax with the
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Figure 4.21: AC susceptibility data for the NgoFex/NiO nano-stripes in the
transverse field configuration showing the (a) in-pase ) and the (b) out-of-phase

(") signals at measuring frequencies of 10, 500 ad®00 Hz

increase in the temperature. Due to the small spdoetween the stripes, the magnetic
coupling between them was strong. The near-pattegion, hence, was mainly

responsible for the in-phase signal. Despite thengt magnetic coupling between the
stripes, some of the domains in the patterned\aeza able to respond to the oscillating

magnetic field, as shown by the in-phase AC sudmiépt measurement.
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4.2.3.2DC susceptibility analysis

For the ZFC measurement, as the temperature wesased after applying the
magnetic field in the transverse configuration, doenains started relaxing and aligning
along the applied field, resulting in a continuoise in the magnetization of the film.
This continuous rise indicated the blocking of tleenains’ magnetization. This blocking
could be attributed to two factors. One factor was magnetic coupling between the
stripes which needed more energy to be overcome.s€hond factor was the exchange
coupling between the BbFexo and the NiO layer. This coupling acted as a hinckeato
the alignment of the domains along the applieddfiflhe FC measurement yielded a
higher magnetization as compared to the ZFC meamnebecause during the cooling

process, the domains were freezing with their atignt set by the applied field.
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Figure 4.22: Low-field (100 Oe) ZFC and FC temperatre dependence of the
magnetization for the NioFe,o/NiO nano-stripes in the transverse field configuréion

(error bars are smaller than the symbols)
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Since the exchange coupling between thgsH¥, and the NiO layer was the
same as that in parallel configuration, the magagtn perpendicular to the stripe axes
and the demagnetization field was the reason ferniagnetization of the film being
lower than that for the parallel configuration (Fig13) over the temperature range of the
measurement.

4.2.3.3Hysteresis loops

Consider the hysteresis loop at 5 K (Fig. 4.253Id~cooling caused the alignment
of the domains in the NiO film to some extent beseatield cooling was started from a
temperature (400 K) below the Néel temperature i@ 625 K [74]). This alignment
resulted in a preferred direction of magnetizatimough the exchange coupling between
the NioFey and the NiO film at the interface. As the magndteld reversed its
direction, the magnetization did not follow becaoséhe magnetic coupling between the
stripes. This coupling was mainly between the sig&s of neighbouring stripes as those
were the areas along the applied field directione Do the size distribution of the
crystallites and the coupling between the striffes magnetization switching was gradual
as shown by the loop.

The exchange coupling between theoRe and the NiO layer resulted in an
enhanced coercivity as compared to thefy nano-stripes in the transverse
configuration because due to the exchange couplatgyeen the NpFeo and the NiO
layer, higher magnetic field was required to switité NgoFe,p magnetization in the film
as compared to the §Feo nano-stripes. This exchange coupling also resuited

enhanced exchange bias field as compared to tkgdy¥ nano-stripes for the same
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reason. With the increase in the temperature, ti@hcoercivity and the exchange bias

field continued to decrease because more and rmermal energy was available to
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Figure 4.23: Hysteresis loops (20 kOe field-coole®r the NiggFe,o/NiO nano-stripes

in a transverse configuration, before subtracting the high field susceptibility.
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sample holder assembly
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configuration.

overcome the exchange coupling between the twadaged the anisotropy barriers of
the domains.

4.2.4 NigoF ex/NiO nano-stripesin the perpendicular configuration

This section will describe the magnetic characéin of the NggFeo/NiO nano-
stripes in the perpendicular configuration takimgoi account the AC and the DC
susceptibility measurements and the hysteresisidéigure 4.28 shows the schematic of

the nano-stripes in the perpendicular field confgon.

V

Figure 4.28: The NjoFexo/NiO nano-stripes in the perpendicular field configiration




78

4.2.4.1AC susceptibility analysis

Neither the in-phase (Fig. 4.29a) nor the out-cdgeh (Fig. 4.29b) data for the
NigoFexo/NiO nano-stripes in the perpendicular configunatslhowed any temperature or
frequency dependent change. This indicated that siygerparamagnetic blocking

temperature was higher than the maximum temperafute measurement.
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Figure 4.29: AC susceptibility data for the NioFe,/NiO nano-stripes in the
perpendicular configuration showing the (a) in-phase (") and the (b) out-of-phase

(") signals at measuring frequencies of 10, 500 ad@00 Hz
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4.2.4.2DC susceptibility analysis
As the temperature was made to increase after iagplyagnetic field

perpendicular to the plane of the film, increasihgrmal energy continued to overcome
the anisotropy barriers of the domains and the mt@ation of the film kept increasing.
The increasing trend in the ZFC measurement (F&f)4until 260 K, was likely because
of relaxation of the domains in the near-pattesaanf the film. The magnetization of the
film remained almost stable from 260 K to 330 K.isThvas likely because of the
relatively stronger pinning of the domains in thatterned region resulting from, in
addition to the exchange coupling between the awyers, the magnetic coupling between
the stripes and the magnetocrystalline anisotropythe magnetic field was applied
perpendicular to the easy-axis of the stripe-magatn. At 330 K, the thermal energy

was enough to overcome the anisotropy barrierisaérdbmains in the patterned area and
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Figure 4.30: Low-field (100 Oe) ZFC and FC temperatre dependence of the

magnetization for the NigFe;o/NiO nano-stripes in the perpendicular configuratian.
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an increase was observed in the ZFC measuremked0@IK. As the film was cooled
from 400 K for the FC measurement, cooling of tbendins in the patterned area under
the influence of the applied field resulted in aafinmcrease in the magnetization of the
sample. Since the magnetic field was applied pefipatar to the plane of the film, the
exchange coupling between the;dRie,, and the NiO layer had a profound influence on
the magnetization of the sample. The magnetizaifdhe sample, after a small decrease,
remained stable from 330 K to 230 K because thehaxge coupling affected the
domains alignment as the thermal fluctuations redwas a result of the decrease in the
temperature. However as the temperature was decrdsdow 230 K and the thermal
fluctuations decreased further, a competition betwehe magnetic field and the
exchange coupling between the two layers resulteda igradual decrease in the
magnetization of the film. A large demagnetizatibeld along with the exchange
coupling between the BiFe,o and the NiO layer resulted in a low magnetizavbrthe
film as compared to the same film in the paralled ¢he transverse configuration. This
will be discussed later in the Discussion of Res(hapter 5).

4.2.4.3Hysteresis loops

Figure 4.31 shows hysteresis loops at differentperatures for the MiFeo
nano-stripes. No high field negative susceptibilitgs measured because the substrate
was out-of-plane with applied field. Figure 4.3l the same hysteresis loops in the
applied field range 3000 Oe. Due to the small thickness of the matat@ig the applied
field, exchange coupling between the two layeryegalaan important role and non-zero

coercivity (Fig. 4.33a) was noticed in the tempamatrange of the measurement. The
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Figure 4.31: Hysteresis loops (20 kOe field-coole®r the NiggFe,o/NiO nano-stripes

in the perpendicular configuration (error bars are smaller than the symbols)
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Figure 4.33: Temperature dependence of (a) the camvity (Hc) and (b) the
exchange bias field (Hx) for the NigoFex/NiO nano-stripes in the perpendicular

field configuration.

coercivity continued to decrease with the incremsé¢he temperature because of the
increasing thermal energy to overcome the anisgtb@priers in the film. The exchange
bias field was very small through-out the experitn@ig. 4.33b) which was because of
the existence of the stripes and the strong dentiagtien field. The pinning ability of
the surface was not as strong as in the case ohdhepattern film because of the
irregularity resulting from the pattern. Furthermothe sample was not saturated because
of the demagnetization field. This surface irregtyaalong with negligible effect of the
coupling between the stripes in the perpendicuédd configuration and the unsaturated
sample resulted in very small exchange bias fialdr dhe temperature range of the
measurement (Fig. 4.33b).

The magnitude of the exchange bias field decreas#dl 150 K; however, at
200K the exchange bias field magnitude increased @&hai@t change at 250 K and 300
K. This happened because, until 200 K, main couatidn to the exchange bias field was

coming from the near-pattern region while the magreupling between the stripes was
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strong enough to be overcome by the low magnetid flower than the coercive field).
As the temperature neared 200 K, the thermal enemgy enough to overcome the
anisotropy barriers of the domains in the nangesi This contribution from the stripes
at higher temperatures, already discussed in digtaihe DC susceptibility analysis,
played an important role in the magnetic behaviouthe sample by enhancing the

pinning of the domains.
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Chapter Five: Discussion of the Results

The change of the magnetization from blocked to shperparamagnetic was
studied by employing AC and DC susceptibility measent techniques. Figure 5.1
shows the in-phase and the out-of-phase AC subdéptidata for the NigFe near-

pattern film and the nano-stripes in the paraltel the transverse field configurations at
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Figure 5.1: The (a) in-phase ') and the (b) out-of-phase ") AC susceptibility
measurement (normalized to 300 K) for the NbFeyo nano-stripes in the parallel and
the transverse configuration and near-pattern filmat 10 Hz (error bars are smaller

than the symbols).
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10 Hz. The data are normalized to 300 K to allownparison. The in-phase AC
susceptibility data showed two changes for the-pagtern at about 50 K and 150 K and
for the transverse configuration near 50 K. Theadtythase AC susceptibility data also
showed the same behaviour. The AC susceptibilitynaho-stripes in the parallel
configuration showed an abrupt rise at 220 K whiels also evident in the out-of-phase
AC susceptibility scan. However, none of these geanseemed to be a magnetic
transition since they were not found at the samepé&zature in all configurations and
they were frequency dependent. Furthermore, theségeptibility data for nano-stripes
in the perpendicular configuration did not show &&mperature or frequency dependent
change. This claim is also supported by the faat @urie temperature €J of face-
centered cubic NiFeyp is 853 K [73]. These observations emphasize the abstripes,
the interaction between neighbouring nano-striped arientation of the nano-stripes
with respect to the applied field. While the suegmagnetic blocking temperatures)T
is 50 K in the case of the near-pattern film and tlano-stripes in the transverse
configuration, the nano-stripes in the parallel fogomration did not  turn
superparamagnetic till 220 K. This is also eviddmim the out-of-phase AC
susceptibility. Due to the absence of any pattira crystallite size distribution appeared
to be an important factor and resulted in a plat@athe in-phase AC susceptibility.
However in the case of the nano-stripes, the amolumagnetic material in the direction
of the field and the orientation of the nano-ssipeith respect to the field were the
important factors. The nano-stripes in the paralled the transverse configurations will
be discussed further in detail in context with th@no-stripes in the perpendicular

configuration.
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Figure 5.2: The in-phase ") AC susceptibility data at 10 Hz for the NoFe,o nano-
stripes in the parallel, transverse and perpendicar field configurations (error bars

are smaller than the symbols)

Figure 5.2 shows the in-phase AC susceptibilitadat the NioFeo nano-stripes
in the parallel, transverse and the perpendicwafiguration at 10 Hz frequency. For the
nano-stripes in the parallel configuration at 3QQ/Kwas more than double of that in the
transverse configuration. On the other hand, tipegaramagnetic blocking temperature
in the transverse configuration was considerablyallen than that for the parallel
configuration. The reason for this difference whattin the case of the parallel field
configuration, the AC field attempted to oscillatee domains along the easy-axis, the
preferred direction of magnetization. A strong doupbetween the nano-stripes resulted
in resistance from the domains to follow the agbleC field. On the other hand, in the
case of the transverse field configuration, thédfi@tempted to oscillate the domains
along the hard axis. The coupling between the rsrpes was not as strong as in the

case of the parallel configuration. The amounthef thagnetic material along the applied
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field was considerably lesser than that in the cdisbe parallel field configuration. This
was why the signal in the transverse field configion was considerably smaller than
that for the parallel configuration. Since the bating field attempted to oscillate the
domains along the hard-axis, less thermal energyreguired to overcome the coupling
between the stripes as compared to that for thg-ads (parallel configuration) and
hence the superparamagnetic blocking temperatusevery small (5) as compared to
that for parallel field configuration (270 K).

The in-phase AC susceptibility data for giffie,o/NiO nano-stripes and near-
pattern film, however, showed entirely differenhaeiour. Figure 5.3 show a similarity
between the nano-stripes in the transverse corfiigur and the near-pattern film. In the
case of the near-pattern film, the field tried szithate the domains along the easy axis of
the magnetization of the film. Due to the abserica pattern, there was no blocking of
the domains that could rise from the magnetic dogpbetween the stripes. The
exchange coupling between the NiO and thef\d, layers offered hindrance to the
domains’ response in accordance with the applield.fiThe pinned NiO and pFexo
domains at the interface do not follow the appliesdd and affect the neighbouring
domains’ response as well. With the increase irpegature, more and more energy was
available to overcome the exchange coupling betwhenNgoFen and the NiO and
hence the susceptibility continued to rise. Ind¢hse of the nano-stripes in the transverse
configuration, the oscillating magnetic field catigbe domains to fluctuate along the
hard-axis of the magnetization of the stripes whiagtre only 10 nm apart. Due to the

very small spacing between the stripes, the magirggraction between the stripes was
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Figure 5.3: The in-phase ") AC susceptibility data at 10 Hz for the NiB0OFe2WNiO
near-pattern film and the nano-stripes in the paralel, transverse and the

perpendicular field configuration

expected to be strong and hence the low 2.5 Oe A@netic field could not affect most
of the domains in the stripes. The main contributio the susceptibility was, therefore,
from the near-pattern area of the film. That is whg in-phase data showed the same
temperature dependent trend in both cases and talim®@ssame magnitude of. A
slightly higher in-phase signal for the nano-ssipa the transverse configuration as
compared to the near-pattern film till 370 K cobkl because of some contribution from
the domains in the stripes which were along the meag field. However, at the
temperatures higher than 370/)K for the near-pattern film was considerably higtiem
that for the nano-stripes in the transverse condigon. At high temperature, the

weakening exchange coupling resulted in a quic& nisy’; however, because of the
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magnetic coupling between the stripes, the patteanea was not very responsive to the
applied field. The nano-stripes in the parallel ahd perpendicular configurations,
however, showed negligibl¢ in the temperature range of the measuremenhdrcase
of the nano-stripes in the parallel configuratitime signal is low because the applied
field attempted to oscillate the domains alongftheurable direction of magnetization
which resulted in very low signal because of thadmnce to domain fluctuations
emerging from the magnetocrystalline anisotropythke case of the nano-stripes in the
perpendicular configuration, the very small thickene®f the magnetic material (less than
the critical diameter) along the magnetic fieldute=d in very low signal because the
NigoFex layer thickness was 16 nm and the single domadiicadrsize for the NjoFey is
22 nm. In the case of the perpendicular configamtthe surface magnetization and the
exchange coupling between the two layers playedmportant role so no change was
observed in the temperature range of the measutemen

In the case of the BlFe nano-stripes in the transverse field configuratide
temperature dependence of the coercivity and tlcbange bias field showed that both
the coercivity and the exchange bias field, just lihose of near-pattern film, were not
present at 50 K. The in-phase AC susceptibilityo adbowed a frequency dependant
change in the susceptibility at 50 K. In additiaghe out-of-phase AC susceptibility
showed maxima at ~50 K. These results all indic#éitedblocking temperature of 50 K
for the nano-stripes. So at 50 K, the availablentia® energy was enough to overcome
the anisotropy barriers and domains were not piramgdmore.

If we consider the NiFe,o near-pattern film, the DC susceptibility data skdvat

50 K the blocking temperature. This information iasgreement with the temperature



90
dependence of the coercivity and the AC suscepyililata. On the other hand, in the
case of the NpFey nano-stripes in the transverse configuration, toéhcoercivity and
the AC susceptibility data showe@ ¥ 50 K which was not in agreement with the DC
susceptibility data. In the case of thedN&x nano-stripes in the parallel configuration,
alignment of the nano-stripes along the appliedmatg field and the exchange coupling
between the neighbouring nano-stripes made therdiite of the nature (what is actually
measured) of measurement techniques, i.e. DC mtifsitiey and AC susceptibility,
more important. This strong interaction did notséxn the case of the near-pattern film
and the nano-stripes in the transverse configuratttence both the AC and DC
magnetometery techniques, though different in matprovided almost the same
information about the blocking temperature.

Consider the DC susceptibility data forghfie,d/NiO nano-stripes. The overall
moment for the film at 400 K was 9&0° + 5.7x10% emu for the parallel
configuration and 5. 10° + 9.6x10° emu for the transverse configuration as compared
to 1.3x10° + 1.2x10® emu for the perpendicular configuration. Furthemmothe
moment for the FC measurement at 5 K was<1a* + 5.8x10° emu for the parallel
configuration and 6.810° + 1.0X10® emu for the transverse configuration as compared
to 1.3x10° + 1.6x10® emu for the perpendicular configuration. One intgat factor
behind this behaviour of magnetization is the deme#igation field which was the
highest in the perpendicular configuration and ltheest in the parallel configuration.
Furthermore, in the perpendicular configuratione do single-domain-size thickness of
magnetic material along the field, surface effagtye prominent which resulted in a

lower magnetization. In the parallel field configtion, application of the field along the
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Table 5-1: Magnetization at 400 K (DC Susceptibilit)

Field configuration Magnetization (emu)

Parallel 9.5¢10° + 5.7x10°®
Transverse 5X10° +9.6x10°
Perpendicular 1.810° + 1.2x10°®

Table 5-2: Magnetization at 5 K (FC-DC Susceptibitiy)

Field configuration Magnetization (emu)

Parallel 1. 10" + 5.8x10°®
Transverse 6.610° + 1.0x10°®
Perpendicular 1.810° + 1.6x10°®

Table 5-3: Maximum Magnetization (DC Susceptibility

Field configuration FC Magnetization (emu) ZFC Magnetization (emu)
Parallel 4.510° + 1.2x10° 1.8x10° + 5.6x10°
Transverse 2010° + 7.6x10° 4.4x10° + 4.2x10°

length of the stripes (easy-axis) resulted in tiglést overall magnetization as compared
to other two field configurations. The reason foe tower magnetization in the stripes in
the transverse configuration (XQ0° + 7.6x10° emu and 1.810° + 5.6x10° emu
being the maximum for the FC and the ZFC measurenespectively) as compared to

the stripes in the parallel configuration (450° + 1.2x10% emu and 4.%10° +
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4.2x10° emu being the maximum for the FC and the ZFC nreasent respectively) is
that the stripes were perpendicular to the apdiidd and the magnetic material along
the applied field was less than that in the cagbeparallel configuration.

Consider the DC susceptibility measurement for tNeoFeo and the
NigoFeo/NiO near-pattern film. Since the overall moment480 K in both cases was
comparable (2.210% + 1.4xX10" emu for the NjoFex and 2.4 10% + 4.9x10® emu for
the NioFex/NiO near-pattern film), we can make a rough consjpar between the two
though we are not sure about the amount g§Rdi, being the same in both cases. The
maximum overall moment, however, in the case of ZIHC measurement for the
NigoFeo/NiO near-pattern film (2.58 10* + 1.99X 10°® emu) was smaller than that for
the NigoFex near-pattern film (2.5810* + 1.87x 10" emu) which may be because of the
exchange interaction between thgdNe and the NiO layer. Unlike the dFey near-
pattern film, merging of the ZFC and the FC datdhi& case of the hjFe/NiO near-
pattern film was not sharp for the same reason.m&emum in-phase AC susceptibility
at the measuring frequency of 10 Hz wasx218° + 1.4x10°® emu/Oe for NigFex/NiO
near-pattern film as compared to X.90* + 1.8x10" emu/Oe for the NiFey near-
pattern film. The out-of-phase susceptibility shdwao change until ~350 K as the
thermal energy was not able to overcome the ex@&aogpling between the §NFey
and the NiO layers.

An interesting comparison between thgoN&o and NjoFexy/NiO nano-stripes is
on the basis of the superparamagnetic blocking ¢eatpre (). Tg for NiggFeo near-
pattern film was 50 K, while for the MNFeo nano-stripes in the parallel and the

transverse field configuration it was ~270 K andkKgQrespectively. For NpFeo nano-
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stripes in the perpendicular field configuratioe thagnetization remained blocked in the
temperature range of the experiment, i.e.wls higher than 400 K. In the case of the
NigoFe/NiO nano-stripes, this change in magnetization mfroblocked to
superparamagnetic was not observed in any configaraThe exchange coupling
between NigFe,p and NiO layers resulted in blocking of the magradton and § was
above the maximum temperature for the measurerenthe NiO layer resulted in an
enhanced 4.

On the basis of g from the AC and the DC susceptibility measuremetits
hysteresis loops were optimized to extract the maxn information of the magnetic
field range near the coercivity. A comparison @& ttysteresis loop of the nano-stripes in
parallel and transverse configurations and the -petern film will be helpful to
understand the shape of the loops and hence theetagion behaviour of the nano-
stripes. Consider the hysteresis loops at 10 K. (&4, 5.5). The first thing we observe
from the hysteresis loops are enhanced coerciviti¢se case of the nano-stripes in the
parallel configuration as compared to the nangstriin the transverse configuration and
the near-pattern film. This increase is becauséhefmagnetic coupling between the
stripes and is in agreement with results in tregdiiure [20-33]. As the nano-stripes in the
parallel configuration were magnetized by the agaplield, domains were formed along
the easy axis, i.e. along the length of a striggoruthe reversal of the applied field, due
to the coupling between the neighbouring stripes, fteversal of domains and their
propagation along the stripe was blocked. Suchuplow did not exist in the case of
near-pattern film [72]. In the case of the nan@s8 in the transverse configuration, the

stripe width was too small to allow any domain raotalong the direction of applied
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field. Hence the magnetization reversal process aasinated by the magnetization
rotation of the domains [72]. The hysteresis logshswed the same behaviour at all
temperatures until the coercivity reduced to zero.

From the hysteresis loops of thegfffiex nano-stripes and the near-pattern film
(Fig. 3.8, 3.15, and 3.22) and thegi¥e¢/NiO nano-stripes and the near-pattern film
(Fig. 4.9, 4.17, and 4.25), we get some interestifggmation. For the nano-stripes in the
parallel field configuration, magnetization reveérgs@as not a one step process as we see
in the case of the nano-stripes in the transvemsetl@e perpendicular configuration and
near-pattern film. This was because the film cdedi®f the stripes (along the field) and
the surrounding unpatterned area (see Fig. 2.3afechematic of the patterned and
unpatterned areas of the film). The magnetizatienabiour of the unpatterned area was
similar to that of the near-pattern film. Howevtris was not true for the stripes where
the magnetic interaction between neighbouring etrigave rise to the interesting

phenomena like enhanced coercivity and increasedhagge bias field as
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Figure 5.6: Temperature dependence of the (a) coevity (H c) and the (b) exchange
bias field (Hex) for the NigoFexo nano-stripes and the near-pattern film (lines area

guide to the eye).
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compared to the near-pattern film (Fig. 5.6, and).5Due to the exchange coupling
between NjoFepand NiO layers, the coercivity and exchange biasdd fifor the
NigoFe/NiO nano-stripes were higher than that fogdR& nano-stripes for respective
configurations and temperatures. The same is buéé near-pattern film at respective
temperatures.

The exchange coupling between theoN&o and the NiO layers in the case of
NigoFe/NiO near-pattern film resulted in an enhanced cegy as compared to the
NigoFeo near-pattern film i.e. 100 #8 Oe and 60 48 Oe as compared to 5735 Oe
and 33_+35 Oe at 10 K and 25 K respectively. The exchacmgling between the
NigoFeo and the NiO layer provided hindrance to the swviitighof the domain
magnetization as the applied field switched itection. The exchange coupling was also
responsible, for the same reason, for enhancedaagehbias field as compared to the
NigoFeo near-pattern film i.e. -623 38 Oe and -47 48 Oe as compared to -363% Oe

and 0 +35 Oe at 10 K and 25 K respectively for theoNeo near-pattern film. As
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depicted by the d, the coercivity was not measurable at 50 K fohlibe NioFeo and
the NioFe/NiO near-pattern film so the origin of the coeitjivis believed to be the
same, i.e. crystallite size distribution in thedNey layer. The exchange bias between the
two layers in the NbFe/NiO near-pattern film played its role in enhancitige
coercivity and the exchange bias field at the aetemperatures.

As far as the temperature dependence of the cagrcof NiggFeo and
NigoFexo/NiO nano-stripes in the parallel field configumatiis concerned, the coercivity
did not go to zero within the temperature rangemafasurement (10-400 K) in both
samples. Since the nano-stripe width was 44 nnNfgdFe, (Fig. 3.1) and 66 nm for
NigoFe/NiO (Fig. 4.1), the increased coercivity can netditributed to the existence of
a magnetic ripple structure in the stripe [72], ethimay be true for the wider stripes
(with width of 1um or more) [14]. The reason for this increased @eiy as compared
to the near-pattern film is that the nano-stripesenaligned along the applied field. A
strong magnetic interaction seems to exist betwkemano-stripes because the spacing
between them was very small, i.e. ~25 nm fogoo (Fig. 3.1) and ~10 nm for
NigoFex/NiO. (Fig. 4.1) [75].

Figure 5.8 shows the hysteresis loops for thgRdi, near-pattern film and nano-
stripes in the parallel configuration, where thearmgattern loop is superimposed for
comparison. The magnetization reversal was a tvwep §rocess. Within the range
between the point 1 and the point 2 (in boxes)h dotsteresis loops have the same
coercivity within the range of experimental resmint The same is true for the range
between the point 4 and the point 5. This simydgtween the two loops arises because

of un-patterned area around the patterned areahveicaves quite similar to the near-
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Figure 5.8: Comparison of hysteresis loops for th&liggFexo near-pattern film and

the nano-stripes in the parallel field configuration at 10 K over the applied field

range + 1500 Oe. (error bars are smaller than the symbols)

pattern film. The second step of the magnetizatewersal stemmed from the switching
events in the stripes [76]. Within the range betw#e point 2 and the point 3, a low
magnetization in the applied field range +50 to GL@e was observed. Since the
neighbouring stripes were ~25 nm apart there shexist a strong interaction between
the stripes. That is why, as the applied field dion reversed, the magnetization of the
stripes did not follow the applied field immediatelUnlike the first magnetization

reversal step, switching occurred over a widerdfillnge because of the wide field
distribution in Bloch line nucleation, which is mssary to initiate the switching [76].

Bloch line is an intermediate region in the domail which separates the section of
different magnetization (sub-domains). The samelaggtion holds in the case of

hysteresis loop shapes for thedRe/NiO nano-stripes.
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The hysteresis loops for theghfte,o nano-stripes in the parallel and the transverse
field configurations (Fig. 5.9) showed that theusation magnetization was almost the
same because the amount of material to be magdetneained unchanged as it was the
same sample in two different field configurationfhe same was true for the

NigoFe/NiO nano-stripes in the parallel and the transwedisld configurations (Fig.
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Figure 5.9: A comparison of the hysteresis loops ifd\igoFeyp nano-stripes at 10 K
for the parallel, transverse and the perpendiculaffield configuration (a) before and
(b) after subtracting the high field susceptibility over the applied field range_2000

Oe (error bars are smaller than the symbols)
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high field susceptibility over the applied field range +1500 Oe.

5.10). A low magnetization over the field rangd060 Oe and low remanence
magnetization in the transverse field configurates compared to the parallel field
configuration, for both samples, was because thpest were not aligned along the
applied magnetic field and hence the two-phase etagtion behaviour did not appear.
In the transverse field configuration, the demaigaébn field was higher than
that in the case of the parallel field configuratidcurthermore, the most important

regions with respect to the magnetization behaviouthis field configuration were the
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side regions of the stripes. The interaction betwtbe side regions of the stripes offered
resistance to the magnetization reversal thoughdbupling was not as strong as in the
case of the parallel field configurations. Hencev loemanence magnetization and
asymmetric (along the magnetization axis) hysteremips were seen in the hysteresis
loop for transverse field configuration. Due to #iepe of the hysteresis loops, it was not
possible to find the saturation magnetization ie ttase of the nano-stripes in the
perpendicular configuration.

An interesting result was non-zero exchange bid in NiggFey film. NiggFexn
is soft ferromagnetic material and is not suppaseshow an exchange bias shift in the
hysteresis loop. This non-zero exchange bias aploeared, most likely, because of the
surface effect [34, 35]. At the surface, the loverchnation number of the atoms results
in a magnetization different than the bulk. Howetles non-zero exchange bias field
appeared only at low temperatures (below 25 K) whkermal energy was smaller than

the surface anisotropy energy.
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Chapter Six: Conclusions

The NioFeo and the NigFe/NiO near-pattern films and the nano-stripes were
characterized magnetically. The near-pattern filvese characterized in the in-plane
configuration only, and the nano-stripe films webharacterized in the parallel, transverse
and the perpendicular field configurations.

The existence of the nano-stripes and their oriemtavith respect to the applied
field was found to have a profound effect on thegnadic properties. Depending on the
orientation of the nano-stripes with respect to #pplied field, differences in the
superparamagnetic blocking temperature, coerciviygd exchange-bias field were
observed mainly because of the difference in tmeadmetization field.

The superparamagnetic blocking temperatugeif the case of NiFe,, was the
same (50 K) for the nano-stripes in the transveosdiguration and the near-pattern film.
However, & was considerably higher (270 K) for the nano-ssign the parallel
configuration because of the exchange interactioetsveen the nano-stripes oriented
with the applied field. This indicates a 5.4 timé&wger energy barrier to the
magnetization reversal in the later case as cordgarthe former ones. This fact was

Table 6-1: Blocking Temperature (Tg)

NigoFEzo NIgoFez()/NIO

Near-Pattern

Parallel

Transverse

Perpendicular
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supported by the highest coercivity and the higke&shange bias field in the case of the
NigoFe hano-stripes in the parallel configuration as cared to the other configurations
and the near-pattern film. However, in the casthefNgiFe,/NiO nano-stripes d was
above the maximum temperature for the measurement.

In the case of the hjFe near-pattern film, = 50 K was obtained from the DC
susceptibility data, AC susceptibility data and ttemperature dependence of the
coercivity. On the other hand, in the case of thgMRd,, nano-stripes in the transverse
configuration, both the coercivity and the AC symdi®lity data showed § = 50 K
which was not in agreement with the DC susceptybdata. In the case of the gyftey
nano-stripes in the parallel configuration, aligminef the nano-stripes along the applied
magnetic field and the exchange coupling betweenngighbouring nano-stripes made
the difference of the nature (what is actually nnead) of measurement techniques, i.e.
DC susceptibility and AC susceptibility, more imgzott. That is why, while theglwas
found to be the same for all three techniques énddse of the near-pattern film, it was
different in the case of the nano-stripes whicim igagreement with the literature [67].

As far as the coercivity and exchange bias fieldcamcerned, without any
exception, NigFe/NiO nano-stripes showed larger coercivity and exgie bias field as
compared to the NjFeo nano-stripes in all applied field configuratiotsg 6.1). This
enhanced coercivity in case of ghfie,)/NiO nano-stripes appeared because of the
exchange interaction betweengfffie:o and NiO layers as the exchange coupling between
the NigoFep and NiO layer resisted the switching of the domaiagnetization as the
applied field switched its direction. Another impaont reason was the reduced distance

between the NpFe¢/NIO stripes as compared to thesfffie stripes. Because of the
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Figure 6.1: Coercivity (Hc) and exchange bias field (Ex) for near-pattern films

(a,b) and nano-stripes in parallel (c,d) transversée,f) and perpendicular (g,h) field

configurations
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increased thickness of the deposited material,difEance between the dyre/NiO
stripes was 10 nm, as compared to 25 nm for thg=Blp stripes. This reduced separation
between the stripes resulted in a stronger magoetipling between them which, in turn,
resulted in an increased coercivity. The same factmntributed to the enhanced

exchange bias field for the same reasons.
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Figure 6.2: Temperature dependence of the (a) coevity (H c) and the (b) exchange

bias field (Hex) for the NiggFeyo hano-stripes and the near-pattern film. (lines area

guide to the eye)
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It was confirmed that the coercivity and the exgw®hias field can be controlled,
not only by using a patterned medium instead diaefilm, but also by the orientation
of that pattern. The nano-stripes in the parall@hfiguration exhibited, overall, the
largest coercivity and the exchange bias field agralhthree field configurations in the
case of NjoFey (Table 6.2), as well as the dyFex/NiO (Table 6.3) nano-stripes.

As stated in the introductory chapter, a materii#gh wthe minimum coercivity and
the maximum exchange-bias field is of technologioglortance. Now we shall discuss
the samples on the basis of this criterion.

The NioFexo near-pattern film showed a reasonably high (50 K) and low
coercivity but the very low exchange bias fieldgals this sample at the bottom in the
ranking. The NjoFe nano-stripes in the parallel configuration showeslhighest § as
well as the highest exchange bias field and th&adsgcoercivity as well; however, the
high coercivity is a drawback. The fyffeo nano-stripes in the transverse configuration
showed impressive results with low coercivity amghhexchange bias field, but a low T
makes this configuration less useful for the higimperature applications. Thegpfeo
nano-stripes in the perpendicular configuratiore ttuthe high demagnetization field, did
not show any good results from the application pofrview. Though it was not possible
to pick a single configuration as the best, theorstnipes in the transverse configuration
are a good choice for applications where the teatpes is lower than 50 K, while the
nano-stripes in the parallel configuration are recwended for high magnetic field

applications because of the high coercivity (Fi§ad.
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Table 6-2: The coercivity (HC) and the exchange bsgafield (HEX) for the Ni80Fe20

samples at 10 K

-36+18

Near-pattern 57+189

Parallel 323+18 -53+18

Transverse 42+4 -36+4

Perpendicular 106+35 5.5£35

Table 6-3: The coercivity (H) and the exchange bias field (Ek) for the

NigoFexo/NiO samples at 10 K

Near-pattern 101+18

Parallel 441+18 -215+18

Transverse 283+18 -150+18

Perpendicular 279135 -67+35

In the case of the BjFe/NIO near-pattern film and the nano-stripeg, was
always higher than the maximum temperature of teasurement. Although the nano-
stripes in the parallel configuration showed theimam exchange bias field, coercivity
was also the highest in this case. The nano-stiip#ise transverse configuration came
out to be the best with a reasonably high exchaiagefield and low coercivity.

Magnetization per unit volume was 494+109 emd/éon NigoFexo near-pattern

film, as compared to 800 emu/&rior a bulk specimen [10]. This indicates the effec
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reduced dimensions and a surface effect. Magnietizéor the NioFeo nano-stripes in
the parallel configuration was 302+118 emufamhich may be because of the increased
surface contribution as a result of pattern. Dermatigation field resulted in even lower
magnetization in the MiFex nano-stripes in the transverse (296+116 emt)/diald
configuration. The magnetization per unit volume tfie NioFeo/NiO near-pattern film
(313+66 emu/crf) was lower than that for the fFex, near-pattern film. The reason for
this reduced magnetization was that, in additiothéofactors described in the case of the
NigoFep near-pattern film, the pinning of the gfte, crystallites by the NiO layer was
another important factor. Magnetization per unilumee was essentially the same for the
NigoFeo/NiO nano-stripes in the parallel (119427 emufcnand the transverse
(116+27emu/cnd) configuration. Both these values were smallenttfeat for the near-
pattern film for the same reasons described incde® of the NiFe samples. These
values are smaller that those for respectivgHgio nano-stripes configurations as well
because of the possible pinning of thgyR&o domains at the NiFeo-NiO interface.

Future Work
» Detailed analysis of the data with an applicabledenqe.g. Landau-Lifshitz-
Gilbert model) will provide a deeper insight in tiiagnetism of the samples.
* Neutron reflectometery can provide more informatiaoout the atomic and

magnetic structure of the samples.
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Appendix A: MultiVu Script for the AC Susceptibility

2:  Magnet Reset

3: Set Tenperature 400.000K at 10. 000K/ ni n.

4. Wiitfor Tenp: Stabl e Del ay: Osecs

5: Set Tenperature 100. 000K at 10. 000K/ mi n.

6: Wiitfor Tenp: Stabl e Del ay: Osecs

7. Set Tenperature 30.000K at 10. 000K/ m n.

8: Wiitfor Tenp: Stabl e Del ay: Osecs

9: Set Tenperature 10.000K at 5. 000K/ m n.

10: Waitfor Tenp: Stabl e Del ay: 120secs

11: Set Tenperature 5. 000K at 2. 000K/ m n.

12: Witfor Tenp: Stable Del ay: Osecs

13: Scan AC Frequency from 9.99893 Hz to 1000.00 Hz in 3 steps
(495. 001 Hz/step)

14: Measure AC. 2.5000 Ce, 250.000 Hz, 3 neas, 2 blks, 0.0001
Null, x 1, 0 s, AutoRng, track: Yes, diag: No, raw No

15: End Scan

16: Scan Tenp from 10. 00K to 400.0K at 2.500K/nmin in 10K
increments (40 steps) Settle

17: Scan AC Frequency from 9.99893 Hz to 1000.00 Hz in 3
steps (495.001 Hz/ step)

18: Measure AC. 2.5000 Ce, 250.000 Hz, 3 neas, 2 blks,
0.0001 Null, x 1, 0 s, AutoRng, track:Yes, diag: No, raw No

19: End Scan



20:

21:

22:

23:

24

25:

Set Tenperature 30. 000K at 10. 000K/ mi n.
VWi tfor Tenp: Stable Del ay: Osecs
Set Driver 1 Qutput Power to 0.000

Set Driver 2 Qutput Power to 0.000

110
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Appendix B: MultiVu Script for the DC Susceptibility
1. ----- Mvs T ZFC and FC 100 Ce-----
2: Set Tenperature 400. 000K at 10. 000K/ mi n.
3: Wiitfor Tenp: Stabl e Del ay: Osecs
4. Set Tenperature 100. 000K at 10. 000K/ m n.
5: Wiitfor Tenp: Stabl e Del ay: Osecs
6: Set Tenperature 30.000K at 10. 000K/ m n.
7: Waitfor Tenp: Stabl e Del ay: Osecs
8: Set Tenmperature 10.000K at 10. 000K/ mi n.
9: Wiitfor Tenp: Stabl e Del ay: 120secs
10: Set Tenperature 5.000K at 2. 000K/ min
11: Waitfor Tenp: Stabl e Del ay: Osecs
12: Set Magnetic Field 100.00 Ce, No Overshoot, H Res Enabl ed
13: Wiitfor Field: Stable Del ay: Osecs
14: Set Tenperature 5.000K at 2. 000K/ min.
15: Wiitfor Tenp: Stable Del ay: Osecs
16: Measure RSO 5.00 cm 5 cyc, 3 neas, 1.0 Hz, Center,
Aut oRng, Long, Iterative Reg., track:Yes, raw No, diag: No
17: Scan Tenp from 10. 00K to 400.0K at 5.000K/nmin in 10K
increments (40 steps) Settle
18: Measure RSO, 5.00 cm 5 cyc, 3 neas, 1.0 Hz, Center
Aut oRng, Long, lterative Reg., track:Yes, raw. No, diag: No
19: End Scan
20: Scan Tenp from 390.0K to 10.00K at 5.000K/min in -10K

increnments (39 steps) Settle



21:

Measure RSO 5.00 cm 5 cyc, 3 neas, 1.0 Hz, Center,

Aut oRng, Long, lterative Reg., track:Yes, raw No, diag: No

22:

23:

24

25:

End Scan
Set Tenperature 5.000K at 2. 000K/ min.
VWaitfor Tenp: Stable Del ay: Osecs

Measure RSO, 5.00 cm 5 cyc, 3 neas, 1.0 Hz, Center,

Aut oRng, Long, Iterative Reg., track:Yes, raw No, diag: No

26:

27:

Set Magnetic Field 0.00 Ce, No Overshoot, H Res Enabl ed

VWaitfor Field: Stable Del ay: Osecs

112
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Appendix C: MultiVu Script for the Hysteresis Loops
28: ----- M/sH FC 400 K 20 kCe
29. Set Tenperature 400. 000K at 10. 000K/ m n.
30: Waitfor Tenp: Stable Del ay: Osecs
31: Set Magnetic Field 20000.00 Ce, No Overshoot, H Res Enabl ed
32: Wiitfor Field:Stable Del ay: Osecs
33. Set Tenperature 100. 000K at 10. 000K/ m n.
34. Waitfor Tenp: Stable Del ay: Osecs
35: Set Tenperature 30.000K at 10. 000K/ ni n.
36: Waitfor Tenp: Stable Del ay: Osecs
37. Set Tenperature 10.000K at 5. 000K/ m n.
38: Waitfor Tenp: Stable Del ay: Osecs
390 ----- M/sH 5 K
40: Set Tenperature 5.000K at 2. 000K/ m n.
41: \Waitfor Tenp: Stable Del ay: Osecs
42: Scan Field from 20000. 000e to 10000.00 Ce in -2500.00 Ce
increnments (5 steps), Hysteresis Mdde, H Res Disabl ed
43: Measure RSO, 5.00 cm 5 cyc, 3 neas, 1.0 Hz, Center,
Aut oRng, Long, Iterative Reg., track:Yes, raw No, diag: No
44: End Scan
45: Scan Field from 9000.00Ce to 3000.00 Ce in -1000.00 Ce
increnments (7 steps), Hysteresis Mdde, H Res Disabl ed
46: Measure RSO, 5.00 cm 5 cyc, 3 neas, 1.0 Hz, Center,
Aut oRng, Long, Iterative Reg., track:Yes, raw No, diag: No

47: End Scan
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48: Scan Field from 2500. 000 to -500.00 Ce in -250.00 Ce
increments (13 steps), Hysteresis Mdde, H Res Disabled
49: Measure RSO 5.00 cm 5 cyc, 3 neas, 1.0 Hz, Center,
Aut oRng, Long, lterative Reg., track:Yes, raw No, diag: No
50: End Scan
51: Scan Field from-550.000e to -950.00 Ce in -50.00 Ce
increments (9 steps), Hysteresis Mde, H Res Enabled
52: Measure RSO 5.00 cm 5 cyc, 3 neas, 1.0 Hz, Center,
Aut oRng, Long, Iterative Reg., track:Yes, raw No, diag: No
53: End Scan
54: Scan Field from-1000.000Ce to -2500.00 Ce in -250.00 Ce
increnments (7 steps), Hysteresis Mdde, H Res Disabl ed
55: Measure RSO 5.00 cm 5 cyc, 3 neas, 1.0 Hz, Center,
Aut oRng, Long, lterative Reg., track:Yes, raw. No, diag: No
56: End Scan
57: Scan Field from-3000.000Ce to -9000.00 Ce in -1000.00 Ce
increments (7 steps), Hysteresis Mdde, H Res D sabled
58: Measure RSO, 5.00 cm 5 cyc, 3 neas, 1.0 Hz, Center
Aut oRng, Long, Iterative Reg., track:Yes, raw No, diag: No
59: End Scan
60: Scan Field from-10000.00Ce to -20000.00 Ce in -2500.00 Qe
increments (5 steps), Hysteresis Mdde, H Res D sabled
61: Measure RSO 5.00 cm 5 cyc, 3 neas, 1.0 Hz, Center,
Aut oRng, Long, lterative Reg., track:Yes, raw. No, diag: No

62: End Scan
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63: Scan Field from-17500.000e to -10000.00 Ce in 2500.00 Ce
increments (4 steps), Hysteresis Mdde, H Res D sabled
64: Measure RSO 5.00 cm 5 cyc, 3 neas, 1.0 Hz, Center,
Aut oRng, Long, lterative Reg., track:Yes, raw No, diag: No
65: End Scan
66: Scan Field from-9000.00Ce to -3000.00 Ce in 1000.00 Ce
increments (7 steps), Hysteresis Mdde, H Res D sabled
67: Measure RSO 5.00 cm 5 cyc, 3 neas, 1.0 Hz, Center,
Aut oRng, Long, Iterative Reg., track:Yes, raw No, diag: No
68: End Scan
69: Scan Field from-2500.000 to -250.00 Ce in 250.00 Qe
increnents (10 steps), Hysteresis Mbde, H Res D sabled
70: Measure RSO 5.00 cm 5 cyc, 3 neas, 1.0 Hz, Center,
Aut oRng, Long, lterative Reg., track:Yes, raw. No, diag: No
71: End Scan
72: Scan Field from-200.000Ce to 200.00 Ce in 50.00 Ce
increments (9 steps), Hysteresis Mde, H Res Enabled
73: Measure RSO, 5.00 cm 5 cyc, 3 nmeas, 1.0 Hz, Center,
Aut oRng, Long, Iterative Reg., track:Yes, raw No, diag: No
74: End Scan
75: Scan Field from 250.000e to 2500.00 Ce in 250.00 Ce
increments (10 steps), Hysteresis Mdde, H Res Disabled
76: Measure RSO 5.00 cm 5 cyc, 3 neas, 1.0 Hz, Center,
Aut oRng, Long, lterative Reg., track:Yes, raw. No, diag: No

77: End Scan



116
78: Scan Field from 3000. 000 to 9000.00 OCe in 1000.00 Qe
increments (7 steps), Hysteresis Mdde, H Res D sabled
79: Measure RSO 5.00 cm 5 cyc, 3 neas, 1.0 Hz, Center,
Aut oRng, Long, lterative Reg., track:Yes, raw No, diag: No
80: End Scan
81: Scan Field from 10000.00Ce to 20000.00 Ce in 2500.00 Ce
increments (5 steps), Hysteresis Mdde, H Res D sabled
82: Measure RSO 5.00 cm 5 cyc, 3 neas, 1.0 Hz, Center,
Aut oRng, Long, Iterative Reg., track:Yes, raw No, diag: No
83: End Scan
84: Set Magnetic Field 0.00 Ce, No Overshoot, H Res Enabl ed
85: Wiitfor Field:Stable Del ay: Osecs
86: ----- M/sH 10 K
87: Set Tenperature 10.000K at 2. 000K/ m n.
88. Wiitfor Tenp: Stable Del ay: Osecs
89: Scan Field from 20000. 00Ce to 10000.00 Ce in -2500.00 Ce
increments (5 steps), Hysteresis Mdde, H Res D sabled
90: Measure RSO, 5.00 cm 5 cyc, 3 neas, 1.0 Hz, Center
Aut oRng, Long, Iterative Reg., track:Yes, raw No, diag: No
91: End Scan
92: Scan Field from 9000. 000 to 3000.00 Ce in -1000.00 Ce
increments (7 steps), Hysteresis Mdde, H Res D sabled
93: Measure RSO 5.00 cm 5 cyc, 3 neas, 1.0 Hz, Center,
Aut oRng, Long, lterative Reg., track:Yes, raw. No, diag: No

94: End Scan
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95: Scan Field from 2500. 000 to -500.00 Oe in -250.00 Qe
increments (13 steps), Hysteresis Mdde, H Res Disabled
96: Measure RSO 5.00 cm 5 cyc, 3 neas, 1.0 Hz, Center,
Aut oRng, Long, lterative Reg., track:Yes, raw No, diag: No
97: End Scan
98: Scan Field from-550.000e to -950.00 Ce in -50.00 Ce
increments (9 steps), Hysteresis Mde, H Res Enabled
99: Measure RSO 5.00 cm 5 cyc, 3 neas, 1.0 Hz, Center,
Aut oRng, Long, Iterative Reg., track:Yes, raw No, diag: No
100: End Scan
101: Scan Field from-1000.000e to -2500.00 Ce in -250.00 Ce
increnments (7 steps), Hysteresis Mdde, H Res Disabl ed
102: Measure RSO 5.00 cm 5 cyc, 3 neas, 1.0 Hz, Center
Aut oRng, Long, lterative Reg., track:Yes, raw. No, diag: No
103: End Scan
104: Scan Field from-3000.00Ce to -9000.00 Ce in -1000.00 Ce
increments (7 steps), Hysteresis Mdde, H Res D sabled
105: Measure RSO, 5.00 cm 5 cyc, 3 neas, 1.0 Hz, Center
Aut oRng, Long, Iterative Reg., track:Yes, raw No, diag: No
106: End Scan
107: Scan Field from-10000.00Ce to -20000.00 Ce in -2500.00 Ce
increments (5 steps), Hysteresis Mdde, H Res D sabled
108: Measure RSO 5.00 cm 5 cyc, 3 neas, 1.0 Hz, Center
Aut oRng, Long, lterative Reg., track:Yes, raw. No, diag: No

109: End Scan
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110: Scan Field from-17500.00Ce to -10000.00 Oe in 2500.00 Qe
increments (4 steps), Hysteresis Mdde, H Res D sabled
111: Measure RSO 5.00 cm 5 cyc, 3 neas, 1.0 Hz, Center
Aut oRng, Long, lterative Reg., track:Yes, raw No, diag: No
112: End Scan
113: Scan Field from-9000.00Ce to -3000.00 CGe in 1000.00 Ce
increments (7 steps), Hysteresis Mdde, H Res D sabled
114: Measure RSO 5.00 cm 5 cyc, 3 neas, 1.0 Hz, Center
Aut oRng, Long, Iterative Reg., track:Yes, raw No, diag: No
115: End Scan
116: Scan Field from -2500.000e to -250.00 Ce in 250.00 Ce
increnents (10 steps), Hysteresis Mbde, H Res D sabled
117: Measure RSO 5.00 cm 5 cyc, 3 neas, 1.0 Hz, Center
Aut oRng, Long, lterative Reg., track:Yes, raw. No, diag: No
118: End Scan
119: Scan Field from-200.000e to 200.00 Ce in 50.00 Ce
increments (9 steps), Hysteresis Mde, H Res Enabled
120: Measure RSO, 5.00 cm 5 cyc, 3 neas, 1.0 Hz, Center
Aut oRng, Long, Iterative Reg., track:Yes, raw No, diag: No
121: End Scan
122: Scan Field from 250.00Ce to 2500.00 Ce in 250.00 Ce
increments (10 steps), Hysteresis Mdde, H Res Disabled
123: Measure RSO 5.00 cm 5 cyc, 3 neas, 1.0 Hz, Center
Aut oRng, Long, lterative Reg., track:Yes, raw. No, diag: No

124: End Scan
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125: Scan Field from 3000.00Ce to 9000.00 Ce in 1000.00 Ce
increments (7 steps), Hysteresis Mdde, H Res D sabled
126: Measure RSO 5.00 cm 5 cyc, 3 neas, 1.0 Hz, Center,
Aut oRng, Long, lterative Reg., track:Yes, raw No, diag: No
127: End Scan
128: Scan Field from 10000. 00Ce to 20000.00 Ce in 2500.00 Ce
increments (5 steps), Hysteresis Mdde, H Res D sabled
129: Measure RSO 5.00 cm 5 cyc, 3 neas, 1.0 Hz, Center,
Aut oRng, Long, Iterative Reg., track:Yes, raw No, diag: No
130: End Scan
131: Set Magnetic Field 0.00 Ce, No Overshoot, H Res Enabl ed

132: Waitfor Field: Stable Del ay: Osecs

[ code for higher tenperatures onmitted]

556: ----- shut down

557: Set Tenperature 30. 000K at 10. 000K/ m n.
558: Witfor Tenp: Stabl e Del ay: Osecs

559: Set Driver 1 CQutput Power to 0.000

560: Set Driver 2 CQutput Power to 0.000
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