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Abstract

Novel magnetostrictive FeGaSiB thin films arkeinterestfor potential applications such as
magnetostrictive sensors. The growth parametetBedfabrication method and adding non
magnetic elements such as Ga can influence the structural, magnetic, and mechanical
properties of thamorphoug-eSiB thin films.

This thesis investigates experimentally the effect of the growth parameters and adding Ga
into amorphousFeSiB films on these properties. Both thenorphous magnetostrictive
FeGaSiB and FeSiB films were fabricated on Si (100) substrates usingpatéering and
evaporation technique. ThiEferences in thetructural, magnetic, and mechanical properties

of magnetostrictivé-eGaSiB and FeSiB films were investigated and conapare

It was found that for all the films, changiniget growth parameters and adding da not

affect the morphology of the filmsasthey all had amorphous structweThe magnetic
properties and the saturation magnetostriction corsstamioth the FeGa8iand FeSiB films

were influenced by the film thickness, growth parameters, and the Ga content.

It was found that the highest magnetostriction constant of FeGaSiB film was deposited at the
lowest Ar gas pressurpar, ( 4 e bar ), PrssWWwodW)iandpGa rate (0.2 a.ugr a

50nm thickfilm. Themagnetostrictivd=eGaSiB films had mechanical properties lower than
the magnetostrictiveFeSiB films and for bothfilms, the mechanical propertiesere

influenced by the film thickness and type of substrat
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Chapter 1 Introduction

Recently, the development of magnetic amorphous materialglitwo-ElectroMechanical
System(MEMS) applications such as low field sensing devices [1, 2] has become of interest.
The requirements of sensor devicésat include a magnetostrictive thin filnis a high
magnetostriction constant induced under low satumndield. Thus to improve the efficiency

of these devices, these properties have to be investigate@ri8]of the main materials of
interestis magnetostrictive Feased amorphous thin films [4, 5], such as FeSiB (Metglas)
and FeSiBC (Metglas) {8].

There has been a wide range of experimental research carried out on ferromagnetic
amorphous materiais ribbonform [9], [10], which show unique magnetic properties such

as a large magnetostriction constant, low saturation field and soft coercivity. Topsgips

are an encouragement, such that amorphous ribbons are promising materials for applications
such as sensors and actuator devices. In spite of their unique magnetic properties, these
materials have high stresses in random orientations, which eadormplex domain
structures. Further disadvantages of these amorphous ribbons are that they can become brittle
after annealing and because of their large dimensions (microns), they are not suitable for use

in nano dimension devices.

For example, FeSiBibons with thickness 23 &m, ma g n e
saturation field <20 kA/m, and magnetization 1241 kA/m are useful in applications such as

low core loss at high frequencieskHz, transformers, magnetic sensors, and motorsLf]1

However, MBVIS applications often require a larger magnetostriction constantS0 ppm)

and a smaller anisotropy fielth{ < 10 kA/m). Therefore, FeSiB ribbon alloys do not achieve

these requirements. Thus thderestin FeSiB thin films has increased, with many studies

being carried out to investigate their soft magnetic properties, so that they can be used in
MEMS applications such as low field sensors [14].

Adding nornrmagnetic elements such as Al, Be, Ga-1T% into crystalline Febased alloys
have helped to improve their magnetic properties and magnetostriction constant. For
example, the addition of Al in theercentagef 17% into Fe produced a magnetostriction

constant of about 140 ppm [15], while Be addition ®@B% into Fe produced a
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2 | Introduction

magnetostriction constant of about 101ppm [18]. Further, adding Ga into Fe with a Ga
percentage between 4% and 27% [19] causes a considerable increase in magnetostriction
constantayoo, Which reaches two maximum values; 265 pprithatGa content of about 19%

and 235 ppm at the Ga content of 27%. However, as these films are polycrystalline, they have
magnetocrystalline anisotropy, thus have a high saturated field, which is not suitable for low
field applications. Therefore, amorptuhin films, such as FeSiB, which have no
magnetocrystalline anisotropy, could be a better candidate to study their magnetic properties
by adding normagnetic elements. Thus the investigationgallium, Ga, which is aon
magneticmaterial, has been chars as an additive element into FeSiB films, to answer the
main questions of this thesis. These include how the addition of Ga to FeSiB films influences
the structure, magnetic properties, magnetostriction constant and mechanical properties of
these films ader different growth parameters. Thereforayas necessary to investigate the
effect of growth parameters on the properties of FeSiB film before a@iingsing the same
growth technique. Hence, studying the effect of growth parameters on the psopeReSiB

and FeGasSiB films allows@mparisorof the results.

For the &brication of FeGaSiB thin films, a sputtering evaporation technique was used

with a range of growth parameters. The chamber for this technique is designed to allow the
sputterd atoms of the FeSiB Metglas target and evaporated Ga atoms to move together
through the plasma toward the substrate. Changing the growth parameters, such as FeSiB
target power, sputtering Ar gas pressure, and the Ga evaporation rate, allows films to be
grown with a range of compositions. Using this technique achieved the addition of Ga into
the FeSiB thin films and the successful fabrication of FeGaSiB thin films. Therefore,
changing the growth parameters and adding Ga were the main sources, whicheadfthenc

magnetic properties of the magnetostrictive amorphous thin films.

1.1 0Outline of the thesis

This thesis involves eight chapters, which can be briefly presented as follows:

Chapter 2 presents the fundamentals of magnetism and magnetic materials veawaovier
the different magnetic anisotropies and associated energies, and the magnetostriction effect
including the magnetizatiedependent stress is included.
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Chapter 3 presents a detailed literature review of the previous research work carried on
magneostrictive materials, including polycrystalline thin films such as FeGa and amorphous
thin films such as FeSiB, FeGaB, aneB.

Chapter 4 covers the major experimental techniques used to fabricate and characterize the
samples. It includes sample prepanatistructural techniques and magnetic techniques used

to characterize the samples.

Chapter 5 presents the experimental result obtained from adding Ga to FeSiB film as a
function of film thickness on the structure, magnetic properties, and magnetostriction

constant of both FeSiB and FeGaSiB thin films. The results for both film sets are compared.

Chapter 6 presents the investigation of the influence of the growth parameters on the
composition, structure, magnetic properties, and magnetostriction constamoophous
FeSiB and FeGaSiB films.

Chapter 7 presents the investigation of mechanical properties such as hardness, elastic
modulus, and yield strength, by nanoindentation technique, on magnetostrictive amorphous

films

Chapter 8 gives the summary of ttenclusions and future works.

1.2 References

[1] M.R.J. Gibbs, R. Watts, W.J. Karl, A.L. Powell, and R.B. Yd&essors Actuatora,
59, 229, 1997.

[2] H. Chiriac, M. Pletea and Hristoforou,Sensors ActuatoB81,166169, 2000.
[3] M. R.J. GibbslEEE TransMagn.43, 2666, 2007.
[4] J. Nowak, J. Wendd, Magn. Magn. Materl24,119, 1993.

[ 5] M. Vazquez, D. Garceéea, C. Prados, A.
M. Tera, A. HernanddEEE Trans. Magn136,3968, 2000.

[6] Z.G. Sun, H. Kuramochi, M. Mizuguchi, F. Takano, Y. Semba, H. Akinhgdagn.
Magn. Mater272 276, 11601161, 2004.

[7] Maria Neagu, M. Dobromir, G. Popa, H. Chiriac, Smgurel, Corneliddison Sensors
and Actuators A129,1721 175, 2006.

[8] M. Casgson, F. Vinai, P. Tiberto, F. CelegaloMagn. Magn. Matey 321, 806809,
2009.

Qayes A. Abbas, 2018 & Email: qayes.a.abbas@gmail.com



4 | Introduction
[9] G.S. Mogilny, B.D. Shanina, V.V. Maslov, V.Klosenko A.D. ShevchenkoV.G.
Gavriljuk, Journal of NorCrystalline Solids857, 32373244, 2011.

[ 10] O. Zivotsky, A.skihEnddycBuyr@amezki mgs A,
Jani c d.Magn.iMagn. Mater324, 569577, 2012.

[11] M. Mouhamad, C. Elleau, F. Mazaleyrat, C. Guillaume, and B. J&IE¥, Trans.
Magn, vol. 47, no. 10, p.3192, 2011.

[12] R. Hasegawal. Magn.Magn. Mater, vol. 304, pp. 187191, 2006.
[13] R. Hasegawal. Magn. Magn. Matewol. 215 216, pp.24€e45, 2000.

[14] S. Thomas, J. Mathew, P. Radhakrishnan, V.P.N. Nampoori, A.K. George, S.H. Al
Harthi, R.V. Ramanujan, M.R. Anantharam&ensors Actuators A: Phy461,8390,

2010.
[15] S.F. Xu, H. P. Zhang, W. Q. Wang, S. H. Guo, W. Zhu, Y. H. Zhang, X. hg\\la

L. Zhao, J. L. Chen, and G. H. Wi1,Phys. D: Appl. Phy<t1, 015002, 2008.
[16] N. Srisukhumbowornchai and S. GuruswahyAppl. Phys90, 5680, 2001.
[17] H. Okamoto, Materials Park, Ohio, p.147, 1993.

[18] N. Srisukhumbowornchand S. Guruswamy,. Appl. Phys90 (2001) 5680.

[19] A. E. Clark, K. B. Hathaway, M. WuRogle and J. B. Restorff, T. A. Lograsso, V. M.
Keppens, G. Petculescu, and R. A. TaylorAppl. Phys 93, 10, 2003.

Qayes A. Abbas, 2018 & Email: qayes.a.abbas@gmail.com



Chapter 2 Background Theory

2.1 Introduction

This chapter consists of two parts. In the first part, the fundamentals of magnetism, the
classification of magnetic materials, overview of magnetic anisotropies and their associated
energies, magnetostriction of ferromagnetism, and Villari effect ardlybdevered. The

second part of this chapter presentscdleulationof mechanical propertiesf thin films. The
properties include the hardness, reduced mo

presented.

2.2 Fundamentals of Magnetism and Magnetic Mterials

Magnetism arises originally from the motion of an electron in an orbit around a nucleus and
the electron spinThe electron movement around a nucleus generates an orbital magnetic

moment and due to the electron ssdfnning, a spin magnetic montas generated.

AH
Electron
0(‘0;‘ —— "§{>\ i
/K TSpin \)
(
Nucleus P 7
~ o

~——_——

Figure 2.1 Schematic of motion of electron for both spin and orbital moments.

Due to the electronic structure present in the free atom [sh@snin Fig. 2.1, this leads to

the atom possessing a magnetic dipole moment, even in the absence of an external magnetic
field [2]. The smallest unit of magnetic moment due to the motion an electron is ttedled

Bohr Magnetongg) (9.274X 10 * A m? as defined by(lij c& &) where e is the electron
charge,u is the Planck constand; is the electrormass, and c is the speed of lig@}. The

motion of individual electrons, around thicleus is similar to the motion of charged

particles of a current in a wire loop to produce a magnetic Figld2.2
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Magnetic field

Ll

Figure 2.2 a magnetic field of a wire loop with a current flowing through it.

The orbital magnetic moment and the spin magnetic momeateof single electron in an

atom can be coupled with each other to produce-atiit interaction [1, 3, and 4JAlso,

there are other types of interactiomgjich contribute to a total atomic magnetic moment,
produced in magnetic materials: orbibit intelaction and spkspin interaction among
electrons. The relative contribution of the orbital and spin magnetic moments is defined by

the quantum mechanics using the Landéajor, which is given by:

g p 2.1)

WhereJ =L+S is thetotal angular momenturandL, Sare the quantum numbers whifer

to the orbital, spif an atom.

In this equation, wheg = 1, thismeans therés a pure orbital motion contribution a8k 0

and wherg = 2, hence there is pure spin motion contributionlard, [5, 6].

Before describing magnetic materials, in the next section, it is important to define the relation
between the magrietfield "® , magnetic flux densityd), and the susceptibility.§ of a

material, to understand the response of these materials to a magnetf@ fred free space,
the magnetic permeability i, = 4 °~ " Hm™1tllus the magnetic flux densjtwhich is

measured in units of Wi is given by:

® 0 (2.2)

In case of placing the magnetic material imagnetic field,® the magnetic flux density is
given by:

® ' © P (2.3)
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WherelP .."® measured in units of A is the magnetization of the material.

After substituting the)Pinto equation 2.3 with.®, then®will be:

® ‘' 6 .0 (2.4)
After solving the equation 2.4, théwill be:

® ' ®p .. (2.5)
Thus the relative permeability of a materiat is p ..., therefore the magnetic flux

density is given by:

® 06 (2.6)
2.3 Classification of Magnetic Materials

After describing the relations above, magnetic materials can be classified depending on their

resporse to the external magnetic fié@B

Diamagnetic materials indicate materials, which have a very weak magnetism due to the

alignment of the magnetic moments in the opposite direction to an applied magneti@ field

The magnetic moment ariselsie to themotion of electrons in orbits around the nucleus,

being generated by the electromagnetic induction of the magnetic field, to induce magnetism.

In the absence of the magnetic field, these materials do not have magnetism and their net
magnetic momentgoesalc k t o zero. The susceptibility (¢
and very small about-10°). Therefore, their relate permeability’ is less than 1A

diamagnetic response is found in materials such a8Cand Be [7].

Paramagnetic materials refer to materials that have in the absence of the field a random
orientation of their atomic magnetic moments. On the application of a magnetic field, these
materials have a net atomic magnetic moment (net magnetization) due rtowdak
interaction, and their magnetic momeatgn parallel to the direction of the magnetic field.
These materials havepasitivemagnetic susceptibility greater than zero and smtdber the

range (10 to 10°) and their relative permeability is a® 1. A paramagneticdesponse is

found in materials such as Al and Mn [8].

Ferromagnetic materials refer to materials that have magnetism even without an external
magnetic field due tthe alignment of unpaired spins, for the atomic magnetic moment. As a
result of the internal interactions, the thermal energy influences are overcome and the

magnetic moments are forced to align in a parallel direction to each other, which creates a
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spontaneous magnetization even without a magnetic field. The responseoofafgmetic
materials undela magneticfield is different from the response of both diamagnetic and
paramagnetic materials. Changing the magnetism of these materials in the magnetic field is
nonlinear and increases with increasing the magnitude of magieddicihtil the saturation

state is reached, where all the magnetic moments align with the direction of the magnetic
field. After removing the magnetic field, the magnetization of ferromagnetic materials does
not go to zeroinstead it reduces to the remance magnetizatioM;, point inFig. 2.3. The
magnetization is decreased to zero by applying an opposite magnetic field. The coercive
field, (Hc, point inFig. 2.3 is the field required for the magnetization to reach zZ&hm
response of thenagnetization N1) under magnetic fieldH) is shown inFig. 2.3 This
response is called a hysteresis loop, which has the interest pmdintschnological
applications. The saturation magnetizatioMs, the coercivity H,, the remanence
magnetizatiorM,, andthe saturation fieldHs in the case of isotropic materials or anisotropy
field Hy in the case of anisotropic materials are shownFig. 2.3 The ferromagnetic

response is found in materials such as Fe, Co, and Ni and their alloys. [9]

>

Mr Ms |=

\ Saturation
I

| HK for anisotropy case

Remanence Mr—g

or H for isotropic case

Coercivity Sy
| -He

+Hc +H

<€

< S

Saturation
in opposite direction

Figure 2.3 Ahysteresis loop. The important points for the response of ferromagnetic
materials under magnetic field (H).
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Antiferromagnetic materials are materials that have a spontaneous magnetization arising from
an opposite spinsf the same magnitude on alternatatgmic locations or due tthé anti

parallel orientation ofatomic magnetic moments a sublattices arrangement. In these
materials, the net spontaneous magnetization is zero in the absence of a magnetic field, due to
opposite magnetic moment directiozencelling each other out. Antiferromagnetic materials
exhibit a similar linear response of paramagnetic materials whenatiegyacel under a

magnetic field. This response is found in materials such as FeO, MnO, and NiO [6].

Ferrimagnetic mateals referto materialsvhich have a spontaneous magnetization generated
from the atomic magnetic moment cd different magnitude with antparallel alignment on
sublattices. This provides a net magnetism, as although the magnetic moments in opposite
directionswill cancel out, as one direction has a larger magnetic moment compared to the
other direction, this gives a net magnetizatidime ferrimagneticresponse is found in
materials such as cubic and hexagonal ferrites [10]

2.4 Overview of Magnetic Anisotropies andAssociated Energies

Magnetic anisotropy means that the magnetic moments of a ferromagnetic material prefer to
reduce their energy by aligning in preferred directions. The anisotropy can be generated
from two sources: the first is the intrinsic influencdiiehh comes from the structural effects
such as crystallographic, grains, intrinsic strain, and defébie second type occurs from

the induced anisotropy, which comes from different external effects such as an annealing
field. The magnetic energy is thaexgy associated with the magnetic anisotropy and it can
be in different forms depending on the type of anisotropy. The total ertergy,of the
magnetic systenwherethe unitof total energy is¥m?, can be expressed as:

0 O O 0 © 2.7)

WhereO , 0,0 ,andO denote tathe energy density of exchangeagnetocrystalline
energy, magnetostatic energy, and Zeeman energynafgaetic materiarespectivelyThe
unit of the terms inthis equatioris J/nt, wherethe energy density of exchangey,Hs a
local volume average dhe exchange energyl, in equation 2.8 The source of these
energies is briefly indicated below.
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2.4.1 Exchange Energy

Exchange energy , originates as a result of the interaction between two adjoining spins,
i.e. the spirspin interaction.For a ferromagnet,he exchange energy is reduced to a
minimum when the exchange inteiiact aligns the magnetic momergarallel to each other.
When two nearesteighbairing electrons possess spinéand™Y. The unit ofthe exchange
energy- isJouls and it igiven by [11]

- O W8®= c0 "YYAT.O (2.8)

Where0 refers to the exchange constant andis the angle betwee® A T K.

In the casavhere U is positive, the exchange energy is at a minimum value when the spins
are parallel { 1t ) and this occurs in ferromagnetic materiglighen the two spins are in
antiparallel alignment ¢ p Y it the exchange energy is a maximum valfieon the
other handthe exchange constant, , is negative, the minimurexchangeenergy arises

from antiparallel spinasis the case foantiferromagnetic materials.

2.4.2 Magnetocrystalline Energy

Magnetocrystalline anisotropy is the orientation of thagnetic moments along preferred
particular crystalline axes, which is affected by the temperatMireen the temperature is
approaching the Curie temperatur e, tThee mat e
origin of magnetocrystalline anisotropy from the spirorbit interaction, which represents

the coupling of an electron magnetic moment to the crystalline Iattidee
magnetocrystalline eneygs the energy needed to aligragnetic moments along tepecific
directions of a crystalline ferromagnetic material. In amorphuoaterials as there is no
crystalline structure, there thereforeno magnetocrystalline anisotropgy the absence of a
magnetic field, the magnetic moments of a crystalline ferromagmetierial will prefer to

align along one crystalline direction, which is recognized as the easy axis, as it is easy to
magnetize along iApplying a magnetic field along a different direction, forces the magnetic
moments to align along nepreferred crystéine directions. The crystalline direction, which
requires the largest magnetic field to align the moments along is recognized as the hard axis.
For a cubic structure, for exampliae BCC Fe structurefig. 2.4 the magnetocrystalline

anisotropy energ® is given by [2]:

mh

O o 0 | | | 0 | | | (2.9)
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Wh e ry &b Whre the direction cosinés threedimensiors of the magnetization vectob (

and0 ,0 ,AT (A are thecubicanisotropy constants.

For uniaxial systems, for examptagHCP Co structurefig. 2.4 O , is given by:

0O 0 TQins Qi 0 E (2.10)

Where d is the angle between the magneti zat

0 hQ handQ are theuniaxialanisotropy constants.

. Co - HCP
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Figure 2.4 the easy, medium, anddhaxis directions in Fe and Co, taken from referejaje

2.4.3 Magnetostatic Energy

The magnetostatic energy originates as a result of the interaction between the magnetization
of the ferromagneticmaterial under a magnetic field and the opposed magnetic field
produced due to the magnetization distribution. This opposed magnetic field is identified as

the demagnetizing field. The magnetostatic endegy,is calculated from the equation [12]

O - 00 (2.11)

WhereM is the magnetization of the magnetic material &adis the demagnetizing field

produced by the magnetizati, M, and is given byHy = 1g M, whereNy refers to the
demagnetization factor. This factor depends strongly on the shape and geometry of the
sampl e. I n addition, the demagneti zation f ac
[13].

2.4.4 Zeeman Enery

The Zeeman energy originates as a result of the interaction between the applied magnetic
field and the magnetization of matdrand it can be calculated by :
0 “ ) TCAT-O (2.12)
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Where—is the angle between the vector of an applied field and the magnetization direction

of the material.

2.4.5 Magnetoelastic Energy

Magnetoelastic energyEme oOriginates as a result of the interaction between the
magnetization and the mechanical strain generated in the lattice structure. The magnetoelastic

energyEme Can be given by [12]
O -_, W+ (2.13)

Where 0 is the externally applied stress~ is the angle between the direction of

magnetization and the applied stress, ang the saturation magnetostriction constant.

2.4.6 Growth Induced Anisotropy

The growth of thin films can affect the anisotropy different ways. For example, in
magnetostrictive materials, the stress induced during film growth affects the anisotropy [14].
In this case the magnetization is coupled with the stress through the inverse magnetostriction
effect [14]. In addition, the misfit between the substrate and the film produces a stress due to
the difference between the thermal expansion coefficients ofiltheahd substrate. Also,
induced anisotropy can be achieved by applying mechanical sirggssubstrate during the
growth [14]. Further applying a magnetic field during the film growth induces anisotropy
along with the direction of the magnetic fielddamaking this direction the easy axis [15].

The alignment of the atoms in the same directbrihe field leads to a reduction in the
interaction energy between the pairs of atoms. Also, the interaction energy is influenced by

the type of nearest neighbaatoms [15].

2.4.7 Surface Anisotropy of Thin Film

The surface of thin films also has an anisotropy associated with them. Néel [16] presented a
phenomenological model, suggesting that the total anisotrépy, , of a thin film is

represented by the surhtbe two terms as given in equation,
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~ ~

Q Q — (2.14)

Where 0 is the thickness of the filmQ is the bulk anisotropy, an® is the surface
anisotropy.

On the surface, the anisotropy changes as a result of reducing the symmetry of the atoms
[17]. Due to the absence of any layer of atoms in a bond with the surface atoms, the bond
lengths are changed. This will lead to a chaingine magnetoelastic property on the surface

in proportion to the bulk. Another effect of the surface on the anisotropy arises from the

surface roughness.

2.5 Magnetic Domains and Domain Walls

The magnetic moments in a ferromagnetic material distribute in small regions, which are
known as magnetic domains [18], and are spontaneously magnetized. In each domain, the
magnetic moments align parallel to each other and in the same direction [lthidut
alignment direction differs from one magnetic domain to another [19]. In the absence of a
magnetic field, the net magnetization is zero, this is due to the formation of magnetic
domainsso that the energy dfie ferromagnet is minimizedVhilst the danain structure of a
ferromagnetic material lead to an increase in the exchange energy as a result of the non
parallel alignment of the magnetic moments between the adjacent domains, the magnetostatic
energy is significantly reduced due to the decreasedgeatizing field. Hence, the total
energy in the magnetic system is reduced. Any two adjacent domains are separated by a
transition area or boundary, which is named the domain Wad.creation of domain walls is
determined by equalization between theiaia magnetic energy ctiibutions. A broad
domain wall will minimize the exchange energy contributiwherethere is a progressive
variation between the magnetic moment directions instead of changing sharply. For instance,
a 180 domain wall involves roting the alignment of the magnetic moments gradually from

0° to 180. Nevertheless, the broad domain wall can also lead to an increase in the
magnetocrystalline energy contribution as a consequence of increasing the alignment of the
magnetic moments alongonpreferred crystalline directions. On the contrary, a narrow
domain wall can lead to an increase in the exchange energy, but a reduction in the
magnetocrystalline energy, hence the overall magnetic energy is considered by optimizing

both two energiefs].
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Figure 2.5 (a) single domain (b) formation of f&fbmains, and (c) the formation of®90

closure domainsAdapted from referencg¢s3, 20]

In the caseof a single magnetic domailkjg. 2.5 (a)which is magnetized uniformly, the
exchange energy reduces to a minimum while the magnetostatic energy reaches the highest
state due to a very large demagnetizing field. To reduce the demagnetizing field influence,
magnetic moments change their alignmemt opposite directions as a result of the
configuration of magnetidomainsin Fig. 2.5 (b) The formation and configuration of
closure domainsFig. 2.5 (c) lead to cancelling thelemagnetisation field effecfThe
configuration of tosure domains takgdace in cubic anisotropy materials such ks total
magnetization, which defines as a magnetic moment per unit volumemateaial is the

summation of the individual domain structuf@k

<_
4—‘_ /
‘_
I ® [t ® | @ [« ®
Bloch wall Néel wall

Figure 2.6 domain wall, Bloch and Neel watken from reference8] .

The domain walls can be in many categories [18]. The most common classes are Bloch wall
and Néel wall. The Bloch and Néel walls in magnetic thin films form due to the orientation of
magnetic moments as shownhkig. 2.6 The magnetic moments a Bloch wallare aligned
perpendicular to the film plane, which increases the demagnetizing energy, while the

magnetic moments iaNéel wall alignin the plane of the film.
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Returning to Eq. (2.8), the exchange energy can be rewritten as:
O 0 "Ye (2.15)

From this equation, it can be seen that the exchange ef@rdis proportional toe and
the directions of the spins in the domain wall will change graduallthdrcase ofuniform
rotation of the spins by 180° oveX atomic layers ina 180° wall (Boch wall), the angle

between the neighbouring spin®is — . For instance, if its considered that the structure

is BCC for a simple cubic lattice, the surface density of atomsh&f100) plane ipT® ,
wherea refers to the lattice constarf@onsequently, theorresponding exchange energy per
unit area over N atomic layers canvoetten a$6]:

i -0 — (2.16)

This equation illustrates th#fte exchange energy per unit area,, reduces with increasing

N atomic layers. Hencg leads to an increase in the thickness of the domain walls,

where the domain wall thicknesg is = Nafor N atoms.

Also, another energy present in tteemation of adomain wallcomes fiom rotating of the

spins far from the magnetocrystalline easy directions. This rotation leads to an increase in the
anisotropy energy through anisotropy constant per unit volume, and Henemisotropy

energy per unit areg, presented in the deain wall can be given hy

” L — ® 00 ® (2.17)
Where0 refers to the anisotropy constant.

Summed together the distributed energies in theadlowall, which represented both the
exchange energy and the anisotropy energy, the total energy per unit area of the domain wall

of N atoms is given by
” ” ” - 0 6 (1’) (2.18)

From the equation of total ey, thee is competition between the exchange energy, which
tends to increase the domain wall thicknégss,, and themagnetocrystallineanisotropy
energy which tends to decrease it. Therefore, from the relation betweemnd N atoms,

the) is deermined from the given equation :

—  —— 0O T (2.19)
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This gives the expression,

0 — (2.20)
Hence, the domaiwall thickness will be given by :
1 0w “ — (2.21)

Therefore a largerexchangesnergyproduces a wider domain wall while a higher anisotropy

constanproduces a thinnetomain wall.

From equation (29), the total energy of the wall céoerewriten for N as:

, ¢ — (2.22)

2.6 Magnetization Process

When a ferromagnetic material is placed in a magnetic field, the magnetization is saturated in
two ways. The firsis the motion of domain wallshen the domains are placed in a
magnetic field and their magnetic moments align parallel to the applied ttafjelel, an
increase in the domain area occurs due to the motion of domain walls. The second is the
rotation of domainswhen gplying a strong magnetic field. [lAthe domains are rotated

parallel along with the direction of the magnetic field.

2.7 Magnetodriction of Ferromagnetic Materials

Magnetostrictioror Joule effectrefers to the phenomenon of a ferromagnetic material when

it changes dimensions on the application of a magnetic field. The origin of this phenomenon
arises from the spiorbit-lattice caipling. As a result of the strong coupling between the
lattice and the orbit, a large magnetic anisotropy arises due to any change of the lattice. The
magnetostriction can be explained by the concept of the relation between the atomic magnetic
moments andheir tendency to minimize their energy. In a ferromagnetic material, the
magnetic moment orientation and the distance between adjoining moments can alter.
Changing the distance between the magnetic moments or the angle of aligrintieat
moments can afte the interaction energy of the magnetic system. When the orientation of
moments is changed by an angle along with applying a magnetic field along with an easy
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direction, this leads t@n increasein the interaction energy. Therefore, to minimize this
erergy there is a response to change the distance between the magnetic ninrentsast

to this concept, the Villari effect [21] can be understomslexplained in more details in
section (2.7.1).

2.7.1 Villari Effect (Magnetization -Dependent Stress)

Applying a mechanical stress to a ferromagnetic material affects its magnetic propémties.
interaction between the strain and the magnetization of a magnetic material leads to creating
the magnetoelastic effecAny bending, stretching, and twisting stresses aahieve this
influence of mechanical deformation on the magnetization of a ferromagnetic mdterial.
bending tools used in this wqrkpplying different stress values changes the magnetization
for a given direction, which is observed in the shape efdmgsis loops as shownkhig. 2.7,
where M, M,, M3 refer to the magnetization under applying stregsfirst bending tool
(Radius= 300 mm) stress of second bending toolR@dius= 400 mm) stresg of third
bending tool Radius= 500 mm)respectively. This response of the magnetization to the
applied stress is known #se Villari effect [21], which is inverse tthe Jouleeffectwhich is
defined insection 2.7 The Villari effect is described as changing the domain structure of a

ferromagnetic matel by applying a mechanical force.

1.00
o M
oot?

0.964 :“‘ “<—— M, via Stress,;
gw 0.94 + M, via Stress,
= 0.924 M; via Stress;

0.904 ~

0.884 -

- ®az
0.86 o£ T v T v T v T v T
40 80 120 160 200

Magnetic Field (kAm™)

Figure 2.7 Magnetic hysteresis loopsor by applying different mechanical stress values
adapted from referende?] .

In this thesis, the magnetostriction measurement was measured via the Villari effect by using

bending tools. To create a uniform effect over the whole of the film, a uniform strain should
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be generated over the whole sample using a suitable bending to@chleve thisa
cylindrical section was needed to bend the substrate. The uniform strain is produced in the
film and substrate, as the curvature is constant over the surface of the cylindrical section. In
this method the mechanical properties thfe substatewere taken into consideration such as

Y o unmodwus,0O, and Poits.sonds rati o,

Depending on the theoretical principles of bendirg],[the relationship between the applied
stress and strain was derived. Appling aipleme stressig. 2.8 induces an iplane strain

in two dimensions xand y

Figure 2.8Schematialiagram of the stress appli@oh a film/substratesystem

Figure 2.8shows the schematic diagramadiendingfilm/substrate system by applying
stress, wherg is the applied stress thex direction where y direction set to be zeto, is

the film thicknesso is the substrate thickness, and R is the radius of curvature of bending.

The relations between the stress and straiherx and y directions ar.

A (2.23)

- - — (2.24)

Where- AT A are referring to the strain componenjs, and,, are referring to the stress

in x and y directionsandOf) ar e t he Youngodés modul us and Poi

respectively.
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To preserve continuity in the material during bending, the strain in-theegtion,- , has to

be zero; 1t [23]. From equation (2.24) this leads to:

., (2.25)
Now substituting equation (2.25)tacnequation (2.23).

- — (2.26)
It is possible to rewrite equation (2.26) to fimdexpressiorfor ,, , therefore,

" S (2.27)
The strain component alonige x-directionof the bent substrate: is

S — (2.28)

Whereoi s the substrateds thicknteebendngtodd R i s th

In this case, it is assumed that the thickness of the substrate is greater than the film thickness.
By substituting equation (2.28) into equation (2.27) to get dependence of the stress
component on the radiuR, of bending tool:

” _ (2.29)

From the magnetic theoretical priptas, the relation between the thin film magnetic
properties and the strain walerived [2]. For themagnetic propertiesf films under an
applied stress, the uniaxial anisotropy field of a magnetic matandér applied stress
given by

0 — (2.30)

Wherel is the saturation magnetization amndis the anisotropy constant.

The anisotropy constaif, of inducedanisotropy in a magnetic materiahder applied

stress is given by:

o -_, (2.31)
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Where_ is the saturation magnetostrictioonstant ang is the component of stress.

By assuming that) 0 and substitutingequation (2.31) into equation (2.30), the

magnetic anisotropy fieldepends on the applistiess is given by:
0o — (2.32)

From equations (30) and (2.32), assuming the stress is along Hu#rection, then the

magnetic anisotropy field can be expressed as
o — — (2.33)

From equations (2.29) and (2.32he expression of magnetic anisotropy field daa
rewritten to get the relationship between the anisotropy f&ld the radius of bending tool

o — - (2.34)

The magnetostrigin constant. can be determined from the derivation of equation (2.34)
for Hy with 1/R:

(2.35)

The value & —— can be found by plottinglx as a function ofl/R and applyinga linear

fitting equation to the data and finding the slolpig. 2.9 Therefore, the slope will represent

the value of—— . Hence the magnetostriction constantan be given as:

(2.36)
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Figure 2.9Example othelinear relation of anisotropy fieldD has a functiorof the inverse

of thebendng radus (1/R adapted from referend@2] .

Figure 2.9presents the linear fitting of the anisotropy field as a function of the inverse of
bending radiusl/R). Wherethe two data lines represent the anisotropy field values at the

positive and negative parts of a hysteresis loop for three different bending tools.

2.7.2 Magnetostriction of Cubic Crystals

The cubic crystal of solid materials has anisotropimagnetic properties, therefotbe
saturatiormagnetostrictions defined along witla specificcrystlline axis. In these materials
there are two specific directions of the saturatimegnetostriction constant  and_
Therefore, the saturatianagnetostriction constant,, of a cubic crystalline material can be

written as,

_  —_ T Yot = o I TrTor R (2.37)

Where_ and_ are the magnetostriction constantsha<100>and <111> directions of
the cubic crystalf T T are the direction cosines the strainwhich are related to the
crystal axesand change the magnetic state ainaterial fromthe demagnetizing statto

magnetic saturation in orientation descrilyydcosines$ h R

In the casavhere the strain has oriented in the same direction as the magnetization, this will

lead toastatethatl & ,| & ,and = |, therefore

o p (2.38)
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From equation (28 andequation (2.3):
- - o _ - | | | (2.39)

In the casewherethe magnetostriction is isotropic, the terms in equation (2.37) can be stated
to give _ _ =_ . If the angled is between two directions relatéal the direction

cosines as in:
6+ [T 1T 7 (2.40)

Then the result will be
_ - wWé = - (2.41)

Where_ referstothesatr at i on magnetostriction at the

magnetization.

2.7.3 Magnetostriction of Polycrystalline

A polycrystalline material contains crystalline grains arranged in different directions. The
total magnetostriction of these materials depends on the individual magnetostriction of each
grain and their arrangement. When the grains orientation arrangement is completaty rand
the magnetostrictignin this casejs the average of all the individual magnetostriction of
grains. Therefore, the total magnetostrictomerall grain orientations is given by 52

. — (2.42)

2.7.4 Magnetostriction of Thin Films

Similar to the relation between the magnetic anisotropy and film thickness, Szym6zak [2
27] found an equivalent formula for the saturatimragnetostrictive constants in equation

(2.14) to present the magnetostriction in thin films and ghestbtal expression as given by:
- - (2.43)

In a thick film, when the thickness increases, the second term will be very small and the
volume magnetostriction, , dominateso that_ is independent of thicknesBor films
with small thicknesgi.e. <10nm), the surface term, , will dominateand_ depends on

the thickness.
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2.8 Mechanical Characterization of Thin Films

The mechanical properties of thin films are determined by using the nanoindentation method
and the data analyzed using #tendard Oliver & Pharr methoddR2 The technique involves
applying a | oad i n mN oaonsissNf aweryt smalldard tipndent
(usually diamongused for making an indentation into a thin film or solid, by penetrating the
surface. Fromthe nanoindentation test a ledsplacement curve can be obtained, which
gives the required applied load to penetrate a certain displacement (depth) in the material
surface. Further, the elastic and plastic properties can be determined during theiamdentat
procedure. Irthe caseof thin films, it was found that there was no influence of the substrate
on the measurement up to 10 % of the film thicki@8}. The loaddisplacementurve
includes loading the indenter, rest, and unloading the indenter as shbign2nlQ Also the

curve provides the maximum load and maximum displacement. Fitting the slope of the
unloading curve represents the stiffness. From the parameters plesentle load

displacementurve boththe hardness and elastic modulus can be determined.

LOADING /

UNLOADING max

LOAD, P
0

3 hmax "‘

DISPLACEMENT, h

Figure 2.10Example othe cycle of the load as a functiontioé displacemenof

nanoindentatioriaken from referenci28].

Before starting to present the hardness and elastic modulus definitions, it is necessary to
define the contact area between the material and the indenter tip, which depends on the area
function of the tip. The contact area is the real contact area bethveeamoved material

surfacewith the tip. Thereforefor the Berkovich indentetip usedin this study the contact
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area is estimated as an experimental function of the displacement of the indertig:; apd(

can be given bi28]:

50 ¢ ®BQ (2.44)

FromFig. 2.1], the contact deptln, is determined from the experimental data as
Q Q Q (2.45)

Where his the total displacement at any time during applied loadeans the displacement

of the surface at the boundary of the contact

Applied load (P)
Surface profile
after load removal *

Initial surface

Surface profile
under load

Figure 2.11 Cross section tfeindenter and parametetaken from referenc8] .

At the peak ofthe load Fig. 2.1Q the R« represents the maximum load applied at the
maximum displacementin.. The area function is describing the indenter geometry and it
represents the crosection area of the indenter along the distance starting from thEhep.

Berkovich indenter area functipt , whichis used in this thesis data by fitting the relation

of © andQ using equation:

58 Q0 ¢®Q 6Q 670 60 E 670 (2.46)
Where0 to 0 are constantand they areelated with thendenter geometry

Therefore, the contaerea can bealculated as giveby:

0 ——— (2.47)
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Whered is the contact areaO is the reduced modulugndd © are constants,
whereo refers to the total measured compliamdele 0 refersto the compliane of the load

frame.

From the loadlisplacement curve ifrig. 2.1Q the measurement of the initial unloading
stiffness is determined.hE unloading stiffnesis measukfrom the unloading data curve by
using a straight line fitto the unloading curve and finding the slope to mestha stiffness.

The expression of the stiffnes$,can be given by:

Y — =0 0 (2.48)
Where— is the change in the load to the change of displacement, is the contact area
of the elastic contact, ard is the reduced odulus.

The hardnessQ©, normally indicates resistance forced to localize plastic deformation. The
hardness is calculated from the fractionttod applied loal to the contact are#herefore by
dividing the maximum applied load 8, by the contact ageof the tip used, the hardness,

"O hcan begiven by:
0 — (2.49)

Where AcontactiS the contact area ang,Ris the maximum applied load.

Therefore, the hardnes®,, is inversely proportional to the contact area. The relation

between the reduced moduli®, andthe contact area , and calculad stiffness, S,
is given by:
o 4 _____ (2.50)

The reduced modulus measurement includes the compliance of the indenter and the elastic
modulus of the material by the following ergsion:

— (2.51)

Whereb and O arethePoi sson rati o an thematenahras@destivelymodd ul u s

U andOarePi sson rati o an theindententigréspectmadyd ul us of
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The YoungO06Q)ismeesely progortignal to the squacmt of the contact area and

can be measured from rewriting equation (2.51).

There are many factors, which caffect the measurement of these parameters and thus
create an error in the calculations. The elastic modulus and hardness can be affected by the
equipment, the substrate material, &inel materiaunder study. The substrate can affect the
measurement if #éndepth of the tip reaches near the substrate through the film. To avoid the
effect of the substrate on the elastic modulus and hardness, the indentation depth is kept to
less tharl0% of the total film thicknesa\hile the material effect occurs due tetresponse

of the material to the applied loaddathis includes material eithgiling-up or sinkingin.

The pileup occurs in the indentation of soft films around the indenter because of the
incompressibility of plastic deformation, where some matetéad to flow up to the surface

of the indenter sides after the indenter penetratesheteurface of the materigig. 2.12 (a)

While thesink-in occurs in the indentation of hard films, when the plastic deformation area is
moved out from the indenter with the imprint sinking, lower down the original surface level
Fig. 2.12 (b)

(b)

Sink-in

he>

h.<h;

|
\
|
Substrate :
|

Figure 2.12Schematic illustrationga) the pileup and (b) the skyin of the materialsurface

under applying the load dlfe indenter

As a result of a material pHep or sinkin under the measurement, the contact area is
influenced and a large difference can occur between the real contact area and the apparent

contact area, which is normally noticed after the indentation.
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The yield strength, , of a material can be described as the maximum stress applied to the
material before it begins to change its shape or without producing plastic deformation. Also,
the yield point is the point of the elastic deformation when the material returns to the original

shape after removing the applied stress.

Load, P
Pmax _______________ |
\ dP
P = Qh® '\ dh
Load \ :
|
unload |
hs hnax Displacement, h

Figure 2.13 Thdoad-displacemen(P-h) curve for loading and unloading cycelapted

from referencg29].

The yield strength of thin films is determined from the hardness data utilizing the method
established by Giannakopoulos and Sure$h [Ehe data are analyzed by using the approach
based on the loadepth (Ph) relations and displacement. In this method etffiective elastic
modulus (reduced modulus),, of the indenter withhe materialbeing studiedis calculated

using the equation:
— p Q- (2.52)

WhereQ is the maximumdepthof penetration™Q is the residual depth of penetration,
"O "Qthe hardness of the thin films, and d* is a constemthe case of a Berkovich indenter

d* =4.678.
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From both of the loadisplacementcurve and the maximum indentation load (

"Q ), the value is estimatedwhere refers to the indentation curvature

From this model [9], the yield strength, and t he of Whctvisthet stresss s
conformingto the plastic strain of 0.29 for thesedmaterial in uniaxial compressiofjg.

2.14, which used to determingield strengthin this study,can then be estimated by
simultaneously solving the following two equations derived3dgnnakopoulos and Suresh
[29]:

Stress, o

09.29

0.29 Strain, €

Figure 2.14Examplestressstrain cune and the characteristic strain adapted from referg2&.

From defining the plastistressstrainreaction of the material under the indenter, the ratio of
residual depth of displacement to the maximum displacement is symptomatic to the amount

of plastic deformationrad strain hardening as given by:

—— P T T€— TUL ¥— (2.53)

It can be noticed that this equation can describe the strain hardening behaviour occarring in
material, which appears as a piip effect or sinkn based around the sides of the irtéen
When"Q approachegero, this will lead to make the right side of equation (2.53) aquil

and the left side will represeatlinear responsg ¢ & @ . Inthecase of Q

"Q |, the right side of this equation approaches zero, this will indicate that strain hardening is
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not occurring and the vyield strength, is equal to, g indicating that the material is
perfectly plastic. Further, it is found that@¥Q is equal to 0.87%his indicates that there
is no pileup and/or sinkn occurring in thematerial. It is found thapile-up occurs when the
ratioo QTQ O 0. 8 7 5-inacouls wheh th&kratitQfQ i s O ®. 875. [ 2

FromFig. 2.14, the data ofhe loading curve follows the formuld, 'Q, were refers to

the indentation curvaturehe loading curvatutewhich can be measured by providing
equation (2.54) is a result of the elastoplastic indentation deformation along with research
[30, 31].

— 4,5 p — 06 AE— (2.54)

8
Whetre in the case of Berkovich tipe 6.618 andy= 1 0 . aliZviéith angler130.%

Finally, the strain hardening, , can le calculated by using:

¢ 10,4 11, M (2.55)
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Chapter 3 Literature Review

3.1 Introduction

In this chapter,a brief description of magnetostrioti materials with crystalline and
amorphous morphology is presented. Also included a literature review about
nanoindentatioomeasurements of thin films and the importance of studying the mechanical

properties of magnetostrigg thin films.

3.2 Magnetostriction Phenomenon inFerromagnetism

In general, magnetostriction dhe magnetostrictive effect isvhen a changeoccursin
dimensions or shape of magnetic materials in bulk or ribbon or thin film under an applied
magnetic field. The magnetostrictive effect was initially described in 1842 by the physicist
Joule[1]. He detected this phenomenon in a piece of iron material when it altered its length
along thedirection of an applied magnetic field (longitudinal magnetostrictiSimce that

time researchersave worked to apply this phenomermmother materials to dcover new
magnetostrictive materialtater, an opposite longitudinal magnetostriction phenomenon to
the Joule effect was discovered in 1865 by Villari, the phenomenon was named the
magnetoelastic Villari effect. Villari found that applying a bendingsstrean change the
magnetzation of a magnetic materialn this thesis, the magnetostriction constant was
measured vighe Villari effect by straining the films using bending tools with different radii
(Chapter 4).

3.3Magnetostriction Materials

Magnetostriave materials in either bulk alloys or thin films dyeingdeveloped, after being
discovered, to achieve the required properties for met@otremechanical system (MEMS)
applications such as sensors and actud®jr§3]. The requirements of thesmplications

focus on the particular characteristics needed, which are a considerable magnetostrictive
constant greater than 50ppm that works under a low applied magnetic field. Many efforts
have focused on finding new magnetostrictivebBsed alloys inhie forms of crystalline,
polycrystalline, and amorphous structursr Febased materials used in applications the
necessary properties of design and technology for these applications are high

magnetostrictive responses under low saturation magneti¢ getdtl mechanical properties,

32
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good flexibility, operabn under high temperaturet)e potentiato work under stress, and

low cost f§]. As applications require a low saturation field, methods are needed to decrease
the magnetocrystalline anisotropy to @sie a value close to zero. There are two possible
methods, the first method includes making the alloy from positive and negative
magnetocrystalline phas¢s], while the second method includes fabricatamgyamorphous
structure The slitable requirements for magnetostrictive sensors wouldrbagaetostrictive
material with saturation magnetostrictionconstant_ > 50 ppm and magnetocrystalline

anisotropy < 10 kA.f}, respectively

As noted, thamagnetostrictive materials with a large value of magnetostriction are important
for technological applications. Rare earth materials flst sc over ed ifon t he
example, Dy and Tb were shown at low temperatures to have very high magnetestricti
properties However, one drawback of these elements cordpaith our study istheir low

Curie temperaturesThis mean thathe magnetostriction constant reaches zero near room
temperature, which is not suitable forost magnetostrictive applicationfRare earthFe-
basedlloys such as Tbr@and SmFg[5] on the other hand were shown at room temperature
to have the largest magnetostrictidiar examplethe magnetostrictiom TbFe alloy was
measured along the direction [111] at difier temperatures. Itvas found that at room
temperature, it had a positive magnetostriction valuabout 2000 ppm undex magnetic

field of 800 kA/m. However, one drawback of these alloys is related to the high magnetic
field magnitude required, where 888/m is very high for applications compdrevith our
study, which focusesn preparing thin films saturated under low magnetic field, making it a
disadvantage. Thisieanghese alloysequirea highmagnetic field to reach the saturate state

to measure theimagnetostrictiongdue totheir high magnetocrystalline anisotropy.

Another example of large magnetostriction rare earth alloys is Switieh shows at room
temperaturea large magnetostriction constarft-1258 ppm at 300 Kit was found that the
alignment of the magnetization in these alloys changes from the [110] direction at low
temperatures tthe[111] direction at temperaturgseaterthan 195 K Another drawback of
these alloys is the high magnetocrystalline anisotropy, which leads to difficidgturating

this alloy.

The ferromagnetid¢ransition elements such as Iron, Fe, Cobalt, Co, and NickelyiNgh
have Curie temperatures of 1044 K, 1388 K, and 628 K respectively, have been studied to

determine their magnetic and magnetostrictive progertifhe studies showed thiabn,
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Cobalt, andNickel have soft ferromagnetic propertiesdhavea spontaneous magnetization

due to a parallel alignment of their magnetic momeéntke absencef an external magnetic

field. A material can be classified @ st magnetic material when itoercivity is less than
1kA/m. Typically, amorphous materiadse classified awvery soft magnetic materials as they
have low coercivity, therefore, to achievthis the Iron, Cobalt, andNickel elementsare
alloyed with metalloid elements such as B, Si, P, andT®. search for soft magnetic
materials, whichhave good magnetic properties and high magnetostriction better than the
transition elements such as iron, experimental work has been done to create new alloys by
adding nonmagnetic elements and different magnetic elements to Irorgeneral, the
addition of noamagnetic elementsuch as Ga, Al, Be, and Si ckead to an increase in the
interatomic distance in the F@msed structure that leads to an increase in thaetasgriction
magnitude. For example, it was reported that the magnetostriction of bcc Fe is significantly

improvedby additionof Ga[6] (see section 8.1).

3.4 Methods of Measuring the Magnetostriction

Techniques for measuring the magnetostriction properties can be generally categorized into
direct and indirect methods. Magnetostrictive techniques cannot measure the
magnetostriction for all different types of the gdes because the limitations of the
techniques. The measurements can depend on many factors such as the size of the sample,
substrate nature, and the physical principle of the technique. Briefly, a discussion is made in

this chapter of the techniques.

3.4.1 Direct MeasurementM ethods

Direct measurement methods include the strain gauge, the dilatometer, and the cantilever,
which are able to measure the strain of magnetostrictive materials depending on the applied
magnetic field. In thigasethe strain will be measured directly.

3.4.1.1 Strain GaugeMethod

The strain gauge method is extensively used over a wide temperature range to measure the
magnetostriction in crystalline and amorphous bulk materials. It involves a wire being
attached in a ceintadirection on an area of a material. One variation of this method involves
the eletrical resistance of the winearying as a function of the strain. The wire resistance

increasesvhen the strain gauge is flexed. Also, by applying a large enough n@afieletito
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saturate the magnetic material along the crystalline axis, the change in length of the sample is
measured as the strain by the gauge. A schematic diagram of this method is slogvn in

3.1. This measurement of the magneticsion is given by[7]:

_ -p i (3.1)

h

Where A is the cross sectimirarea othegauge and sampl e, Olsthes t he
Youngo6s nileedaude arsl sampleshereg indicates the gaugribscriptsand m the

magnetic sample.

Strain
gauge

Figure 31 Schematiadiagram ofa strain gaugeadapted from referende] .

In summary, lite main features of this method are that ih@e suitable for ribbon and bulk
samples. The measurements bardone under a wide rangeteimperatures and applied
stresses. A smatrosssectioral area of the gauge can be chosen to reduce the mechanical
loading effect. The glue used to attach thage to the sample cafsoaffect the

measurement. The sensitivity of this method is typically abofit 10
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3.4.1.2 Dilatometry Methods

A. Tunnelling Tip Dilatometry

In general, the tunnelling tip method involves many partst(thedling tip, magnetostrictive
specimen, the solenoid coils, and feedback electronic systdmch are described elsewhere

[8]. The schematic diagram of this method is showfRign 32. In this method théunndling

tip is used as a positiesensing detector, the magnetostrictive material can belhon,

wire, or rod form. The magnetostrictive sample is held in a quartz tube, which is placed
inside the solenoid coils. By usirgpiezoelectric activator, thanneling tip location can be
controlled. From the feedback data to the tunnelling current, which works to control the
piezoelectric actuator, the distance between the magnetostrictive sample and the tunnelling
tip is preserved. Hence, any changing in the kerajtthe sample can be measured by the

control signal in the feedback system.

Z-FEEDBACK = LECROY
ELECTRONIC = SCOPE
Y
HIGH
VOLTAGE ft I |
AMP:
2 v SOLENOQID
BIAS COILS

TUNNELING
TIP
PIEZO

L R L B L Y

Resgg

TUNNELING

APPROACH TIP SOLENOID QUARTZ
MECHANISM DRIVIN TUBE
MAGNETOSTRICTIVE G
RIBBON CIRCUIT

Figure 32 Schematiadiagram of the tunnelling tip dilatometry methiaden

from referencgg].

B. CapacitanceDilatometry.

Capacitancedilatometry is a sensitive method to measure small variations in length of
sampl es. The variation in the materialsbo
capacitance between two electrodes. The capacitance dilatometers method involves a
capacior with parallel plates, where one plateaidixed plate, and anotheneis a moving

plate. Any change in the sample length will move the moving plate, which changes the space

between the plates. Thus the capacitance is changed proportional to the spaee thetwe

plates. The normal design of the capacitance dilatometry method is shBign 38.
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Researclstudies suclas Tsuya et d9], Boley et a[10], Briss et a[11], andHeremans et al
[12] havedeveloped different typesf capacitancenethodsFor exampleTsuya[9] designed

a three terminalcapacitance dilatometer to measure the magnetostriction H1@rAm
diameter sphericapecimensBoley [10] developed the method by using a high oscillating
magnetic field to generate the magnetostriction. When a material rehehssturation state,
this is sensed by the variation in capacitance. Also, this method was deva@jydpests [11]

for calculating a series of magnetosioat values ofdisc shapedgamples under a range of
temperéaures from room temperature to K using a superconductive sptibil magnet.
Further,Heremang12], usedu3 Zhe capacitance method in pulsed fields. In general, in the
capacitance methods the magnetostrictiors proportioral to the change in thepacitance

& CThe sensitivity of capacitance methods is aboif10

Fixed plate

o

Removable plate

Capacitor
Plates

Figure 33 Schematiadiagram of normal capacitance dilatometry metlaakhpted from

referencq 13].
Nylon
Screw Magnetostrictive film
Coverslip
j 100um thick
S, ] ¥ ]
: Cantilever
Capac.ltance deflection ) 1 Imm
terminals
O
Applied » .
magnetic field

Figure 34 Schematiadiagram of the cantileverapacitance dilatometry methadiapted

from referencg 14] .
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Another type of the capacitance method is based on the change of capacity by using a
cantilever as shown schematicallykig. 34. The film to be measurd is deposited on the
cantilever,wherean applied magnetic field on the film can produce straithénfilm. The
induced bending moment leads&aaleflecton of the cantilever and creates a change in the

capacit ahce a&C. |

3.4.1.3 Optical Interferometry

In the optical interferometry method, an optical lever, which represents an arm can measure
displacement byattaching a mirror to determine smalchanges inlength, and thus
deformation of magnetic materials. This material deformation is related to the percentage of
both the incident and reflected beam intensities. By attaching a mirror to the optical lever, th
variation in dimension can be determined as a variation in the angle of the reflected beam.
The optical lever is rotated due to the deformation in the sample, which increases with
increasing applied magnetic field. This meths suitable for large sangd,one drawback of

this method ighat it is not suitablefor samples of dimensions <rmm. A new method,
optical fiber displacement measurement, was developed to measure the magnetostriction.
This methoduses an opticalfiber displacement detector a@dmeasurement probe. The main

parts of this method are shownFig. 35.

(c) Screw (b) Optical fiber probe
H Irradiation beam
— | /
\')ri:mq = Optical fiber
HHH —_— displacement detector
(OFDD)

Reflected beam

\
\
\

(a) Sample holder Sample Probe

Figure 35 Schematic diagram of an optical interferometry metkaiden from referencfl5].

In this methodthe reflected light is measured by wden opticalfibre displacement detector

and measurement probe. To avoid any magnetic effects the sample holder is made from
duralumin material, which is a mixture aluminum and copperA rotated screw is used to
regulate the sample position. The optiibles are separated into two parts, irradiation and
receivingfibres. The light is transmitted through the irradiatifilores to the sample and the
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reflected light from the surface of sample passes in the regdibires and is detected by a
photodetector. The main principle of this method is that the received gpdvwalr depends

on the distancéetween the surface of the sample and the ogilwal. An increase in this
distance leads to an increase in the agbtpower. Therefore, when the magnetic sample
changes its dimension using a magnetic field, the distance between thefiljatigabbe and

the tested sample will change. The change in the ratio of the incident and reflected light
intensitiesis analysedoy computer to measure the magnetostriction of the sample in the
range of 16 to 10° which suitable to test small samples min. The sensitivity of this
method is about 18.

3.4.2 Indirect MeasurementM ethods

Indirect measurement methods are ablméasure the saturation magnetostriction indirectly.
The magnetostriction is determined from a measurement of parameters, which depend on the

strain.Mostindirect measurement techniques are methods based on the Villari effect.

3.4.2.1 Small Angle MagnetizationRotation (SAMR)

The small angle magnetization rotation (SAMR) method was first described by Narita et al
[16]. This method is based on Villari effecthis technique involves applying together two
different magnetic fields in different directions: the first is a dc magnetic #&lddenerated

by a solenoid, in longitudinal direction of the sample axis to reach magnetic saturation and
the second is an acagnetic field (H), generated bydriving coils, in a perpendicular
direction.A third sensing coilcontains thesampleand measures theduced voltagecaused

by rotating the sample magnetization. The application of a variable tensile stress is used to
affect the anisotropy within the sample, and hence changing the anisanmoportional to

the magnetostriction of material, equation (3.2). The main parts of this method are shown in
Fig. 36. This method haasensitivityof about 1.
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Figure 36 Schematiadiagram ofSmaltanglemagnetzation rotation (SAMR) method
adapted from referenda6].

The magnetization rotation angle is influenced by the dc magnetic field and the applied
tensile stressApplying a stationary ac drive field together with ariable tensile stress,
results in a readuction @he rotation angle as a result of increasing anisotropy fiéld. (

Both the applied stress and dc magnetic field are changed to control the induced voltage in
the sensing coil. The magnituad saturatbn magnetostriction can be obtained from the

applied stress and the meastlif@dasfollows:
- - — (3.2)

Where_ is the saturation magnetostrictian, is the saturation magnetizatid®, is the

anisotropy field, ang is the applied stress.

When the induced anisotropy field is measured, the saturaagnetostrictioncan be

determined from the constant magmation rotation:
-—0 (3.3)

Experimentally, by applying an arrangement of weights, the applied stress can be determined,

thus the saturatiomagnetostrictioncan be determined from the weights
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— 0 o (3.4)

Where W is the weight per the long dimemsaf the samples and is a weight the

pendulous part of the ribbon

3.4.2.2 Strain Modulated Ferromagnetic Resonance (SMFMR)

This method involves a periodicstrain appliedusing an ultrasonic transducer on a
ferromagnetic sample located inside a microwave cavity (resondidr) which can be
oscillated to ehigh-frequencyvalue. Also, this method is based on Millaffect. The signal
strengthfound after phse sensitive detection is related to the value of the strain modulation
depth, m. The position of the ferromagnetic resonance line can be modulated as a result of
the magnetoelastic coupling. While the magnetic field modulated FMR signals are recorded
together, the amplitude of the strain modulation depth can be determined when the
intensities of two FMR signakre compared. When the gaintleé amplifier channels of both

the FMR (Ge) and the SMFMR (Gs) are identified, the strain modulation degtban be

found by

a4 a —— (3.5)

Where G and G are the gains of the amplifier systems,isnthe magnetic field modulation
depth, while § and I, refer to the intensities of the strain modulated FMR signal and H
modulated signal respectively. The magnetostriction value can be determined by comparison
of the high signal of the SMFMR versus thignal of the FMR line. The main parts of this
method are shown iRig. 3.7. This method is generally uséa samples irthin film form as

a result of the slight skin depth of microwave frequencies. The methaiskasitivity about

10°.
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Figure 37 Schematiadiagram of strain modulated ferromagnetic resonance (SMFMR)

adapted from referendd 8.

3.5 Magnetic Properties in Magnetostrictive PolycrystallineFilms

Magnetic properties of polycrystalline thin films are different from their bulk alloys and
amomphous structures. The magnetic properties of polycrystalline thin films can be affected
by many factors, such as the growth parameters, film thickness, fabrication methods,
composition, stress within the film, and substrate matedidler factors such abe texture,
texture orientation, phase transfer, grain size, and grain boundary, which are missing in
amorphous films, can affect the magnetic properties of polycrystalline thin films. This part of
the review will present the advantages and disadvant#fgasme polycrystalline thin films

to compare them with amorphous thin films.

3.5.1 Magnetic Properties of Magnetostrictive FeGaFilms

The magnetic properties and magnetostriction of polycrystalline FeGa thin films have been
studied by many researchers atwleloped by changing the composition of Ga within the
films or by changing the film thickness. In ¥&&, a number of things can affect the
magnetoelastic properties of these films, these include the many phases present such as A2,
DO;3, LI2, B2, and D@, as described by lkeda et dl9] and shown irFig. 3.8.
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O Feor Ga
0O Fe
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Figure 38 The bcations of the Fe and Ga atowisthe crystalline structures of A2, B2, 0
L12 and DQg, taken from referencfl9].

The phaseliagram of crystalline FeGa all@g shown irFig. 3.9, it can be seernat these

crystalline phases are changed by the effect of temperature and Ga content.
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Figure 3.9Binary phase diagranof FeGa crystallingaken from referencg 9].
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The XRD patternof FeGa phases ashown inFigs. (310 and 3.11), it can be seen that

there aradiffernce between the XRD pattrens of these phases.
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Figure 310 XRD pattern of FeGa phastken from referenci0].
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Figure 311 XRD pattern of FeGa phasezken from referenci?l].
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Dunlap et a[22] investigated the structural properties of polycrystallingd&a, films by

two different techniquesviéssbauer spectroscopy and XRihe films weregrownto a large
thickness equal to 0.8 um by the sputterirggn Fe and FeGa; targets. The XRD results
showedthat all the films had a large (11pgak of the bcc A2 phase and they found that the
increag of Ga composition leads to an increase in ltéce constantThe results of the
Mdossbauer spectroscopy the other hanshowed ashortrangeorder of DQ when & > 20).

The Fe probe atoms of the MOssbauer spectroscopy are sensitive to the local environment and
using this technique can investigate the classeshoftrangestructures that can affect the
magnetostrictive properties of FeGa filmlne drawback of thisvork wasthe absencef the

effect of increasing the Ga content and theortrange order of DQ phase on the
magnetostriction constant of polycrystalline FeGa films. Basantkumai Bf] ahvestigated

the effect of changing the Ga composition and the thickness on the magnetic properties of
FeooxGa thin films, fabricated by rf sputtering technique using a target of composition
Fes1.6Gag4 The thickness and the Ga composition were changed by changisguttering
growth parameters. For example, thexO s3Wcceed
by changing the forward power of the sputtering. The XRD results showed that all the films
had <110> texture and there was nos[pDase peak detectechd magnetic properties were
measured on a vibrating sample magnetometer (VSM). They found that the coercive field of
these films was reduced frob®89 A/mto 1193 A/mandthe Ga compositiowasdecreased

from 27% to 19% with increasing the forward power from 60%00W. From the result of the
cantilever capacitance method, they showed that the largest magnetostrictive constant 147
ppm was presented in films with forward power oV80thickness 146.5 nm, and Ga content
23.8%. A minimum valueof 16.3 ppm wadound in films with forward powerof 100 W,
thickness 1331m, and Ga content 19.4%heir resuls showed that the magnetostriction
constant changed with the growth parameters, but they did not mention which parameter
affected he film properties, i.e eithéhe thickness or Ga content.

Hattrick-Simpers et a[23] investigated the magnetostriction properties ofod&ac alloy

films with thickness 500 nnThe films were fabricatedn silicon substrates by esputtering

using two targts: Fe at power 7% and FgGa; at power 40WV; for both targets the Argon
pressure was 6pbar. These parameters allowed them to change the composition of the films
(0 <x < 45). The result of the XRD and MEshowed that the films had a random nano
polycrystalline orientation structure with an average grain eizabout 25 nm. For the
magnetostriction measurements, they used the cantilever migthitb@ t e r migp, 0y t he o

usingae = (3/ 5 Yoo, @8-a funcon ofthe Ga composition and ignorithsh g;. Fsom their
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magnetostriction data, they found that the magnetostriction had two peaks, the firstone at (
= 21) with magnetostriction value about 64 ppm and the second one=at32) with
magnetostriction value about 74 ppm. In addition to these two peaks, they also presumed that
the results presented another peak of magnetostriction about 23 ppm at Ga content 4.5%.
They compared the result of magnetostriction, with the resilt of bulk FeGa studied by

Clark et al[6] Fig. 3.12. They found a differencim the results, athe peaks$iad shited and

the magnetostriction constants welmver. They sggested that the difference in the
comparison comes from the residual stress in the films due to the deposition process. The
lack of the relation between the chemical ordering of FeGa phases with the magnetostriction

results was the one drawback of theéirdy.
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Figure 312 Comparison between the magnetostriction, of the thin film and bulk alloy of

FeGa taken from referenci23].

Clark et al[6] found that the magnetostriction properties ofplg€Ga alloys were affected by
changing the Ga concentration and two peedieobserved t h e fod=R6ppmak e o
= 19 and the second opgy, = 235 ppm ak = 28. Their result is presentedking. 313. The

measurements weaobtainedby the strain gauge technique at room temperature.

Qayes A. Abbas, 2018 & Email: qayes.a.abbas@gmail.com



47 | Literatur e Review

350

300 +

N
o
——r

5

N
o
T

i

0

3/2 Ago (x 10)

150 | 5

100 -

i # Furnace Cooled
S0 - S ® Quenched
i A Directionally Solidified {(Unannealed)
1 A 1 1 1 A

0 - L i 1 1 "
0 5 10 15 20 25 30 35 40

X (% Ga)
Figure 313 Magnetostriction, (3/2)  of FeGa aloy as a function of Ga contetaken

from referencg6] .

Morley et al[24] developed a deposition chamber that usedmdtering anevaporation to
deposit Fenox Ga thin films. The films werefabricated by sputtering Fe target and
evaporating Ga, as it has a too low melting point to sputter. Changing of the growth
parameters allowed them to control the composition of the filrttseimange <x < 40. They

studied the structure, magnetic peojes, and magnetostriction of-lBa films and compared

the results with those of pure Fe films with the same thickness. They designed this chamber
to overcome the problem of low melting point of the Ga and to give better control of the Ga
composition corpared to sputtered Fga targets. One problem to overcome was they had to
evaporate the Ga through the Ar gas plasma to the substrate. The substrate in this growth
chamber was rotated to avoid the effeétthe magnetron fields, to achievkickness
uniformity upon the substrate and uniform-Ga composition across the film. They
presented the effect of the pressdigtance ffd) product on the magnetic properties of the
films and the effect of growth parameters on the composition of the Ga within thé-@tm.
example, they found that changing the pressure can strongly affect the amount of Ga to reach
the substrate. Another factawhich influenced the Ga composition was the Fe magnetron
power. They found that increasing the Ga content reduced the magatfration field,
increased the remanent magnetization, and reduced the coercive field compared with the Fe
films that were fabricated under the same coowls. They found thatthe large
magnetostriction constant was 17 pmith film of comstion of FesGay. They foundan
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increase in magnetostriction constant with an increase in the Ga percentage within the Fe
films.

Morley et al [25] studied the effect of a forming field on the magnetic properties of
magnetostrictive Rey 0Gaf i | msxO( @09 thin films with thick
the casputteringevaporation technique, which is described in R&f]. Two types of films

were fabricated on Si substrgtdhe films grown with and without a forming field (65

kAm'Y), produced by two permanent magnets placed along the short axis of the substrate
connected on the substratelder. Rotating the substrate holder during the growth was
necessary to avoid any effect from the stray fields of the magnetron, which can induce
anisotropy within the films. From the XRD results, they found that the forming field did not

affect the struwre of the films and all the films had texture in the direction <110>
perpendicular to the substrate. They found that the films grown with a forming field had
uniaxial anisotropy. Also, they found thataximum value of the effective magnetostriction
corstantanGa per cent age faniingfield®l®.%, for the

Javed et a[26] studied the effect of a forming feblduring growth on the structural and
magnetic properties of polycrystalline;rgoGa ( 1 0xOO 35) thin fil ms wit
nm. The films fabricated by the technique presented in[R&fon Si substrates. From the

XRD result theyfoundthat all the films had texture < 110 > perpendicular to the film plane.

Also, they found thaall the films had a disordered A2 phase. For the magnetostrieisoif

they found that the values of results without forming field were higher than the value with
forming field by afactor of about 50%.

Javed et a[27] investigated the effect afhanging theGa composition as a function of

pressure on the structure and magnetic properties of magnetostrigiygdae( 1 X000 2 3)

thin films. The films were fabricated on Si substrate using thepatteringevaporéon

technique Ref[24], by changing the pressure fthepm 3 t
found that all the films had bcc phase of FeGa, with the <110> direction out of plane.
Magnetically, they found that most of the films were isotropic except the film grown at 3
ebar, which presented a weak wuniaxi al aniso

magnetostriction constamnigaskept constanataround 60 ppm, although the Ga% increased.

Javed et aJ28] studied the effect of the growth parameters such as the sputter target power,
chamber gas pressure, and Ga evaporation rate on the magnetic propertigsGBFin

fims (14 x@® 32) . The fi | ms -spugeringevapasabon itechaique d by
defined in Ref[24] on Si substrates. From the XRD, they found thatlal films had a
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texture < 110 >perpendicular to the film plane. From the Mdssbauer spectrosespits

they found that all the films had disordered A2 phase. From the magnetostristitintheey
found that for the samples with different sputtering target power, the maximum value of the
magnetostriction was about pmat 24%Ga. For samples with differerthamber pressure

the magnetostriction constant keptuanrd 60 ppm for 19 < G& < 24; andor the samples

with different Ga evaporatiorate the magnetostriction constant increased to around 50 ppm
at 26% of Ga. From their study, they inferred that the effective saturation magnetostriction
constants in the case of changing thrgegapowerfilms were geater than those for different
gas pressure and Ga evaporation rate films.

Javed et a[29] studied the effect of changing the thickness on the magnetic properties of
polycrystalline FesGay thin films, which were fabricated in the thickness range from 20 nm
to 200 nm, by ceputteringevaporation described in RgR4] on Si substrates. From the
XRD result, they found that all the films had texture withX0 > direction perpendicular to

the film plane. They found that the magnetostriction constant increased with increasing the
thickness.They reportedthat the saturation magnetic field, the grain size, the surface
roughness, and the magnetostriction camstof the films icreased with film thickness.
Szumiata[30] studied the effect of annealing temperat(880°C for 1 hour) and forming

field (about65 kA/m) on the magnetic properties of1§gGa, ( 1 0x QO 3 5) t hin
prepared bythe co-sputteringevaporation techniqu¢24] with thickness 50 nm on Si
substrateThey found that the saturation field reduced with increa@iagcomposition for

both asdeposited andnneatd samples One effect of annealing was that itdueed the
saturation field in comparison with the -dgposited films. While the saturation

magnetostriction constant of the@desposited films was larger than the annealed films.

3.5.2Magnetic Properties of Magnetostrictive FeCoFilms

In bulk form, the FeCo Hly is similar to the FeGa alloyand exhibits one of the largest
saturation magnetostriction conssr#gmong othernonrare earth bulk alloyg31]. For
example, the magnetostriction constant of kaitligle crystal FesoCoso was shown to havea
maxi mum V ad =u¥0 mgpMm ane a small anisotropy constanf 20m* [32].
Experimentally, FeCo thifilms are affected by the growth parameters and the thickness,
which can be controlled to produce good magnetic propesiegEh aresuitable for many
applications.For example Morley et al[33] studied the effect of rotation and stationary
substrates alongvith the growth parameters on the structure and magnetic properties of

polycrystalline FeyCosg thin films with thickness ranging from 10 nm to 100 nm, prepared
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by two different sputtering techniques (DC and rf sputtering) on Si substrate. The substrate
was rotated during the growth in the DC sputtering technigb#e for the rf sputtering the
substratewas fixed. From the XRD result, they found that the DC sputtered films, under
rotation, with thickness less than 30 nm had <110> peak, whereas for the stationary samples
in both DC and rf sputtering systems the films had an absence of <110> peak until the
thickness was greater than 35 nm. They found that the magnetic results showed that the
rotated films hadanisotropicmagnetic field irplane, whereas the stationary films presented
uniaxial anisotropy. By using the Villari effect method, they found thatnhagnetostriction
constants were affected by the growth parameters, for example, the films sputtered by DC
sputering under rotation hathagnetostriction constants of 11 ppm across all thede®

While for the nonrotatedfilms in the DC system, the rgaetostriction constant had an
increasing linear relation with the thickness. Coisson [@alstudied the effect of annealing
temperatures, 300 and 380 for 20 to 120 min and 100 Oe forming field on the magnetic
properties of FeyCos thin films, with two thicknesses 4 nm and 30 nm, fabricated on glass
substrate by rf sputtering. They found that the 30 nm thick films, annealed &€ 3&ith

forming field of 100 Oe with different times had magnetic properties differemt fr@ 4 nm

thick films of the samgrowthconditiors. The 4nm thick films showedaoercivity lower than

the 30nm thick films. One drawback of this work was the lack of information about how the
magnetostriction changed with these parameters. Cooke[85]astudied the effect of the
composition gradient fro;x=0.67 tox=0.40 on the magnetic properties of,€Eq1.x) thin

films prepared by rf sputtering. The magnetostriction constants were measursb b
methods. The first method was strain based and the second one was an optical dynamic
cantilever. They found that the coercive field of thedeposited films with increasing Co

at% composition reached the highest value at about 55at%. Also, thel/tfmirannealing
reduced the coercivity of the films. For both methods, the magnetostriction constant increased
with increasing the composition and the maximum value wap@&2 for the strain method.
Takashi et al[36] studied the influence of annealing on the magnetic properties and the
magnetostriction constant 240nm thick Fg,Cosg thin films fabricated by sputtering system

on glass substrates. They found thath increasing the annealing temperature from K%8

1073K the saturatiormagnetostriction increasday a factor ofthree from56 ppm to reach

the maxmum at 159 ppm with the presenckbcc (110)texture However, increasing the
annealingtemperaturenore than 109X led to a decrease in the magnetostriction constant,
which was associated with the formation of the fcc (111) @h@soke et gl37] studied the

influence of three parameters (annealing temperature, substrate material, and the film
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composition) on the structure and magnetic properties of magnetostfieite films with
thickness 300 nm, fabricated by rf sputtering. They found that for all subsipete the as
deposited filmshad hard magnetic properties and all films showed coercive field more than
10 kA m* The annealed films, in H and Ar gases,whd a significant decrease in the
coercivity to about 300AR. They clarified that the decrease in the coercive field, could be
due to a number of reasons, including relaxation of intrinsic stress, changing in texture,
increase in the grain sizeffect of the anisotropy constant, K as a result of pnesence of
shortrange order of Fe or Co. Therefore, all of above issues impact the magnetic properties
of the films. They found that the composition of films between 49% and 52% affected the
coercivity with the lowest coercive field about 281 A'InThey noticed that the Eoso
composition had the lowest coercivity, maximum anisotropy field, and largest saturation
magnetostriction constant. Vopsaroiu et[38] studied the effect of growth rate on the
magnetic properties of CoFe films with thickness 20 nm, prepared by sputtering technique.
They controlled the gmwth rate by changing the dc bias sputtering voltage. The films were
grown from two diferent targets in compositioBozsFess and CgoFey. Two sets of films

with different growth rate (0.1 and 0.8) were fabricated from the first target in composition of
CozsFess and another two set of films with different growth rate (0.1and 0.8) were grown
from the second target in the composition o§gEeay. They found that for both sets of films,

the slow growth rate producedsmall grain sizeof about 10 nm while # fast growth rate
produced an average grain size around 150 nm. From the XRD result, they found that the
films had a bcc (110) structure. Magnetically, they found that the films with small grain size
from both targets, with low growth rate, hadplane nagnetic anisotropy, and soft magnetic
properties, while the films with large grain size from both targets, with high growth rate, had
hard magnetic properties with coercive fields about 9549 A/m with a maximum
magnetzation about 1914 kA/m. One drawbacktbéir work was the lack of the effect of

either the growth rate or the grain size on the magnetostriction properties.

3.6 Magnetic Properties in Magnetostrictive Ribbons

After the discoveryof amorphous magnetic materials, their structure, magnetic, and
magnetostriction properties have been widely investigated because of their significant
potential in technological applications such dsstribution and power transformersigh-
frequencyinductors, motors, low loss at low frequencies, current transforraedsdevices
requiring high permeability[39-41]. The structural investigation of amorphous magnetic

material in ribbonform hasshown that the magnetic properties and microstructure are
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different from bulk form[42]. Two types of ribbongreGa and FeSiB, are discussed in this
section, to compare their magnetic properties with this thesis study. For examplej\ee mas
magnetostriction of aboutt300 ppm was observed in thegf&a;s ribbons under external
magnetic field along the length obhon[43]. Zhang et a[44] studied the effect of ribbon
thickness on the microstructure and magnetostriction constant for the ribbon composition
FessGay prepared by melspinning in a range of thicknesses (45um, 55um, 75um and
100um). They found that the largest magnetostriction consthiabout-2100 ppm was
observedor the 75 pnribbon. They found that the B8tructure was present in the ribbon as

a result of faster cooling rate, but did not decrease the magnetostriction constant. They
theorisedhat the increase in magnetostriction was dyzrésee of the shordrange order of

Ga atoms, which adjusted the {Jfhase.

Liu et al[45] prepared, by mekpinning, ribbons with the composition kxGa ( 1 5x 00

30) and studied their structural and magnetic properties. They detected, by XRD, the structure
of all the ribbons, which includethe disordered A2 phase structure. By applying a high
magnetic field 1591.5 kA/m to measure the magnetostriction constant, they found that the
largest magnetostriction constant was ab@ub 0 ppm f or the coxtpositi
20. While for composion of x > 20, there was a reduction in value ofgmetostriction due

to increase irGa percentage. They found that the wheel speed influenced the structure and
magnetic properties. They studighe effect of wheel speed dhe magnetostriction of
FessGas ribbon andound that the magnetostriction decreased for the wheel speeds greater or
lower than 12 m/s, which was also the best wheel speed for #g&akeribbon. They
detected formation of Ga clusters due to the slow wheel speed and low coolirfgraate.

their work, it found that the magnetostriction constant was influenced by wheel speed and Ga

content.

Zhang et a[46] prepared a mekpun ribbon at different wheel speed from 8 to 30 m/s with
the conposition Fe;;Gag and thickness rege from 35 um to 110 um. Thestudied the
influence of annealing temperature on the structural and magnetostrictive properties. From
the XRD results, they found that the ribbons, at room temperature, showed disordered A2
phase. Also, they studied the influence of annealing temperature ¢C8fa® 3 hours and

slow cooled at 2 and 0% /min on 110 um thick ribbons. They detedfor the slow cooled

( 2e C/ mi mDY; phase with perks (311) and (200) confirming thgdaestructure was
included with the disordered A2 structure. While they found decreasing the cooling rate to
about 0. 5eC/ mi n {Fs06a strusturd gresentedrwithetheedsorderdd A2
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structure. For the magnetostriction measurements, they stutidmagnetostrictive
properties along the ribbon length direction with composition gfGay and thickness 110
pm. They foundhat usinga vertical magnetic field to the sample plane of about 1150 kA/m
was enough tenduce anegative magnetostriction gstantof about-163 ppmwhile applying

a parallel field of about 98 kA/m was enough to induce negative magnetostriction cohstant
about-21 ppm. Theydeterminedhat the magnetostrictive properties o889 ribbon can

be affected by the heat treatmhefor examplethey observed a larger magnetostriction
around-189 ppm in a quenched samphhich was reduced td43 ppm for the slow cooled

sampl e at -2258/ppm famrd t he sample sl ow cool ed

Magnetic properties and magnetostrintiof amorphous FeSiB ribbons have also been
studied and developed. For example, Sun X. ¢#4l studied the magnetic properties of
amorphous FgSigB1z3 ri bbons with thickness at 25 &m,
melt spinning method. They found that the annealing of the ribbons led to growing
nanocrystalline F8 a nke (SU phases. They observed that increasing the annealing
temperature caused @atease in the magnetization of the amorphous phase faster than the

nanocrystalline phases present.

Brouha and Borsf48] studied the influence of the thermal treatment andlame applied
magnetic field onthe magnetamechanical properties in three types of ribbons having
different compositions, FkeBSio, FeoB1sSis, and FgiB2o. The ribbons wer@annealed at
different temperatures for half an hour under an applied magnetic field of BBOWKA/mM,
within the inp| ane direction of the ribbonés width.
annealing field led to an indudén-plane anisotropy fieldyhich reached a maximum value
in all the ribbons at the same annealing temperature of@5Dhey found that the EgBoSiio
ribbon had an effective magneteechanical factor in the rangé about 0.40.55, while the
FesoB2o ribbon had a range of G@&6. Also, they found that the maximum value of the
effective magnetanechanical factor in composition ¢gBisSis was about 0.86 under
annealing magnetic field of 60 A/m and a temperature of°85@ith annealing time 080

minutes

Tsuya and Arai49] studied the effect of composition and annealing temperature on the
magnetic and magnetostriction properties of crystalline structure ribbons with compositions
FelooxSix and FgSiyAl, and amorphous structure ribbons with compositiongok®, and
(FaxCo\)7sSisB14a. They found that the ngaetostriction constants reach zero value for
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ribbons with compositions of kg;5Si ¢97:AIss5 and FegysSizs. Also, they found that the
amorphousstructure FeoxBx ribbonhad a larger magnetostriction constahaibout 50 ppm

atx=12% after heat treatment at 3@ for 3 hours, which decreased with increasing of B%.

While for this ribbon the magnetostriction constant at room temperature hadimumax

peak value & 42 ppm at B % =508x8ix, thelf found thahtbe cr y st
ri bbon had a maxi mum magnetostriction const

magnetostriction decreased with increasing of Si% and reached zero at 5i%= 7.

3.7 Magnetic Properties of Magnetostrictive AmorphousFilms

Amorphous materials have a short range order structure and a random distribution of the
atoms. Thus, they are missing magnetocrystalline anisotropy, grains, and grain boundaries,
which lead tothen having soft ferromagnetic properties. The magnetic properties of

amorphous material are different from crystalline and polycrystalline materials.

3.7.1 Magnetic Properties of Magnetostrictive Amorphous FeSiBrilms

In general, amorphous thin films are developed as they have importance in applications due
to their soft magnetic properties. Kobliska ef5l] have stated that the anpbious thin films
fabricated by sputtering have similar magnetic properties to the ribbons, which were formed
by a rapid quench from their melting points. Therefore, many efforts have been carried out to
develop and study the structure, magnetic, and masfnietive properties of amorphous
FeSiB thin films.

Naoe et al[51] studied amorphous FeSiB thin films fabricated duysputtering atroom
temperature and the effect of annealing temperature on magnetic properties such as the
magnetzation, coercive field, and permeability. They found that the annealing difrirs up

to 470°C did not change the magretiion of films. The permeability of the films changed

from 850 to 3000 when the films were annealed at #50while the coercive field was
changed from 5 to 0.6 Oe when the films were annealed at ovelC3Fr the saturation

magnetostriction constant, they found that most of the films had a value of ~30 ppm.

In many studies, they found that some of the amorphous films can contain a nanocrystalline
phase within the fil msé dfecbthepragnetis propatiesof x . T
the amorphous films both positively and negatively. For example, Suri®#] alsed thefr

sputtering technique to fabricate partial amorphous thin films with the composition

FesShoBiocont ai ni ng nke(dd. dhesedilnshad dagnetosttictiorconstant
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of about 6.5 ppm. The films were annealed for 1 hour at about&4Ihis annealing process
increased t he-FeqS)rwihenntheafigzne whichf led o a decrease tire
magneodriction constant to 0.4%pm because t he -Fa i bad negaitea l | i n
magnetostrictive properties. AlsGpissoret al[53] studied the magnetiproperties of FeSiB

thin films prepared by rf sputtering using a,§S# ;B9 target to fabricate films with thickness

80 nm and 305 nm. The XRD results showed that the films were partially amorphous and the
crystalline fraction increased with thickness. The other technique that can be fswCade
amorphousFeSiB thin films & evaporation,for example, Neagu et al [54] fabricated
amorphous FeSiB thin filswith different thicknesses from 100 to 300 nm by evaporating
ribbon with the composition FesSi; sB1s under vacuum. They used MOKE magnetometry to

study the surface magmetproperties of these films. They found that annealing the films
under magnetic field reduced the coercive field from 350 A/m to 18 A/m because the
structure relaxed. Also, fabrication of not fully amorphous FeSiB thin films using the thermal
evaporator s done by Satalkar et[&b]. They deposited three films with thinesses (110,

160, and 170nmirom evaporated amorphous ribbon with compositiopFigB,3. From the

XRD results, theyfoud t hat the amorphous mat fFeirthehad a
range from 3684 nm. The phenomenon of spin reorientation transition, which is detected in

ultrathin multilayer magnetic films, can be observed in amorphous thin films such as FeSiB.

Coissonet al [56] detected the phenomenon of spin reorientation transition in amorphous
FeSi B thin films and found that i1t could be
treatment temperature. The films were fabricated in a range of thicknes688 &5 by rf

sputtering from a Fg Sig Bisztarget. The samples were annealed for about 60 min in a range

of temperatures from 200 to 376. A phase change in amorphous FeSiB thin films during

the annealing is produced by increasing the annealing temperature. Stihgygobwth of
nanocrystalline phases in amorphous FeSiB thin films due to increasing the annealing
temperature was done by Jang dt5dl. They depositedamorphous FeSiB thin films by DC
magnetron sputtering from amorphousgfS@Bio ribbors. The XRD results before the
annealing showed that the fil m&ephasestartedimor pho
grow when the temperature reached R23Anneaing the films for 1h at a temperature of

about 823K | ed t o an o b-fFe Siyphade while the el phhse was not)
formed because its acti v a(Fe Qrcrysaline phgsgsd8lwa s hi o
[59].
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3.7.2Magnetic Properties of Magnetostrictive Amorphous FeGaBFilms.

Addition of metalloid elements such as boron into soft magnetic thin §lrok as FeGa and
FeCocan affect the striare, magnetic and magnetostrictive properties. For example, Xuexu
et al[60] found that the addition of 1% boron into polycrystalling:6e;7 alloy, led to an
increase in the magnitude of the magnetostriction constant from 42ppm to 5Capgm,
increasedhe saturation magneticefd by about3 time compare withFe;sGa 7 binary alloy.

The effect of boron on the structural properties wagproducethree peaksn the XRD
pattern with the A2 phase of bcc Fe (Ga) as a major phase and one peak {Brpkase
which appear inheresult of(Fe;sGai7)99B1 alloy.

Lou et al[61] found that increasing the boron percentage from 0 to 21 during fabrication of
FeGaB films led to the formation of an amorphous structure and the absence of a
polycrystalline structurewhen the prcentage of B wasiore than 9%. \Wile for the B
percentage from O to.® abroad bcc (100) peak was observed. This work included changing
the Ga from B17%, hence there were changes in th&=&eatio from thetarget composition

of FeeGay but they did not discuss the eft of changinghe GaFe ratio in their work. It
wasfound that the saturation magnetization decreased with increasing of, Barditm had
coercivityaboutl OewhenB contentO9 at. %and reduced t6.4 Oefor B content21 at. %

Also, the anisotropyfield, Hi, reduceddramatically from 120 to 30 OghenB content of 9

at. % andreaches 15 Oe & content2l1 at. %.while the result of the magnetostriction
showed that the films had a peak magnetostriction constant of 70 ppm at 12% of Boron. From
the eyplanation of Clark et g62], a minimum amounbf metalloid atoms may be causing
GaGa pair atoms or 8 pair atoms to form, which can affect the magnetostriction properties
and the maximum amount of these atomic pairs can produce clusters leading to a reduction in
the magnetostriction properties. Ging et al[63] worked to improve the magnetostriction
properties of FeGas alloys by adding amous of boron (0.5. 1. 1.5, anda2 %) to produce
FeGaB alloys. Té structural investigation showed that all the samples hgl ffease along

with the expected FeGa RGnd A2 phases. They found that adding the boron to the
Fe,.Gagalloy in 1at% improved the magnetostriction constant to reach a maximum value 92

ppm, whch was 2.2 times higher than the sample without boron.
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3.7.3 Magnetic Properties of Magnetostrictive AmorphousFeB Films

The binary system of amorphobsgB thin films has been studied to understand the effect of
adding boron to the magnetic properties of Fe. For example, Aboaf and KlokB&lm
studied the effect of adding boron dretstructural and magnetic propertie§eB films and
compared the results for amorphous and crystaieB structures. They found that as the
structure transitioed from crystalline to amorphous, the magnetostriction @diasontinuous

with increasingboron percentage. The results showed that the value of magnetostriction in
the amorphous sicture was 2 times larger thdme crystallne value, the magnetostriction
then reduced whelarge amounts > 25 at%f boron were added. The maximurasfiive
magnetosiction valuereached was about 50.3 ppm at the boron percentage aif2and

then dropped with increasing boron amount greater thai%5The films had perpendicular
magnetic anisotropy with low coercive fietd about 0.2 Oe after annealing at 300°C. After
annealing the films between 400 and 450°C, they found that the coercive field increased

quickly because the structure changed from amorphous to crystalline.

Aboaf et al[65] prepared different amorphous thin films by the rf sputtering technique. One
of these films wag$-eB fabricated with a boron content range from 0 toa#@6. The films

had an amorphous structure when llegon content was about 26 at¥nfortunately they

did not present the magnetic and magnetostriction data éfetB&Ims, but theydid present

the magnetic properties of amorphous FeSi films which had discontinuous magnetostriction
when the amount of Si was about 26 at%. The filmsheddthe maximum magnetostriction
value of about 29 ppm and then decreased thghaddition of more SiTheyalsofound that

the crystalline structure of these films was created between 180 afi@.250

Kobliska et a[50] fabricated many amorphous magnetic thin films with thickness range from

0.3 to 0.5 &egm. The films were grown at roor
They studied the magnetic and magnetostriction properties for the films and they found that a

field of about 500 Oe was enough to saturate the films, which had a perpendicular anisotropy.

This anisotropy was removed when the films were annealed at 250 °C Hour; the

annealing was needed to achieve a very low coercive field. The amofpdBfisns showed

larger magnetostriction constant compbvath the other films. For example, the film with
composition FgB,7 had a maximum magnetostiat constanbf about 50 ppm, which was

larger than the amorphous/E®isB2; and Fg;SiioB1g films. The coercive field ofFeB thin

films was slightly lower than amorphous FeSiB thin films.
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Chien and Unrulji66] fabricated crystalline and amorphdesB thin films by sputtering two
different composition targets (amorphdesB and crystalline=eB) and compared the result

of the two structures. Kawai et §b7] studied the influence of film thickness on the
magnetostriction constant of B@ad FggB, thin films relative to the strain within the films.

The study showed that the magnetostriction constant changed from negative to positive i.e.
from -4 ppm to +3 ppm when thtickness was reduced from 4010 nm. They considered

that changinghe saturation magnetostriction constant from negative to be positive was due
to the effect of the strain within the films when the thickness was between 10 amd. 20
Tsunashima et 4b8] fabricated two different types of amorphous filfFsB and CoFeB by
sputtering technique with thicknessrangingf r om 1 em to 1.2 em and
concentration at 2@t%. Forthe FeB films, they found that the magnetic anisotropy of the
films decreased after annealing the fiétB00 °C for 1 hour under rotating field.HE effect

of annealing on theFeB films was to poduce inhomogeneous anisotropyd low
permeability, while the coercive field of theeB films which was 0.50e decreased after

annealing.

Qayes A. Abbas, 2018 & Email: qayes.a.abbas@gmail.com



59 ! Literature Review

Table 3.1 Summary of magnetostriction constant of some materiasls presented

in theliteraturereview.

Material

Fers2Gags g

FessGag,

Fes1Gio
FerGayy
Fer75Gag s

Fegs.Gagse

FerrGays
FersGag
FegdGag
FernsGagrs
FesoCoso

FessCogs
FesCogg

FeseCosg
FessGags

FegsGayy
FesoGazg
FesiGayg

FessB1o

FeSiB
Fe7sSihoB12

(FessGay7)9gB1

FeGaB

Fey.75580.2990B1

Fe7sB2s

Fe7sSixe
FersBy7

FeyeB2

Thickness | f

146.5 nm

500 nm

50 nm

50 nm
50 nm
100 nm
50 nm
10-100
nm
300 nm
240 nm

0.30.5
em
10 nm

(ppm)
147

74

265
17
75

31

60
85
80
60
11

82
159

70
-1300

-2100
-750
-189

50

30
6.5

50
70
92
50.3

29
50

3

Direction
110
100
100
110
110
110
110
110
110

110
110

110
Amorphous

Amorphous
Amorphous
Amorphous

Amorphous

Amorphous
Amorphous

Amorphous

110
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Form

Film

Film

Bulk
Film
Film

Film

Film
Film
Film
Film
Film

Film
Film

Film
Ribbon

Ribbon
Ribbon
Ribbon

Ribbon

Film
Film

Bulk
Film
Bulk
Film

Film
Film

Film

Notes

Forming field
(65 kA m %)
Forming field
(65 kA m' %)

asdeposited
Room
temperature

Annealing (673

1073) K
asdeposited

Quenched
process

Heat treatment
at 300°C for 3 h

Qontains
UFe (Si)

12% of Boron

FeB phase

Refrences

Basantkumar et al
[14]
Hattrick-Simpers
et al R3]

Clarket al[6]
Morley et al[24]
Morley et al[25]

Javed et g26]

Javed et g27]
Javed et 28]
Javed et d29]
Szumiatg 30|
Morley et al[33]

Cooke et a[35]
Takashi et aJ36]

Cooke et a[37]
G.D. Liu et al
[43

Zhang et a[44]
Liu et al[45]
Zhang et a[46]

Tsuya and Arai
[49]

Naoe et a[5]]
Sun et a[52]

Xuexu et a[60]
Lou et al[61]
Cristina et a[63]
Aboaf and
Klokholm [64]
Aboaf et al[65]
Kobliska et al
[50]

Kawai et al[67]
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3.8 Mechanical Propertiesof Magnetostrictive Materials

The nanoindentation method is the most common metidmeasure the mechanical
properties such as hardness and modulus of bulk alloy, ribbon, and film or coating. It
involves creating a very smahdentation in the surface of the filmsually achieved by a
Berkovich indenterThere is little informationrad investigations presented on the mechanical
properties of magnetostrictive #based amorphous thin film$he mechanical properties of

bulk/ribbon magnetostrictive Heased amorphous alloys have been studied.

Lashgari et a[69] investigated the mechanical properties of amorphous §8;B11 25 alloy

prepared by meltspinning. Three specimens were prepa@uorphous specimen, stress

relaxed specimen (400 °C for 0.5 h), and annealed specimen (500 °C for éipolighng

of the specimen surface wasecessary t o get a 0.014 em
nanoindentation measuremenfgbolndenter and UMIS devices were used with a Berkovich

tip. They used an applied load 8 mN in the case of Tribolndantt0i 90 mN in the case

of UMIS device. In their study a single loading and multiple unloadimedpading
investigations were undertakefo prevent the effect of the indentatiams each other, they

setadi st ance between indentations of about 20
of the data for 20 indents.

They found thain the singé-step nanoindentation methdtle heat treatment at 500 °C for 1

h reduced the displacement of the amorphoescsp men fr om a ma&nmmum vV a
to al59.45 nm. Whi | e t hehincreaged the hamlreessmmemli0 a't
GPa t oGPaahdtheZeducedelasticthai | us from 4160 ddterml t o a2
annealing timsof about 3 h reduced bottalues of the hardness and reduced elastic modulus

to &Baa8d 4200 GPa respectively.

For the multistep method, which used different cycles (3, 51@), they found in the
amorphous specimen there was a small increase in the hardness, whilaited raddulus

was unchanged. They found that the stretaxed specimen showed softer properties, for
example, they found the maximum value of penetration was higher in comparison with the
singlestep method. While for the amorphous specimen, the maxinalue wf penetration

found in the singlestep method was slightly bigger than the msiiép method.

From their result, they mentionelatin the crystalline specimen due to the heat treatment,

the decreasing value of tineaximum penetration represemtsigher hardness in the case of

the multistep method. This decrease in penetration depth was presented as a result of the
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strainrhardening responsdélso, they found that this straimardening reaction presented in
crystalline specimen was extremely difat comparé with both the amorphous and stress
relaxed specimens. Further, they explained that in the crystalline specimen, the behaviour of
hardening is due to the entanglement and interacfiahslocations with each othand also

due to grain boundes which lead to increasing the hardness.

Lashgari et a[70] studied the effect ahe presencef Cu and annealing temperature on the
mechanical properties of three types of-dased alloy ribbons in comptens
Fego.75518B11.25 (specimenl), Fes sSio.dB126L U 28 (Specimen2), and FeseSiygB17.74C U g5
(specimerB) prepared by the medpinning method.

Nanoindentation technique type UMIS device with a pyramid Berkovich tip vweabwish a

range of lods (1690 mN) at incrementsof 20 mN at room temperature. To avoid the creep
effect, three seconds were enough to hold the indenter at the peak load. Also to avoid the
effect of indentations on each other, the distance between them was about 20 mm. Their
results were averaged at about 75 for each sample. In a diamond solution, the senmgles
polished to 1e m sur face roughness. They studied tF
hardness and reduced modulus.

They found, in all three types of amorphous yalkpecimens, the hardness and reduced
modulus reduced with the increase in the load from 10 to 70 mN and further loading > 70 mN
did not noticeably affect the variables. The reduction of the hardnessoifsFB11 25 alloy

was 7.6%, which was harder than the others, while the hardness of the alloys
Fess.Sip dB12.6LU1 28, and Feg ¢Sih gB17.74C W g5, reduced by 25.3% and 23.3% respectively.
Also, they found the elastic modulus of thed=€5isB11.25 alloy in amorphas structure was
greater than both  E£Siy oB12.6L W 25, and Feg ¢Siy sB1774C WU g5 alloys. After annealing the
samples, they found that the hardness and elastic modulus were larger thafalieated
amorphous samples. They found the heat treatrfor 1h of Feyo 7:SigB11 25 alloy at 500°C
improved the hardness and elastic modulus in percentdd®s and 40 respectively. Also,

the heat treatment for 1 h of &&SigdB12.6£C U128 alloy at 470°C improved the hardness
(61%) and reduced modul{&41%). While the heat treatment foh bf Feg ¢Sii gB17.74Clh g5

alloy at 46(°C caused an increase in the hardness (42%) and elastic modulus (90%).

Chan et al[71] studied the effect of both the thickness and the surface properties of the
substrate on the mechanical properties (hardness, elastic modulus, and yield strength) of
magnetostrictive FeCo thin filmsThe films with thickness 0.9, 4, and 4.1 pm were
deposited on either Si with thicknesses 2 and 7 umi@Alli 4V substrate with dimensions

19x19 mm and thickness 6.4 mm. Th&6AlT 4V substrates were manufactured by electrical
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discharge machining (EDM) method. Twoi BAlT 4V substrateswithout polishing were

used for FeCo films with thicknesses 0.9 um and 4.1 pm.

Two mechanically polished T6AIT 4V substrates were used for FeCo films with thicknesses

1 um and 4 um. Two electspolished Ti 6AlT 4V substrates were used for FeCo films with
thicknesses 0.9 and 4.1 um. Nanolndenter technique with a diamond Berkovich tip were used
to measure the mechanical properties o$éifigms. They set the surface approach velocity at

5 nm pe second and the limitation afidentation depth was 2000n. For all the samples,

they used an array of 5 indents with a spacingioft3nm.

They analyzed the result by MTS® data software, which follows the method of
Giannakopoulosand SurestY] t o measure ftshe yield strength

They foundthat the hardness, ¥ungoés Modul us, and yield str
differentthicknessesandsubstratesas summarized in the tal{f& 1)

Table 32 summarize the results Ghan et a[71] work.

Film/substrate Polishing | Thickness | Hardness | Young 6 s N yield strength

(um) (GPa) (GPa) (MPa)
FeCo/Si _ 2 5.5 165.5 1830
FeCo/Si . 7 5.4 170 1800
FeCo/Ti-6Al-4V 0.9 10.4 164.8 3470
FeColTi-6Al-4V 4.1 8.7 206.1 2830
FeCo/Ti-6Al-4V = mechanical 1 8.8 187.3 2930
FeCo/Ti-6Al-4V | mechanical 4 8.2 176 2730
FeCol/Ti-6Al-4V | electro 0.9 10.7 167.7 3570
FeCol/Ti-6Al-4V | electro 4.1 8.5 201.4 2900

They measured the mechanical properties of FeCo/Sre@d/ Ti 6AlT 4V films, which are
good data for magnetostriction FeCo films, but they did not discuss the effect of thickness
and the substrate surface on these properties and they focused on the effect of thickness and

substrate surface on the interfaceghness of the FeColBAITi 4V samples.

Jen et a[73] studied thanechanical propertiesuc h as Yo u nsgma$ardmessj ul us,
H, of magnetostrictive ke, CoGaofilms where x is in the range 0, 3, 7, 11, 15, and 19. The

films were grown by the dc magnetron sputtering technique with thickness 2500 A. They
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used a nanoindenter t o merdness. Tley foumckthattbothaf g 6 s
EsandO of the Fg; 1 GoGao films were affected by increasing the percentage of

They found the Youngds mox=0,ltoulss GPa dtgfcadgd f r om
and after that increased from 115 GPa to 145 GPa, =atl9 at% While the hardness
increased from 6.%Pa, atx =0to 7.5 GPa, at x 7 at% and after that decreased from 7.5

GPa to 5.7 GPa, at %19 at% Further, they reported that the film with composition

Fe;2Co19Gayg showed the optimum properties from all the FeCoGa samples investigated.
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Chapter 4 Experimental Techniques

This chapter describes the main experimetagiehniquesused in this study, which involves
four main sections. Firs$ abrief description of the common thin film fabrication techniques
and the growth mechanism. Secasda brief description of the esputteringevaporation
technique, whichs used to fabricatéthe magnetostrictive amorphous FeSiB and FeGaSiB
thin films, anddescribedn details the growth of FeSiB and FeGaSiB films under different
growth parametersThe third part includes the sammeeparation In the fourth part of this
chapter, the experimental characterization techniques useltesminethe structure, film
composition, magnetic properties, magnetostriction constant, and mechanical properties are
described. The characterization techniques used incluBayXDiffraction (XRD), X-ray
photoelectron spectroscopy (XP3JagneteOptical Kerr Effect MOKE) magnetometer,
vibrating samplemagnebmeter and nanoindentation technique. Also, this chapter includes a
brief description of the Villari effect method which used to measweartagnetostriction in

this study.

4.1 Thin Film Fabrication Techniques

In general, therareseveral fabrication techniques designed for the growth of thin films. The
technique used depends on the requirements of the application for the sample and the
behavour of the source material to be used. These techniques have some limitations
including the size of theubstratelow melting point materials, and the nature of the target.
The fabrication of thin films can be categorizedointvo classes: the first ckass the
Physical Vapour Deposition (PVDg¢hniqueand the second classthe Chemical Vjaour
Deposition (CVD) technique

For PVD techniques, the basic fabrication of the thin films is by the physical transportation
of atoms directly from a source matdr{target) to the substrate in a gas phase PVD

techniqus can be classified in tHaock diagramas seen ifrig. 4.1

69
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‘ Physical Vapour Deposition

(PVD)
| | 1
Sputtgnng Evapon.'atlon Reactive PVD
techniques techniques
. DC Magnetron Thermal J Pulsed Laser
DC sputtering sputtering evaporation ‘Deposition (PLD)
RE sputtering’ RF Magnetron E-beam _J Molecular Beam
P g sputtering evaporation ‘ Epitaxy (MBE)

Figure 4.1 Block diagramslassifyingthe types oPVD techniques

For the CVD techniques, the fabrication of thin filmsashieved by reacting the atoms
chemically upon the surface of the substrate. CVD techniques can be classified as shown in

the block diagranas seen iifrig. 4.2 below;

Chemical Vapour
Deposition (CVD)

Plasma Low-Pressure Metal-Organic
Enhanced CVD‘ CVD CVD

Figure 42 Block diagranclassifyingthe types of €D techniques

The growth of thin films is normally achieved under vacuum. To achige qualitythin

films, they need to be fabricated in a high vacuomavoid contaminationThe base pressure

of thesesystens is 10° mBar. Also, the quality of thin films can be affted by fabrication
technique, which can affect the stress within the film, adhesion of the film to the substrate,

the density of the film, the grain size and the thickness uniformity.
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4.2 Thin Film Growing Mechanism

Thin films producedby PVD techniquesgrow via different growth mechanisms on the
substrate. These mechanisms consist of nucleation, adsorption, surface diffusion, and
interdiffusionuponthe substrate surface [1]. These mechanisamalso be affected by the
properties of the substrate andterial source to be deposited a thin film. Figure 4.3

shows the common mechanisms for film growth.

Venables et al [2] explained the nucleation process and films growth. Their explanation
focused on the quantitative nucleation theories, the formafidiints thermodynamically,

and they used experimental data with physics mechanisms to check these theories. For the
deposition process, the adsorption reaction process occurs, which includes the surface
adsorption when impinging atoms interact as a gasephath the substrate surface. The
adsorption process can be eitlaephysical or chemical proceshysical adsorption occurs

when any particle is bound etretchedut keeps its identity and bonds to tweface by van

der Waals forcewhile chemical adorption happens when the identity of the particle changes

and bonds to the surface in either an ionic bond or a covalent bond.

Venables et al [2], showed that the growth of films can occur via three different processes.
The surface diffusion process Isetinitial stage to start the nucleation and cluster formation

to grow the film. This happens due to the strong bonding between the atoms and a weak bond
to the substrate. The process, in this case, is identifiad ist&andor VolmerWeber mode.

The stallity of forming clusters, at any site on the surface, is not stable and the clusters have
an ability to rearrange themselves through the diffusion of atoms, mixing the species, and by
the coalesceoe process. The diffusion process depends on the surfalmétynand it takes

place in many stages as the film is formed. The surface mobility is affected by the
temperature of the substrate and the energy of the atoms. The movement of an individual
atom leads tdouilding of small clusters and then by the coabsce process and the re

arrangement of these small clusters into large clusters (islands).

In the sputtering technique, the sputtering gas pressure is a parameter that can affect this
growth mode because a higher gas pressure can affect high energy atoms thermally by
scattering. This will influence the diffusion mechanism of the atoms on tistratgosurface,

which leads to defects such as voids within the film. The growth motey@fby layer is

known as Frankvan der Merwe mode. This mode happens if the atoms are strongly bonded

to the substrate surface more than to themselves. This leagstimg a whole monolayer on
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the substrate surface, which will be covered with a second layer that is less strongly bound to
the first layer. Another mode for film growth can be in both modes of layers and islands. This
growth mode is known as Strangkiastanov. In this mode, the growth will be started by
deposition of a monolayer and then the next layer willfiavourabletherefore, islands are
created as a second layer. The reasons for Strnakianov mode could be due to many

factors, which leatb the decrease in binding energy.

Condensation Re-evaporation Diffusion and formation
of clusters
@
& Small cluster

T‘ l [ Lafgec'i‘“" l coalescence

!

i — ———
() (h)

Islands
Layer by layer Monolayer / \

_semssssssssess - addvadaba.

) )

Figure 4.3 Schematic diagramstbfn film growth mechanisms deposited by PVD techniques (a)
diffusion of atoms and revaporation (b) nucleation, clusters, and coalescence (c) layer by layer
mode (d) monolayer witilslands modadapted from referende].

4.3 Film Thickness Uniformity

Film thickness uniformity is very important for applications and can change the properties of
the film. The thickness uniformity can be affected by the substrate roughness, growth
mechanisms and the substrate size. Also, film thickness uniforfihicah be affedby the
targetsubstratalistance, the sputtering powand gas temperature, which lsad changen

the deposition rate. While the substrate size is important, asiitespg thefilm thickness
decreases across of tk@mplelength.It is found thaffor the sputteringsystem used in Ref.

[4], there is a 5%edudion in thickness far from theente of the sampleq] which can be
different for different techniqguesherforg a large sample size leads to a 8ifferencein

thickness across the surface.
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4.4 Film Purity

The film purity can be affected by many factors depending on the type of deposition
technique. For example, in the evaporation technique, the chemical purity of the film depends
on the percentage afontamination presenin the source material, the heater, and the
crucible. The residual gases in the chamber such,a8@ HO, and CQ can also be a
source of contamination in the film. Also, the chemical purity of the film depositatieby
sputtering technique can be affed by many factors such as the puritythef used gas, the
purity of the target material, and the residual gases in chamber mentioned above. In this
work, the films deposited by the «putteringevaporation technique caufferfrom all the

factors presnted above.

4.5 Thermal Evaporation Mechanism

Thermal evaporation systems are used to fabricate thin films from materials, which are
evaporated. Théasic principle of the thermal evaporation process is to heat the source
materials within crucibles, inxacuum chamber until the atoms have enough energy to leave
the crucible and transfer to the substrate. The thermal evaporation process is shown
schematically irFig. 44. The source materials are placed either dsoat orcrucible, which

are heated to suitable temperaturiaroughproviding power to the crucible by a filament or
supplying an electrical currerdcross theboat or wire. The source materials can be
evaporated at different deposition rates. The deposition rate is influenced by many
parameters, including the distance between the source matertheautbstrate, the chamber
geometry and pressure, the source mdtegraperature and evaporation pressure. The film
may be contaminatd by the reaction of the evaporated material with the bulk material of the
crucible or boat. Thus the quality of the deposited film can be influenced by the material of
the boat or crucibleGenerally, the way to avoid the contamination of the source materials,
are to use boats manufactured from refractory materials, which have a high melting point
such as molybdenum (Mofantalum (Ta), and tungsten (W), usecrucibles manufactured

from refractory ceramic materials such as alumina@4), graphite (C), boron nitride (BN),

and zirconium.
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Substrate I
holder §
It 1]
Vacuum
Evaporation R ‘ <71 chamber
atoms g
Source ‘
material ‘ |
Crucible = -] source
T T shutter
Vacuum
pump Power source

Figure 44 Schematic diagram a@hethermal evaporation mechanism

4.6 Sputtering Mechanism

The sputtering technique is a physicapear deposition(PVD) techniqueused for the
fabrication of thin films under vacuunthe main parts of this technique atiee anodeand

the cathodeoles, which used to generate the potential base of the plad@avoltageor

radio frequency(RF) supply, vacum pump, vacuum chamber, magnetromert gasand
substrate holdeas shown irFig. 45. The basic principle of sputtering is that the sputtered
atoms are physically removed from the surface of the sputtering targebdaybardment
process using ions of the inert gas in plastita 45. The removed atoms then travel from
the targetto the substrate to start the film deposition. The sputtering mechanism is
characteded as a mechanical process rather than thermal or dientcform the target

material into the vapour phasg.[
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Substrate holder N + Anode =
[ ]
Vacuum Substrate —> W
“— Film
pump ; ‘
Sputtered atoms ~ | ‘ ‘ ‘
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«— Target
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Figure 45 Schematic diagram of sputtering mechanism.

By applying a large negative voltage to the cathode and groggitite anodeas shown in

Fig. 4.5 as the generated plasma has a very high conductivity, a larger magnitude of the
applied voltage is dropped by the cathode; this will lead to an ion bombardment process.
Another interactioroccurs between the ions and the surfagkich is the generation of
secondary electrons. Therefore, at the surface of the sputtering target, ions and secondary
electrons aremited from the surface. The emitted electrons will accelerate into the plasma
leading to more ionising collisions. Salfistaining plasma is formeflom the emitted
secondary electrons. The collision of the sputter gas with free electrons leads to the ionisation

of gas in the plasma.

The sputtering technique cae classified into two classd3C andRF. DC sputtering usea

DC voltage generated by a power supply to provide both the target and the sub#trate
suitable potential ani$ used to sputter conductive materi&$. (radio frequency3puttering

is usal to sputter insulator materials. the case ofmon-conductive materials, the charge of
the ions staylocalized after hitting the surface of the target and with time positive charges
will accumulate onthe target surface, leading &m infeasible additional bombardf the
target surface. This problenart be solved by bombarding the rmonductive target material

using both positive ions and electrons at the same time. To achievartiRe, potential is
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applied to the target. The RF potential wods an energy provider to the electrons to
oscillate them in an alternative field thus producingionizing collisions in addition to
maintainng the selfsustained discharge hik type of dischargef the potential gradienis

high enoughwill acceleratehe freeelectrons to ionize the atoms by more collisidn this
case, due to the high mobility of electrons in comparison thiéhmobility of ions, more
electrons reach the naonductive target surface when the positive bias of the RF voltage is
applied, while a few positive ions reach the target surfacengl the negative bias of RF
voltage and then the target body becomes negativbisskd.This fends off the electrons
from the near area of the target surface and builds up a casing laakigh number of
positive ions near the surface. In this cdbe, positive ions will bombard the target surface

duringsputtering process.

The efficiency of the sputtering process can be increased by increasing the number of
collisions thatareachieved by secondary electrons before they reach the anode. To achieve
this, a magnetic field is applied, by using strong magnetpriine the secondary electrons

in a path close to the cathode. The configuration of the magnetic field is cdyngeoeated

by a planar magnetronThis usesmagnets beneath the target at right angles to generate a
magnetic field with a parallel component to the surfdd¢e secondary electrons, which pass
across the lines of the magnetic fielthdergoa force towork themforward toward the

target surface with a cyclical movement. Therefore, at the magnetron for sputtering, the
magnetic field traps the electrons near to the target to promote the plasma density and thus
sputtering rate. The sputtering system tmesadvantagethat the deposited films are uniform,
dense, and can hawevery small grain size. The substrate temperature also changes the
crystallinity and the density of the deposited films. The substrate temperature can be modified

from room temperature to 50C~>°
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4.7 Growth Parameters Which Effect Film Properties

In the sputtering method, the properties of the deposited film depend on several deposition

parameters.

4.7.1 GasPressure

Typically, the pressure is used to provide the required inert gas to the sputtering process. In
addition it can work as a moderatty the sputtered atoms from the target. The pressuane is
essential parametewhich can influence the structure and magnproperties of the films,
therefore, changing and conting the pressurwiill affect these properties. In sputteringsit
possible to apply a low pressumghich leads to the sputtered and reflected atbmsng

higher energies compatavith the plasma ionson reachng the substrate. In this case, the
sputtered atoms reach the substrate with a high surface mobility. While at higher pressure, the
sputtered atommcreasethermally [7] as a result of the increase in the amount of collisions

by the plama ions before reaching the substrate surface. Therefore, the sputtered atoms will
have low surface mobility. As a result of the effect of pressure on the sputtered atoms during
the deposition of film this can lead to a noticeable effect on the strucamd magnetic

properties of the film.

4.7.2 Target-Substrate Dstance

The distance, which parategshe target and substrate, has an effect similar to the effect of the
sputtering gas pressure on the growth mechanism. Reducing the distance between the target
and substrate leads #n increase irthe mobility of the sputtered atom at the substrate
surfa@. While increasing this distance leadsatreduction irthe mobility of the atoms at the

surface.

4.7.3 Sputtering Target Power

The power can affect the sputtered atoms and hence the properties of the deposited film in a
similar wayasdescribedor the sputering gas pressurét a lower sputtering target power

result insputtered atomwith low kinetic energy and hence lower mobiliiy the substrate
surfacewhich leads t@ tensile stress itme film. Increasing the sputtering target power leads

to anincreasen the kinetic energy of the sputtered atothsisanincreasan the mobility of

the atoms at the substrate surface, which leads to a compressive stress within the film.
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4.7.4 Sputtering Rate

The deposition rate of the sputtering process increasesheithcreasing sputtering target
powe and decreases with decreaspayver.Increasing the target power leadsatoncrease

in the potential of the cathode and hence incr@asee bombardment processhis leads to

an increasein the number of sputtereatoms from the target and henaeincreasein the
deposition rate. Also, the deposition rate can be affected by the sputtering gas passsure,
increasing the pressure leadsatoincreasen the plasma density and hence thenber of
collisions betweenthe sputtered atoms witthe plasma ionsThussome of sputtered at@n
will return back to the targeieading toa reduction in thexumber of atomgo reachthe
substrate thereby reducirie sputteringdeposition rate. Further, using the magnetron in
cortact with thetargetleads toan increasein the deposition rate by produciregdenser
plasma on the target surface, which leadsntimcreasan the sputtering rate even e case

wherethe sputtering target power is constant.

4.8 Co-Sputtering and Evaporation Technique at Sheffield

4.8.1 Co-Sputter-Evaporation Deposition Chamber

The deposition chamber of the -sputteringevaporation technique8], which was
manufactured by Kurt J Lesker Company Ltd, includes two growth parts: one sputter target
ard one evaporator source to deposit thin films. The main parts of this chamber are shown
schematically irFig. 46. In this project,FeSiB and FeGaSiB thin films were fabricated. To
produce the filmsthe FeSIB ribbon target was sputtered, while the gallivas evaporated
because the gallium has a low melting point (30 °C) and a high vapour point (1100 °C). Both
processes, the FeSiB sputtering and Ga evaporation, were done at the same time. In the
current study, the growth parameters (sputtering power, s\pgsssure, and Ga evaporation

rate) were changed while the substtatigjet distance was fixed at d = 60 mm. During the
growth process, the substrate holder was rotated to remove any magnetgfieffecthe
magnetron field and to gehaniform film thickness on the substrate. This rotatbamalso

help the films to haveiniform distribution of Ga atoms, hence uniform Ga composition,
because the evaporation crucible is located at the side of the deposition chamber as shown in
Fig. 46. For growth underdifferent temperatures or annealing the samples under high
vacuum, the substrate can be heated up to 5009PCFfom above, the system can

manufacture the FeSiB and FeGasSiB thin films over a range of growth parameters.
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Figure 46 Schematic diagram of ¢hcosputteringevaporation chambezdited from

reference 8] .

4.8.2 Co-Sputtering and Evaporation

The caosputteringevaporation system is designed to use the sputtard the evaporator
either individually or working at the same time. The DC spettesr usedto deposit the
FeSiB thin film with different growth parameters, such as power detsitpntrol the FeSiB
deposition rate. The DC magnetron gun of this system has a diameter 50.8 rarReshB

ribbon targetis used in three layers with 23 pum thick for each. In the evaporator, changing
the temperature of the Ga source controls the rate of Ga evapofatiesample,a higher
amount of Gas evaporatedt a higher temperature. The stability of Ga rate is digrdron a
stability of Ga temperature, which is controlled by applying power to the heater across the
crucible. For this technique, computer software is used to control the film groldlbase
pressure of the systei® (8 x10° mBar), the deposition rateof Ga source and FeSiB target
are measured using rate thickness monitors |
thickness is determined from the FeSiB rate monitor reading, which is calibrated for FeSiB
and FeGasSiB thin films. The propertiesboth films were affected by the growth parameters
such as FeSiB power densitPr{sip, Ar gas pressure far), Substrate temperature, Ga
evaporation rate Rgy), and substratearget distance (d). Therefore, the properties of
deposited films can be stedi for a range of growth parameters, this can be considered as
one of the advantages of this technique. Themgteringevaporation mechanism is shown
schematically irFig. 4.7.
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Figure 47 Schematic diagram of egputteringevaporation mechanism

4.9 Sample Preparation andT arget

The casputtering evaporation technique described in section (488Was used to deposit
FeSiB and FeGaSiB amorphous thin films. The formation of the amorphous films was made
without rapid quenching methods. The films wen®mwn on Si (100) substrates with
dimensions 10nm x 15mm, which were washed using acetone and isopropanol (IPA) before
deposition. Three Si substrates were used per film graatthched toa glass slide using
polymethyl methacrylate (PMMA). To determitige thickness of the films accurately, a
PMMA blob was put on one Si substrate before growth using a small stick of wood

(toothpick). Aftergrowth,the PMMA blob was washed away using acetone, to leave a sharp

edge, so that the film thickness could be suead. The ferromagnetic amorphous thin films

investigated in this thesis were sputtered from an amorphous Metglas 2605SA1 ribbon with
bbon

The targets prepared for tisputer technique involved three 5 cm diameter thin discs cut

composition FgSijoBs.

The startd.

ng

roi

wa s

15.

2

c

from the Metglas ribbon material. The three thin discs were placed on the target sputter gun,

with a 2mm Fe target between the Metglas target and the gun electrode to intensify the

sputtering rateThe three Metglas targets were used to avoid dajmageh canbe producel

from the plasma on the surface of the first top target such as pinholes which can be covered
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by the next target underneath, hence avoiding to spugtdre iron plateunderneathThe

holder including the substrate is shown schematicaliign4 8.

Substrate holder Cehass slde Substrate

Figure 48 Schematic diagram of the substrate holdethefco-sputteringevaporation

chamber.

4.9.1 Growth of Amorphous FeSiB Thin Films

In this part: The first study of the experimentark was to investigate the influence of the

FeSiB thin filmthickness. The first film set was grown with a thickness range from 24 to 100

nm. The films were grown at a chamber presspg ¢f4e bar and sPgddafer pow

20 W by sputtering onlyMetgles FesSiioBs ribbon with the evaporator turned off. The
second film set was to grow the films with
all other parameters constant (sputtering power atW2@hickness at 5cim, and the Ga
evaporatio rate at zero). The third film set was growing the films with a range of powers
from 20 W to 70 W and keeping all other parameters constant (gas pressuee atadr ,
thickness at 5ém, and the Ga evaporation rate at zero). The fourth set was to groer thick
FeSiB films with a range of thickness (290, 425, and 668) nm to study the mechanical
properties using nanoindentation technique. The gas pressure wasaaf dputtering power

at 20W, andRg,= set to be zero.

4.9.2 Growth of Amorphous FeGaSiB Thin Films

The second part was fabricating FeGaSiB thin films by sputtdiietglesFessSiioBs ribbon
and using Ga as a source material in the evaporator. Five sets of FeGaSiB thin films have
been grown by the esputteringevaporation technique with different condits. In this
technique, there are two sensorgte monitos, used Fig. 4.7 oneis placedupper the

sputtering to measure the sputtering rate of FeSiB atoms and the secosglaned upper
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the evaporatomysed to measure the evaporation rate, with the evaporation power being varied
to achievea constant rate during growthhe first set was growing the films with different
thicknesses ranging from 2¥in to 100nm at the sputtering powePgsip of 20 W, Argon
gas pressuref,) of 4 ubar and Ga evaporated with a constant arbitrary Rates 0.2. The
second set was growing the films with a range of gas pressure start frioan ¥ 8ubar and
keep other parameters constant (sputtering power\at, 20ickness at 5am, andRs,= 0.2).
The third set was growing the films with a range of sputtering powemstéom 20 W to

70 W and keelpg all other parameters constant (gas pressureuéiad, thickness at 50m,
andRs,= 0.2). The fourth set wasa@wing the films with range of Ga evaporation rates start
from 0.2 to 0.6 and keapy other parameters constant (gas pressure |dtad, sputtering
power at 20/, and the thickness at 5Bn). The fifth set was to grow thicker FeGaSiB films
with arangeof thickness (283, 450, and 640n) to study the mechanical properties using
nanoindentation technique. The gas pressure wagiba® sputtering power at 2%, and
Rsa=0.2.

4.10 Characterization Techniques

A range of structural and magnetic characterization technigaesused to characterize the

different film sets.

4.10.1X-Ray Diffraction

X-ray diffraction (XRD) is a structural characterization technidi@} ised for investigating

the structure of materiais bulk, powder, and thin filnform. The incident Xray beam on

the material is scattered by the atomic planes or it is transmitted through the material. The
diffraction of incident Xrays from the atomic planes creates constructive interference when

the mth differencesconformt o Br ag g 6 s i 4+ r@wl(, whkelde dsefensdo the
interplares pa c e, n refers tastheéreorn cher defntr eafnilged et, |
wavelength of the Xay used. The incident-Kay transmits the materiahd interacts with its

atoms [1]. Thenegativelychargedp ar t i cl es (el ectrons) of the
directly with the electromagnetic field of the transmitteday; this will leadto scatteringpf

the X-ray elastically in direction awafrom the tested material 1}, Fig. 49. Further, the
electrons of the atoms oscillate as a result of the field associated with the incidgnaixd

leadingto the generatiof eledromagnetic waves which matah wavelength and phase to

the used Xray[11].
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Figure 49 Schematic diagram of the interaction betweera)Xand materiabhdapted from
referencg12].

In the case of thin film measurements, thea¥ passes through the substrate and measures
both the film and the substrate. Thera§y beampasses through divergence slits befibiie
incidenton the sample and reaches the detector after passing through a receiving or detector
slit of width 0.6 mm. Properties such as the structure, phase identification, grain size, and
texture can be measurdy the XRD. In this thesis, the Bruker PBasettechnique with Cu

Ky iradiation (wavelength 1.54184 A) was used in standard scan tygeg@ometry, as

shown in the schematic diagram of theay diffractometerFig. 410, toanalyset he f i | md s
structure. The XRD technique was used to check whether the films grown by -the co
sputteringevaporation technique were fully amorphous or if they contained nanocrystalline
clusters within the amorphous matrix or they were polycrystalline. XFreey generator was
worked at 30 kV and 10 mA and by running tKeay diffractometer at small step size of

0.02 and a scan speed of 0.1 deg/min, Xkeay pattern was obtained. In this thesis, the 2
range from 30 to 80was used to check the structuretod films (for bcc Fe @ ~ 45 and for

bcc FeGa 2 f) and silicen substrate 2= 69.8, 61.7, and 33), and the g range from

35 to 55 was usedo avoid the Si substrate peak
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Figure 410 Schematiadiagram of XRD technique in standard scan tgf#g geometry
adapted from referendd?].

For cubiccrystalline materials, the lattice parameters of the materials are calculated using the

formula:
A — (4.1)

Where oa-riay wheekengt h, d is thehktagdedtbe of Br
Miller parameters of the diffraction planes.

Measuring the grain siz&( ) of materials g XRD data can be achieved by the Scherrer

equation [B]:

0 8 (4.2)
Where b is the full widoh bhetpeakal @8 maxi me
the reflection, and & is the XRD wavelength.
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4.10.2 Atomic Force Microscopy

The atomic force microscope (AFM) is designed as a scanning probe microscope to measure
surface propertiesuch as thickness, topography, and roughness. The AFM is used to obtain
an image by scanning the probe over a very small surface area of the sample. It measures the
force between the probe tip and the sample surface. The probe consists of a sharphtip, whi
has a 36 um high pyramid, including a 380 nm end radiusAFM can be utilized in contact

mode, in norcontact mode, and in tapping moded][1in contact mode, the used tip is
continuously in contact with the sample surfdcethis mode no oscillation measurements
arerequired togain the images of the surface features. When the tip scans the surface, the
repulsive force leads to the cantilever deformation to assimilate the changes in surface height.
A positionsensitive phai-detector is used to mdar the deformatiorwhich hasoccurred in

the cantilever by sensing the reflected laser from the upper side of the cantilever related to
changes in the surface. These changes are recorded as data and converted as the topography
images of the surface. Thesddvantage of this mode is that across the scanning process both

the sample surface and the tip can be damaged as a result of the forces linked between them.

In nontcontact mode, the cantilever tip oscillates near to the sample surface avitary

small space around 1@m. The oscillation frequency of the cantilever is about {400)

kHz, which is close to the cantilever resonant frequefiéye resonant frequency of the
cantilever and oscillation amplitude are changed due to the attractive force béthween
sample surface and the tiagain these changes are recorded as data and converted as the
topography images of the surfadéon-contact mode does not cause damage to the sample
surface ass the case focontact modebut thesample surfaces are cantinated in the air by

a contamination layewhich can lead t@ redution in the image resolution. Consequently,

an ultrahigh vacuum igestused in the noigontact mode for a high image resolution.

The operatiorof tapping mode (TM) is through tapping the surface bysuillatingprobe
tip. To overcome the restrictions of the contact and-cwrtact modes, tappingode was
used to removéhe profiling forces that can affect the sample surfacetl@desolutionof
AFM image. The resonance frequg of the cantilever oscillatn is usually about 300 kHz

and the amplitude itherange from 20nm to 100nm.

In this work, a tapping mode AFM based on the Veeco Dimension 3100 was used. A standard
Si-cantilever tip, catedby areflecing layer of Aluminium to increase the laser reflectivity,

wasused at the resonance frequentybout 276313 kHz. The radius of this tip is about 7

Qayes A. Abbas, 2018 Email: gayes.a.abbas@gmail.com



86 | Experimental Techniques

nm, which is less than the ideal grain size of thin films which is > 10 nm. The staidard
cantilever tip was used to take the topographic image. From analysing the image by software,
the rootmeans quar e (RMS) surface roughness of the
crosssectional analysis of the AFM is used to determine the graencdithe film. This is

achieved by plotting three straight lines at different locations of the image. The schematic
diagram of AFM is inFig. 411. AFM was used to measure the thickness of the thin film,
surface morphology, surface roughness, the grain size, and 3D surface topography. In tapping
mode, AFM was utilized to determine the film thickness by producing an edge or step

between the surface tfe substrate and the fabricated films.

Feedback loop

.| Controller } 1
Electronics

==
y ' laser
)

: Scanner

L

Dey
Cc
tor piezo

K. Tip
T

Figure 411 Schematic diagram of AFM tapping mode.

For measuring the filmbés thickness, it was
achieve that, a PMMA blolwas put onthe Si substrate before depasit as outlined in
section4.9. After the deposition process, the PMMA blob is washed away using acetone, to
leave a sharp edge, so that the film thickness could be measured, as the AFM tip scans across
the surfacethereforejt will scan two high levels (step height), the difference between these
levels will give the kight of the film which represents the measured thickness. As shown in

Fig. 4.12, the film thickness was 86nfar FeGasSiB film
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step.

4.10.3 X-Ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is a surface analysis teclusigifer investigating

and analying the chemistry ofmaterials surfacsuch as thin films. The XPS technique is
able to measure the composition and chemistry of elements at the sairfaagerials. It is

one of the guantitative techniques whichs an ability to count the number of recorded
photoelectrons for a specific transition, which is directly proportional to the number of atoms
on or near the surface of the material. The deteatgion is within the top 10m from the
surface. The main parts of XPS instrument, are electronic gun, energy analyzer, electronic
lens, Xray source, monochromatic crystal, charge neutralizer, detector plate, vacuum
chamber, and UHV pump. As shownhig 4.13.
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Figure 4.13 Schematiadiagram ofan XPSinstrumentadapted from refereng5] .

The typical XPS technique involves-¥y source, ultrahigh vacuum chamber provided by

UHV pump, an electron energy analyser, and data analysis sy&esmalysis the surface of

a samplethe sample is located @sample stage in the chamber undigrahigh vacuum. X

ray photons, incident on the sampdee usually generatetly hitting a highenergy electron

beam, using electron gun, on an anode pradificen Mg or Al elementsWateris used to

cool the anodewhich is heated by the incident electron energy. The photoelectrons, which
have enough energy to leave the sample into the vacuum chamber, can be separated and the

energy dispersive analyzer usedccountor them.

The surface analysis of XPS can be applied on the material surface to: identify the elements
presented at the surface (qualitative analysis), to determine the concentration of elements at
the surface (quantitative analysis), and tontdg the chemical bonding statef elements

within the surfaceAlso the distribution of elements across the surface of material can be

identifiedwith elemental images and maps. Anotseerdy ofthe sample surface depth ptefi
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XPS analysis, which incle$ removinglayers from the surface of the sample during the
measurementn this way, the XPS analyses will provide the compositioth@sample with

increasing the deptimovingfrom the surface ta deeper depth in the sample.

When a photons incidenton amaterialsurface, there are three possible actiovisich can
occurwithin the material:firstly, the photorpasseshrough he material without interaction;
secondly, the photon can be scattered inelakgidy an atomic orbital electron leadingito
partially losing energy finally, the photon energy can be absorbed by an atomic orbital
electron causing the electrdo be releasedrom its atonc orbital In thelatter case, this
interaction will lead to the photoelectric effe€he photoelectric processn occujust when

the photon energy is higher than the binding energy of the ejected electron. Therefore, the
main principle of XPS is based on the interaction between the electrons and the photons of
the Xray, the absorptionfohigh energy Xrays by electrons allowing for the release of
photoelectrons from the surface, which are detected. Two types of electrons can be ejected
from the surface; photoelectrons and Auger electrohs. fhotoelectron process and Auger
process arergsented irFig. 4.14. Thephotoelectron is affected directly b¢ray absorption,

while theAuger electron occurs due to internal process wisSicidependenof the X-ray.

X-Ray Ejected core electron Auger electroT
\ X( photoelectron)
A X x
\Work function l \Work function ¢ Work function [ ¢ |
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F
—\ Valence \ Valence Valence
3d-_\ \
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(a) Ground state (b) Transition excited (c) Final state
state

Figure 4.4 Schematiadiagram of photoelectron and Auger electron procetapted from
referencq 16].
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Experimentally the XPS analyser measures the kinetic energy, KE, of any ejected
photoelectron from the surfacetbe material and the binding energy, BE, which is important

to identify the elements, is calculated after fnan the equation:
60 ® VO %o (4.3)

Where BE is the binding energ® is the Xray photon energy, KE is the kinetic energy of

photoelectrons,rad %.is the work functiorof the instument

The XPS spectrum is very important as it represents the number of photoelectrons at each
energy, as the photoelectrons are measured according to their kinetic energy. From the
spectrum, the identification ofehents present can be achieved by the following steps: by
detecting all the peaks in the spectra for one element, beginning with the maximum intensity
peak to minimum one and matching the location of peakstivtbtandarddata table. Once

all the peaksdr oneelementhave been identified the steps are repeated for each element
present. Once all the elemental peaks have been identified, then the compigsition
determind by the area of each peak in relation to the other peaks. This is done in the
CasaXPS programme and gives the relative ratios for each of the peaks.

There are many problems which can affect the analysis of the data, these include peak
overlap of two diffeent elements, which comes from the relative intensities of peaks due to a
change of Xray type or changef the analyser resolution. Another problem comes ftioen
electricalcharge of the sample, which will present as a shift in the peak or the pedle will
broadened. This cdme solved by reducing the chargieffect of the sample. Further, another
problem is that the interaction of sample elements ghtmical contaminatiqgrsuch as C@)

O,, and H leadsto the presence oéxtra peaks associatevith the original peak of the
elementandashiftin the bnding energies.

In this thesisX-ray photoelectron spectroscopy (XPS), was carried out on a Thermo Fisher
Scientific K-alpha+ spectrometer, used to measure the composition of the films. Samples
were irvestigated via a micribcused monochromatic A{-ray source (72 W) over an area

of around 400 um. Fdrigh-resolutionscan, recording of data was at pass energies of 150 eV
for survey scans and 40 eV with 1 eV and 0.1 eV step sizes respectively. Charge
neutralization of the sample was ddmeutilizing a combination of both low energy electrons

and argon ions. Initial ahysis of the samples revealed high levels of carbon attenuating the
underlying metallic elements.olminimize this contamination all samples were cleaned with

argon clusters of approximately 2000 atoms, from a Thermo MAGCIS source operating at 4
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kV and estored over a 2 mrh area for a period of 30 seconds. The analysis of data was
achieved by CasaXPS software with a Shirley type background. And Scofield cross sections,

with an energy dependence-0f6. The data was analysed at Sheffield.

4.10.4 Magneto-Optical Kerr Effect (MOKE) Magnetometer

The magnetaptical Kerr effect (MOKE) magnetometer is an instrumental device to
understand and study the magnetic properties of thin films. There are three MOKE
geometrieswhichcan be usetbr measurement.lleyaredependent on the orientation of the
magnetization with —respect to the incident

transverse and polas shown irFig. 4.15.

Incident Incident Incident

Reflected Reflected Reflected

(a) (b) (c)
Longitudinal  Transverse Polar

Figure 4.5 Geometries set up for MOKE (a) longitudinal (b) transverse and (c) polar. The
red arrows denote the incident and refleckasker beam, while the blue arrow detes the

magnetisation vector Mydapted from referende].

In the longitudinal geometryFig. 415 (a), the magnetization is aligd in-plane along the
magnetic sample and aparallel direction to the incident plane. In transverse geontaty,

4.15 (b), the alignment of the magnetization isplane and perpendicular to the incident
plane, whilein polar geometryFig. 4.15 (c), the magnetization alignin a perpendicular
direction to the sample plane and is parallel to incident plane. Therefore, the difference
between the three geometries arises from the direction of the magnetat@gonentwithin

the magnetic sample. The basic principle for all MOKEs is that the small change in the
polarisation of incident light when reflected from the surface of magnetic materials is
detected, which is proportional to magnetization of the film. In thisystuthigh field MOKE

was used to measure the magnetic properties. The main components are a laser, polariser, a

magnetic field produced byneaelectranagnet, a photodetector and analyssrshown in the

Qayes A. Abbas, 2018 Email: gayes.a.abbas@gmail.com



92 | Experimental Techniques

Fig. 4.16. The laser light passes through gwarizer, which polarises the light, in this work,
linear polarisation. The polarised laser light, after that, is incident on the magnetic sample
with angle45’ and is reflected off the surface. A high magnetic field is appliguane, to

the magnetic samplentil magnetic sat@ation is reached. This change magnetization
affects the polarised laser light by interacting witand changes the polarisation angle. By
using an analyser, these changes in the rotatianifestas a changed ifight intensity,

which is detected by a photodetector. This is converted into a voltage signal and plotted
against the applied magnetic field to produce a hysteresis loop. The main parts for MOKE are
shown in theFig. 4.16. In this study, for all sets dfilms, the magnetic properties were
measured using a magnaiptical Kerr effect (MOKE) magnetometer, the transverse
mode, with the DC magnetic field being large enough to saturate the films (Max field applied
was 39.78 kA/m). Normalized magnetic hysteresigpb were measured to characterize the
filmsd magnetic properties. For each fil m,
rotating the film within the magnetic field at different angles fréhid@18G with 30 steps

to study the magnetic anisotropy.

Magnetic coil
Laser .
Polarizer

Photodetector

Analyser

Sample

H filed

Magnetic coil

Figure 4.6 Schematic diagram @ magneteoptic Kerr effect (MOKE) magnetometer

4.10.5Vibration Sample Magnetometer (VSM)

Simon Foner was the first designer of VSM in 1958 .[The basic operating principle of the
VSM is based on F aes mdueang @rselettramvagnetio forcei (amf) o lav
coil dueto a vibrating a magnetic sample. Basically, the regular vibration of a magnetic

sample in a uniform magnetic yeld | eads to
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coil) which is measured.herefore, due to the vibration of the magnetic sample, the induced
voltage in the coil can be calculated by using the electromagnetic principles depending on a

magnetidou x , 0O i n the coil

The magneticpux in the coil is changed due to the vibration of the magnetic sample and the

induced voltage is calculated by:
W 0 — (4.4)
Where0 is the full number of turns in the coil.

Therefore, the induce valgewill depend on both the number of turns in the coil, the applied

magnetic field and the magnetic moment of the sample.

AE——

Vibration system

Electromagnet %

Stationary coils magnetic field

Electromagnet

Figure 4.7 VSM technique picture and schematic diagram.
The main parts of the VSM technique are showrign 4.17 and are:

1. A vibrating system is used to vibrate the holder rod in a harmonic vibration zfmxig
wherethe magnetic samplés attached to theod. One end of the holder rod is connected
to the vibration system and the other end is between the two magnetic poles. This allows

the magnetic sample to move up and down at a frequency, normally abidatf@5this
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measurment The holder rod can be moveddifferent directions to obtain the required
orientation of the magnetic sample to the uniform magnetic field. Also, the X, y, and z
dimensions can be controlled by three knobsceatrethe rod in the middle of the

magnetic poles.

Ana mp | i y e r anpldy the slectiic sigral produced by the detection coils.

An electromagnesused t o produce uniform magnetic vy

Detection coils aresed tameasure the induced voltage from the magnetic sample.

a r 0N

Temperature variation system, this unit is used ttadys the relation between the
temperature and the magnetic moment of the magnetic sample. Studying the
magnetization in a range of temperatures can help to study the effect of changing the
phases of magnetic material under a magnegtid such ashe magetocaloric effecor
determine the Curie temperaturéhe temperature variation in VSMystemcan be
achieved by local heating and study the effect of changing thpetatnre on the
magnetic properties of the films in this thesiees not achieved and ate films

measured at room temperature.

4.11 Magnetostriction Measurement

For magnetic materials, the magnetostriction constant can be measured by different
techniques designed for this purpos8-P1] (see section 3.7 chapter 3)hé&se include the
direct and indirect measurement methods. In this work, the magnetostriction corigjant (
was determined via the Villagffect [22] at room temperature. This involved using a set of
bending tools, as seen kig. 4.18, with different radii (R), which induce arain within the

film, leading toa change ithe magnetization of the films.

Sample under
Plastic plate plastic plate Laser

Bending tool

(a) (b) (c)

Figure 4.8 Images of the magnetostriction bending tool.

The fil mds hysteresis | oops were measured fc

The anisotropy fieldHx can be determined by different methods from the hysteresis loop.
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These methods include the saturation method, the 90% method, atchitietline method.

In this study, thestraightline method, which is shown iRig. 4.19, was used to determine the
anisotropy field of both FeSiB and FeGaSiB filni®r eachbending radius, the anisotropy
field (Hy), whichis induced by the strair2B], can be determined directly by plottisgraight
lines; one along the straight part of the hysteresis loop and amatiadiel to the saturation
part, the cross point of these linespresents the anisotropy fiel&or eachloop, two
anisotropy field are determingdone at the upper side of the loop and another at the lower
side as seen iffrig. 4.19.

157

05

M/Ms

05

Hk

-15

600 -400 200 0 200 400 600
Magnetic field (Oe)

Figure 4.0 Schematic ofhe straightline method to determine the anisotropy field)(H

The two values of the inducexhisotropy field Hy, arethenareplottedas a function of the

inverse bending radii (1/R) as seerfig. 420.
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— Linear Fitting
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Figure 420 The changing of Has a function of 1/R. The slope is applied to the data.

Thenalinear fit tothe datas appliedusing theeasyplotsoftware to find the slope of the two
datasets,which represent the anisotropy fis|dor theupper half and lower half of hysteresis
loop for the three radii300, 400 and500 mm) of the bending toal

After that, the first tam in equation (4.5)is replacedby the slopevalug and thenthe

magnetostrictiorronstant (/) is calculatel by using the equation22, 23].

/ (4.5)

Where the bend radii were R=300, 400 and 500 mns, the permeability of space,sis the
magnetization, and for the silicon sub r at e Y o u n@=330 GR&o thickéss! af ,
substate, t 380 um and Poiss raton of subgstate,$=0.28.

The saturation induction of FeSiB films' ;0 pp VY was wused for all
w h i theesaturation induction of FeGaSiB films was measured via VSM for afF&@aSiB

films.

The result of this equation gives two valued qgffor each sample, as the anisotropy field
wasdetermined at two cross points on the loop (Sge 4.19). The deposition of each film
wasachieved by using three substrates therefore the result esaveragedver themand

the standard error was determined by applying the standard deviation.
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4.12 Nanoindentation Technique

Nanoindentation is an efficient technique, which can be used for determining the mechanical
properties of materials at the nano and micro scales. In this thesis, a nanoindbysétiomn
TriboscopeFig. 421, which is ascanning probe microscopeas usedMaterial parameters

such as hardness and elastic modulus can be determined from the experimental measurements
by applying a force imilli or micro-Newtonsto the surface of the materialnAndenter is

used to penetrate the sample surface Ipyyapy a load, typically the penetration depth is in
nanomegrs. Several types of tips can be used for creating an imprint into the materials
surface. After applying a load in UN or mN on the indenter, the indenter tip will penetrate the
original surfacefig. 4.2, of the sample with a depth nanometers at-direction. The tip

will contact the loaded surface in a contact area, which is very important for the data analysis,
thus the contadrea is calculated from measuritng tip area function. The tgrea function

can change if the tips used for a long time. Therefore, a calibration of the area function is

required whichis achievedy a standard material whos®chanical properties are known.

TriboScanner

Tip
holder

Magnetic
holder

Movement
stage

Optical part Sample

Figure 421 Optical image of the nanoindentatibgsitrontriboscopeused in this study.
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Loaded

surface Coatingor
Indenter tip thin film

Original surface

Substrate

Figure 4.2 Schematiadiagram oftheindent process.

L Triboscope

base -
Electronics for T \
transducer, XYZ staging
stage, piezo, and | system
optics
/ \
“ Nanoindentation
Acoustic V|brat_|on
Eviclosiive Isolation
Platform
' Transducer TriboScanner
| s =
o \ J

Figure 4.23 Main components thife nanoindentation technique.
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The main components afnoirdentationtechnique are presentedkiy. 4.23, there include

U The XYZ Staging Systent The XYZ staging system is used to control the sample
and tip positions.

U The Base The base is used to support other components of the system.

U Triboscanner. The Triboscanner ia very important component and designed to
produce a fine scale location of the indenter before and after performing the test. A
threeaxis piezo scanner is used to achieve the locating. The accuracy of the piezo
scanner is considerably higher than that presented in the XYZ stagdorhdhe
definitive approaching of the tip from the sample surface is achieved with the scanner.
Also, the Triboscanner can be -sgt to measure an image of the sample surface
before the test and after indentation process.

U The Transducer. The Hysitron Triboindenter transducer consists of three plates in a
capacitor design as can be seefRim 4.24 An indenter tip is fixed to the hdgr tip,
which is placed in the middle of the centre plate. The middle plate is connected to the
transducerframe by springs. When a DC bias is applied to the lower plate of this
capacitive design, an indentation force is actuated in electrostatic effect leading to an
electrostatic attraction between the middle plate with the lower plate. Hence this

moves the nddle plate including the tip down.

Center

/ plate

/

Springs / Springs
i—xr]

Outer
plates

Indenter
tip

Figure 4.20 Schematic ikgram of the staratd transducer ofi nanoindentationriboscaner

U The Vibration Isolation Platform: The vibration isolation platform is a vibration
system, which includes two stages witkeamtrol unit, placed below each side of the
granite base and located within the acoustic enclosure. At any point, the piezoelectric
accelerometers are working continuously to sense variations via an inner feedback

loop.
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U The AcousticEnclosure The acousti enclosure is designed to reduce the acoustic
noise coming from the environment around the system during the test.

U The Electronics: The electronics are divided into four separate systerhgh are
used to control many partd the nanoindentation technig. They are the piezo
controller unit, transducer control unistage controller, and finally the optics

electronics.

Nanoindentation measurements can be affected by many fdotoesample:ithe instrument
compliance, initial penetration depth, indentation size effect, indenter geometry, surface
roughness, residual stress, tip rounding, sinkingnd pilingup, sample preparation, and

thermal drift [2]]. Ther e are many stteaplken wheftchhr eshdai mlc

including making sure the sample surface i s
parall el cleaning the sample fihemtduypstanan:
measurement s. The surfasomoobh 8Bhd samplreoughi
meas breddbramdandhoul d be | ess than the indent

check the sample before taking measurements
mi croscopy and checkinngg tthhee sruorufgahcnee suss ibnyg sAcF
i mages. Typical, roughness&stfoan dve redne [iltiOlo nnoof 5100
to 500 nm. | Bet howi ¢ thetmidp j wa 9 su sae dvhearsy W d laft
angl e’ 68n27nkcée uakdutaY@y2g8s ®@BFPdNROsEssdDAOSs 1 a
0.07. An image of 't hFei gBerdk.o2vi ch tip i s shown

Fi gubEhed BRer kgeombakegep frod reference
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The geometry offouresi hi ptasdaudtabhei ndent at
bul k and thiokgiedanseratt han l108dwanTThgee af et
it shsarap ttippoduces pilastde dletéhoeminet aiath ; iodand
Ssuitabneasuwmoe hardness a n @he sobstatel aars affqrtathea me t e
measurement, therefpre o avoi d t he effect of the substr
10% ofthe sample thickness. The effect of the substrate élhigher if the indenter goes

too deep, this can affect the measurement by including measheisgbstrate properties. In

the thin films case, the measur emamthickcr equi r
Two types of test can be done, the first is to penetrate the surface with equal depths, using
one cycle, in different places and theconds to partidly indent with different cycles in one

place as shown iRig. 4.2%.

(a)Indent (b)Partial
depth 10% load indent
l Thin film
Substrate

Figure 4.8 Schematiadiagram of indenter depth 10% and partial load indentethaf film.

The data can be analysed by two meth@k:i ver & Phopharn@ame tr h @d [a2 |
I n t hitshCGt he shhhsasrardt hod wa® altshee@ dtaBiag ads. 2i8n
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Chapter 5 Fabrication and Characterization of
Magnetostrictive Amorphous FeSiB and
FeGaSiBFilms as aFunction of Thickness

5.1 Introduction

The addition of Ga intoa Fe crystal lattice strongly changebe functional magnetic
properties (see section 3.4l chapter 3), thus this chapter investigates the influence of Ga
into an amorphous FeSiB film, to determine how déhanges the structure, magnetic
properties, and magnetostriction constafhle aim of this isto fabricate new films of
FeGaSiB,which can have different propertie@mpared tdahe original FeSiB filmsAs the
thickness of thin film is a parameter whicain irffluence the magnetic propertiekist chapter
describes the effect of adding Ga to FeSiB films and the effect the thickness has on both
FeSiB and FeGasSiB thin films, allowing the results to be compared. The magnetostriction
properties are measuredavVillari effect by using the MOKE techniqu&he growth of
amorphous magnetostrictive FeSiB and FeGaSiB thin films bgpatteringevaporation
technique with their magnetic properties in comparison with those of rapid quench such as
the FeSIB ribbons hatbeen investigated.

5.2 Fabrication of The Films

5.2.1 Fabrication of FeSiBThin Film

For the growth of FeSiB films, the @putteringjevaporation technique [1], @aescribed in

detail in chapter 4yvas used. They were grown in a thickness range from 24 to 100ham.

films were deposited on a Sulsstrate (100) with dimensions 10m x 15mm, which is
suitable for magnetostriction measurement without being broken by the bending tool as the Si
wafer s a brittle material. The fabrication parameters for the FeSiB films were a fixed
chamber pressur@q{) of 4e bar , s p uPkedigeof 20\WW,andeGa ev@poration rate of
zero. Three Si substrates were used per film growth, edtdched toa glass stie using
polymethyl methacrylate (PMMA). The sputter target was Metglas 2605SA1 with

composition FgSiioBs. This film composition was chosen for this study as it has soft

104
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magnetic properties, as well as being amorphous and to compare its propertiesabhdfor

after adding the Ga atoms.

5.2.2 Fabrication of FeGaSiBThin Films

For the growth of FeGaSiB films, the-sputteringevaporation technique [1{lescribed in

detail in chapter 4was also used. Using the same technique to deposit both film sets will
avoid any changes in properties due to use of different deposition systems, as the properties
of films can change from one technique to another. The films were grown with a thickness
range from 24 to @0 nm. The films were depositesh Si sibstrate (100) with dimensions
10mm x 15mmat a fixed chamber pressupgd of 4 b ar , S p UPRketigeof 20W, 0 we r
and Ga evaporated with a constant r&g,= 0.2 (arbitrary unit). Again, thre®i substrates

were used per film growth, attached to a glass slide using polymethyl methacrylate (PMMA).
The same Metglas 2605SA1 targets with compositioggIhgBs were used witha Ga
(99.99%)ingot in the evaporator.

5.3 Thickness Calibration

For both sets of films, to determine the film thickness accurately, a PMMA blob was put on
one Si substrate before growth using a toothpick. Ajtewth,the PMMA blob was washed
away using acetone, to leave a sharp edge, so that the film thicknesbeowésured. The

thickness was measured by the AFM technique (section 4.9.2), in tapping mode.

904 = FeSiB film
80:
70:
60:

504

Thickness (nm)

40 4

304

20 g T Y T v T v T w L] .
0.0 0.5 1.0 1.5 2.0 25 3.0

Sensor reading

Figure 5.1 Thicknessalibration of FeSiB films as a function of the chamber rate meter

sensor reading.
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Figure 5.1shows the linear relation between the ftmctkness and the sensor reading of the
rate of deposition of FeSiB films. This reading is achieved by the FeSiB rate monitor, placed
nearby to the substrate, which has been calibrated for FeSiB films. For this set of films, the

sputtering deposition ratgasabout 1.5 nm/s

100 - = FeGaSiB film

e <] o
o o o
1 1 M 1 "

Thickness (nm)

N
o
1

- . : . : . : .
0.05 0.10 0.15 0.20 0.25 0.30
Sensor reading

Figure 5.2 Thickness Calibration of FeGaSiB films as a function of chamber rate sensor

reading.

Figure 5.2 shows the linearelation between thehickness in nanomess and the sensor

reading of thedeposition rateof FeGaSiB films. For this set of films, the&puttering

deposition rate wasbout0.1 nm/s.| t was found that adding Ga
decreased the deposition growth rate of the

of pawhiched ead to tHteeelpdmadncd gldiencep breeduci

ki neti carerniesrignege sautbstr at e.

5.4 Films Characterization

The Bruker D2phasertechnique, Xray diffraction (XRD) with Cu K 11.54184 A, ing/2q

mode was usetb analyzet he f i | mdés arangeufom G0 te SOwas bsed td®

check the structure of the film (for bcc Fe 2 45 and for bcc F&Ga 2 d?) and s#icen

substrate (@ = 69.8, 61.7, and 33) andto make sure that the film was positioneatrectly

in the machine, while theg2range from 35 to 55was used to study the film structure at a

higher resolution, so avoiding the Si substrate pedkRD anal ysi s was <car
determine whether the films weden&tobtyyatmaol

cl uswietrhi n an a maoXergy hPbatoslectnora $pectroscopy (XPS) using a
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thermotheta probe, with parameters of pass energy of 40 eV, dwell time 100 ms (10 scans
total for high resolutiop and a monochromated AlKX-ray as asource was usetb
determine the composition die films. For each film, three XPS runs were done in three
different places on the film surface and an average taleesn Atomic force microscopy
(AFM) was used, in tapping mode, to measure the thicknedseafamples using the step
produced in fabrication and to study the topography and roughness.

The DMS model 10 vibrating sample magnetometer (VSM) was used to determine the
magnetic moment of the films at room temperature, using an applied field of 4Q ké/m

which the saturation magnadition was calculatedn the transverse mode, the magnetic
properties of the two film sets were measured on a magpeital Kerr effect (MOKE)
magnetometer, with the miamxum magnetic field applied being 40 kA/m, which was
sufficient to saturate the films. Characterization of the magnetic properties was carried out by
measuring the normalized hysteresis loops. The magnetic anisotropy and saturation fields
were determined by masuring the normalized hysteresis loops at different magnetic field
directions with respect to the sample, with angles fromtc®) 18¢. To measure the
magnetostriction constant d [2] at room temperature, the inverse magnetostrictive effect

(Villari effect) [3, 4 measurement was used.
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5.5 Structural Properties

5.5.1 XRD Results

To understand the films structure and functional properties, the target material was also
studiedA2 3ne Met gl as 2605SA1 sputter target in t1l
cut from the Metglas 2605SA1 ribbon (di men
FeSiBsand was measured using XRD.
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1
) (004)
£ o
< FeGaSiB thin film 1
S i o b
=
2 FeSiB thin film
9 -
Si Substrate
- |
0 a0 50 g 60 70 80

Fi gur e ab. diX f r2a3cetm orni bobfo nMe)tt dilea s a2 @@FS AT wit
composigfiBo(nB)Fenm amé&®iGRA Si B t hd8ohumSi | mebandat e.
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FeGaSiB Films as a Function of Thickness
Figur e h(o5vws3)t he XRD pmtitiebmen,oft {ea)t &2r3get of
with comp8sBsanadn( e 8&6nkanGaFrxiSH Bt hin fil ms at
SsubsfFigtedh8wg a)he XRD pattern of the targeil
peak i s @ths &dsvthe dmoghous phase has nodamge ordert her ef or e t
i nci dremjts Xare dispersed randomly in differei
peapkrseseant he XRD patt er nanamdiphas burhpee ntcaer gheats sah
amor phousFisgr ugtr@érsebhj s the XRD results for
Fea&Si B t hin f i 38hsmSd e saidasit & B3O gpresS | substrate w
fidmt was found that bodanhp ¢aksnso baseerrev eadnow eprhe
Ssubstrate and there was no evidence of cryst
fil meafsolutnd htehartai n di ffracti on p’ecardspooding Si (1
to the Si (400) direction and otherBie a k s f o u Aahd 38 torresgbndihidlLto the Si
(004) and (200) directions respectively.
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FeGaSiB Films as a Function of Thickness
Figure 5.4 shows the XRD patterns féfe Ga Si B t hiinn cfrietama ntgh it ik n e s
Fig. Begré¢deénts t he dXaRiDg eo f%t r&d,B 6O iFlhleu tcr)at e
the XRD of Feée@rSamBgeéi’tmdmoeds
Frofm gs 5.4 (&, ib,ob¥kerved tghraf4fsarhetriee ar ki ok
range from 24 nm to 100 nm of tChae fH el QGrasSi (Bl 1f
t exturwoup ealfccurhus, it is concluded that t|
films for all thi cfkinheosrspehsalsoighyh,eapt wehealrogle! t anm
be sure thaXRDhee©OBnippaaseabl e toofdetwalkdtihs t he
thickmesisd 500 supporRi g d@amaedotr Ipeh ofuisewna s rar y
to present the XRuwhirceht evwsatse dp2b ypFhEaRsBeceh ni mu e
(skeieg). 5.5

400

FeCo <110>

u.)

Intensity (a.

Fi gugXeRDb .patkEeConsfiolfm with differ ermtastelri cknes

technique.

5.5.2 XPS Results

From the XPS results, itvas found that the FeGaSiB films had the composition
Fe;,Ga;SisBe. It is clear for these fabrication parameters, that the Ga replaces more of the Si
atoms than the FandB atoms in the FgSi;oBs target. This could be due to the Ga being
heavier than thei, so causing more collisions within the plasma, hence allowing fewer
atoms to reach the substrate. The fitting of data and more detailstla®oaltculationof the

f i | cordpssition are presented in an appendix attached at the end of this thesis.
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5.5.3 AFM Results

The AFM data deter mi ned walatomt et Nf2i Inms ttoh ilcO
The thicknesses were also used to calibrate

films (see section 5.3).

0 1.|00 200 O 1.(')0 2.00

Hm pm
Fi gulFM.i mage scammofFd3ihBn & @andm @Be)Ga2s4 B f i | m
scanwadxzin.
Figubehdbdwssutrfeace topogr apmm cF e SraBR efsi rom a mad
FeGaSi B fil m. The fil més surface ofY)25 fnm F
0.191 nm wmeah sRmsoxktur(face roughneles foif | Mas2 '
surfodcdgeGaSi B film had an aver agav groauge nrec s
mean sRmmrseur(face roughness of O0.745 nm. The
film were due to the 24dbortrhes pfotlsmso nh atdh ea ssumo
and no grains were observed, this confirms
compavigdh AFM i mages of pol ycBly.st Bheéi wai fé&l
observed are believed to be due to contamin
been observed before u6i.ng this fabrication
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5.6 Magnetic Properties

5.6.1 Magnetic Properties Measured by MOKE

The magnetic properties were measured using a magpgtal Kerr effect (MOKE)
magnetometer, in th#ansversemode, with the DC magnetic field being large enough to
saturate the films (Max field applied wdé kA/m). The MOKE magnetometer is a surface
sensitive technique witaskin depth of ~20 nm/] therefore, normalized magnetic hysteresis

loops were measured to charactetizea e f i | ms & magneti cwiththepert i ¢
assumption that the loops measuneate consistent for the full film thickness, although only

a 20 nm within the magnetic film surface wa
loops were measured by rotating the film within the magnetic field at different angles3rom 0

to 18¢ with 3(° steps to study the magnetic anisotropy, i.e. to see if they are magnetically
isotropic or if they hd magnetic anisotropy induced within them. This is done by measuring

the hysteresis loops via MOKE magnetometer along with the chosen anghestillthts have

magnetic anisotropy, then the strength of the anisotropy can also be determined. For example,

if they exhibiteda hard loop and an easy loop af 8 each other, this means that the film

has a strong uniaxial anisotropy. For each normalized, the loop was measured 10 times

and an average taken.

Qayes A. Abbas, 2018 & Email: qayes.a.abbas@gmail.com



114 | Fabrication and Characterization of Magnetostrictive Amorphous FeSiB and
FeGaSiB Films as a Function of Thickness

1.0 (a) t=25 nm
’ FeSiB film
0.5
0o 0 Mk #
= 0.0 ; /
= b XK ® = Angle 0
; ‘ Angle 30
-0.54 AJ‘:‘ a o = AES:Z 60
| ‘A‘Ai’ o '4' { v— Angle 90
’ % ‘ < Angle 120
1.0 3105, > Angle 150
|—*— Angle 180

L) L] L) ) L] v L) L ] & L)
-6000 -4000 -2000 0 2000 4000 6000
Magnetic Field (A/m)

5 (b) =24 nm
& FeGaSiB fil >
eGaSiB film ’:’5':’ 4
. l“
M T4 ‘z
0.54 )f‘ :“)
4/‘ /
o/
0 - | |
s 0.0 i ‘/<
= [l M =— Angle 0
|4 - e Angle 30
0.5 il 4 A Angle 60
W AT v— Angle 90
1 ‘x“‘.'_" <« Angle 120
i rTes 044 » Angle 150
e *— Angle 180
F T - T -+ T T T T T T T T T
-6000 -4000 -2000 0 2000 4000 6000

Magnetic Field (A/m)

Figure 57 the hysteresis loops of (a) 2 FeSiB film and (b) 2dm FeGasSiB film with
different anglesn degree unit

Figure 5.7 compares the normalized hysteresis loops of n2bFeSiB film, at different
angles of applied magnetic field and the normalized hysteresis loopshaf E€GaSiB film.
FromFig. 5.7 (a), the 25nm FeSiB film had a strong uniaxial anisotropy, with the hard loop
at an angle 60 with anisotropy field (d & 4854 A/ m and ) 8&Amci ve
Therefore, for the film along the Bdirection, a higher magnetic field neededo reach the
saturation magnetization, while the easy loop at angl& ¥&th anisotropy field, i a2363
A/m and coercive fieldl133 A/m, therefore the film along the f5@irectionis easy to

magnetize.
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Figure 5.7 (b) shows the normalized hysteresis loops o4 FeGaSiB film, and shows

that adding 7% Ga (with Ga evaporation rate 0.2) into FeSiB, removed the strong uniaxial

anitropy from the film as no fAhard | oopo
60°. For the FeGaSiB filmat 6(°, the loop had saturation fieldf about 1949 A/m and
coercive feld (H) 939 A/m. The averageoercive field for all the loops of th24 nm
FeGaSiB filmwas about 1024A/m. This suggests that the presemdéeGa within the film
decreased the saturationldieof the films. Hence, removed Ga dopitige strong uniaxial
anisotropy observed in the FeSiB film, amdulted inthe FeGaSiB filmhavingmagnetically
very weak anisotropylhe change inaercivity could be due to the change in stresses, which
works as pinningsites to the domain wall movemerdnd is areasonfor changs in the

coercivity.

(a) FeSiB film (b) FeGaSiB film

Mr/Ms

Figure 58 Angular plot of the remanence ratio (Mis) of (a) 25nm FeSiB film and (b) 24
nm FeGaSiB film. The lines are a fitting to MgMs datausing equ. (5.2)

The uniaxial anisotropy can be quantified by fitting the following equabmo[the M/Ms
as a function of angulalata Fig. 5.38):

— OWEi— —s ®© (5.2)

Where D refers to the strength of the uniaxial anisotrepys the angle between the easy

axis and the field— is the angle between the easy axis and the side of theafildtyis the
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lowest measure@—). For an isotropic film, D = 0, as W is a constant, while for D < 0.5

the anisotropy within thélm is weakly uniaxial and for D > 0.5, the anisotropy is strongly

uniaxial.

Fig. 58 (a) shows the angular plot of normalized remanence magnetizatidv \df 25nm
FeSiB film, it can be seen that a strong uniaxial anisotropy is observed with D.3\h88
Fig. 58 (b) presents the angular plot of normalized remanence magnetizatis(Mf 24
nm FeGaSiB film, with D = 0.11, sxhibitsvery we& anisotropy. It is found thamcreasing
the thickress of the FeSiB films decreasttb® anisotropy within the films to very weak
anisotropy While increasing the thickness okeGaSiB film did not affect thenagnetic
anisotropy and it had aewy weak anisotropy for all thihicknessrange Thus adding Ga
removed the strong uniaxial anismty of the FeSiB film to have magetically very weak
anisotropywhere D =0.11 for these filmsThus suggestshat the presencef Ga with
increasing the thickness reduced the local stresses within the film, whicte source of

uniaxial anisotropy.

10000

1 M Hs,FeGaSiB films
90004 | @ Hk, FeSiB films []
8000 4
7000 4
E sooo- i []
< 5000+ i
z ]
[
£ 4000
3000 %
2000 s @ 2
1000 4
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20 30 40 50 60 70 80 90
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Figure 59 Anisotropy and saturation fields as a function of thicknfssthe hard loop, for
FeSiB and FeGaSiB thin films.

The magnetic anisotropy of the films can be influenced by the thickness and it can be
changed frononefilm to another. Adding the Ga can affect the film magnetically. Therefore,
asthe FeGaSiB film had very weak anisotropg, saturagd field, Hs rather than anisotropy

field from the hysteresis loopwas determinedFig. 59 shows the comparison of the

anisotropy and saturation fields as a function of thickness for the FeSiB and FeGaSiB thin
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films respectively, prepared under the same growth conditions. The FeSiB films have
uniaxial anisotropy, this means they have easy and hard loops as a functioneaf fpiol

angle, thus an anisotropy field was determined from the normalized hard axis, as the field
where the normalized magnetization reached 1-Iprlt was observed that the anisotropy
fields for the FeSiB films decreased with increasing thickniéiss $9). While the FeGaSiB
films havevery weak anisotropythis means they hava&most thesame shape hysteresis
loops for all applied field angles, thus a saturated field is determined from the hysteresis
loops, again at the field where the normalizegignetization reached either 1 dr. It was
found that the FeGaSiB films saturation fields increased with the increasing thickigess (
5.9). Thus the addition of Ga has not only changed the anisotropy from uniaxial to very weak
anisotropy[9] but has als changed the distribution ¢ifie magnetic atoms with incasing
thickness leading to ancreasen the saturation field.

1400

4 M Hc, FeGaSiB films
1200 4 @ Hc, FeSiB films

1000 - E

2 sl ¢ t }
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=2 !
=
v 600+
£ |
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S 400
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0 L} b L) g ; g L) g 1 - L] . L} b L
20 30 40 50 60 70 80 90
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Figure 510 Coercivefields as a function of thickness, along hard loop, for FeSiB and
FeGaSiB films.

Figure 5.10 shows the coercive fields for both film sets aldhg hard loopaxis. For the
FeSiBfilms, the coercive field increases with thickness up tod0 then decreses for films
thicker thard0 nm. While for the FeSiGaB film, the coercive field decreasethaghickness
increased. Such that for the thicker films (>%@), the coercive field of the FeGaSiB films
werelower, i.e. for the 86 nm FeGaSiB fijrhl. = 0.159 kA/m which was a factor 5 smaller
than theB6 nm FeSiB film K. = 4.775kA/m). The films depdsd by the sputtering suffer
mostfrom two types of stressesxtrinsic stressesvhich arise from the difference between

the thermal expansion coefficisndf the substrate and the filend intrinsic stressewhich
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arise due to the growth parametersspiittering. It was found that theercivity decreased

from 1.3 kA/m to 0.3 kA/m when the thickness increased from 10 nm to 100 nm for

amorphous FeSiBC filmsl{)], suggesting tha& reduction incoercivity with increasing the

thickness could be due to reming the residual and inhomogeneous stregsesentwith

increasing thehickness of the films and reducittge pinning of domain wallsL)].

5.6.2 Magnetic Properties Measured by VSM system

The fabrication of amorphous magnetostrictive thin films bysmotteringevaporation

technique with their magnetic properties in comparison with those of rapid quench such as
meltspunribbons have been investigatading a VSM systemTwo types offilms, 8 &h m

FeSi B, namdF e8@eSrieB ¢ o mp az 3amd  rwii b ithes retudy. AVSM

system was used to measure the saturation induction sathglesat room temperature (300

K) with an applied field of 39.788 kA/InfTh e VSM +#issurd an e nescenmd iqtuiev e
c o mpdawiet h MOKE, S0 measures the whements,ampl
sampl es wit mmdixm8vwvesieb caurh3t he ori gliommal x f1% m =
mmand f he3®3mM FeSi B ribbon (the tamgatsuredt hise
magnetic moment as a function of applied fie
from the saturation magneti c mo me nt per u
magnetization ,cyanpea@i meahbihlei tsyatdinr atthieo ns aitnudruac
i nducti on dratgal, npe dls u rse ,bsaterationenduction fa t t #ndr e 2 3
Met gl as FeSi B ribbon, which wals pag¢@yd whi oh od
is found to be the s ahreea nausf atchteu rd antga gchognepna nhby
86m FeSi B t $afumtiorfindlictionwas be p® UY which is | ower
saturation induction of the target sample. This difference could come from the small
differences in area of samples as thagnetic moment is affected by the size of the sample

and the big difference in thicknesghere the thickness can influence the magnetic properties

of samples.For tnhne F8e6GahSinBt hglumicaon i ndulet i@y was
Thus, aad da tnagmsG which are nonmagnetic 1into
induction from 1.56 T for the ribbon to 0. 9¢

is the difference in the shape of thheashyste
been obseri{edf dry WRetfth df ri bbon and amorphou
is a fAhard | oopo i.¢e. one that has no coer

magneti zat iroinb.owoiwthhilre thloea h t he FeSielB d@dras¥Fecl
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|l oopo, i . e. the magneti zation switches dire
di fference cowldneomeplfired fnel d, along the
sample and easy direction foruntilaexi Bé SiaBhi s @
Another reason identifieds that thee is a domain wall pinning within the film, due to its

thickness, but not in the target which is thicker.
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Figure 5.11 Saturation induction as a function of magnetic field at room temperature for the
86nm FeSiB, 8éim FeGaSiBfimand28m r i bbon (Target) FeSi B.

The FeSiB ribbon (target) had a verywaocoercive field of about 47 A/m, whildhe 86nm

FeSiB film and86nm FeGaSiB film had coercivities ofibout 724 A/m and 628 A/m
respectively.
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Figure 5.2 Saturation induction as a function of thickness of the FeGaSiB thin films.

Figure 5.12 shows the saturation induction for all the FeGaSiB thin films as a function of
thickness. It can be seen that the saturation induction changed slightly with the thickness,
from 1.1T for the 24 nm films to 0.96 T for the 86 nm film and then increase@3or1for

the 100 nm. This change in saturation induction as a function of thickness for the same
composition is due to the amorphous nature of the films, as the atoms hkrexnange

order, onlyshortrangeorder. This means that the nearest neighbtams change from film

to film. The magnetic moment of Fe atoms depends on the nearest neighbours and the
saturation magnetation is an average of the moments, which will change for each film. This
effect of the nearest neighbour atoms is the likely retfsanthe 100 nm films has a higher
saturation magnetation compared to the other films. A similar effect was obsefoed
crystalline FgsCoso Where the saturation induction is higher when the sample has an ordered
bcc structure compared to a disordeffed structure 12]. As the FeGaSiB films are
amorphous and have nongrangeorder or set lattice constant, between films the nearest

neighbours to the Fe will diffethiswill change the saturation induction of the films.
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5.7 Magnetostriction Properties

The magnetostriction constants was determined via the Villari effectld] at room
temperature (see section 4.10). This involved using a set of bending tools with different radii
(R) , which i1 nduce a str ai nisloopstwere measufteedforf i | m.
each bend radii on the MOKE magnetometer. From the loops, the straight line method,
determined in chapter 4, was used to determinarfisotropyfield (Hy) induced by the strain

[14]. TheHkwas plotted as a function of tieverse bending radii (1/R) and magnetostriction

constant () was calculated using equationddchapter 4 [4, 15].

1.04
1 —m— R= 300 mm
0.5 ® R=400 mm
7 A— R= 500 mm
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Figure 5.13 Magnetizatiorcurves for FeGaSiB thin filna bended fim with three bend radii.

Figure 5.13 shows the hysteresis loops, for threadeadii, R, (300, 400, and 500m) for
the 74 nm FeGaSiB filmyhereit can be seen that there is a changth@loop shape. The
difference is due to the effect of the strain onrttegnetizatiorof thefilm resuting from the
bending From these loops, the differesaturatiorfields at eachadiuswere determined and
plotted against (1/R). The slope of this plot gives the result dirteéerm in equation (%).

Qayes A. Abbas, 2018 & Email: qayes.a.abbas@gmail.com



122 | Fabricationand Characterization of Magnetostrictive Amorphous FeSiB and
FeGaSiB Films as a Function of Thickness

30
M FeGaSiB films
€ FeSiB films

_. 25
£
o
2
&w 20
: i
S
2 15
o
o § E E
c
o
§ 10 § ;L
3 ¥ s ¢
2 5
g ¢
=

0 T T T T 2 T N T

20 30 40 50 60 70 80 90 100 110
Thickness (nm)
Figure 5.4 Magnetostriction constants for FeGaSiB and FeSiB films as a function of
thickness.
Figure 5.14 shows the change in magnetostriction constaftith thickness. It is observed
that the FeGaSiB films have higher magnetostriction constants than the fe®iBor
thicknesses over 40m. The 50 nm FeGaSiB film had the largestof 17 ppm. For the
FeSiB films,_; decreased with the increasing thickness, while for the FeGaSiB filmg with
50nm,_ as approximatelgonstant at.3 ppm but were still higher than the FeSiB films. This
means adding Ga into the FeSiB thin films increased the magnetostriction constant by giving
the amorphous structure dilation by increasing the space between the atoms because the
radius of Fe atoms isightly lower than the radius of Ga atoms. This would also reduce the
inhomogeneous strain, which can be the reason the films anisotropy changed from uniaxial to
almost isotropic. Compared to the crystalline-6a films, the saturation fields for the
amorplous FeGaSiB films were a factor 50 smaller, while the magnetostriction constants
were a factor 2.5 smaller. Thus the saturation field has been reduced, but so has the

magnetostriction constant.
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5.8 Summary

The FeSiB and FeGasSiB films, deposited undesstime growth conditions by «puttering
evaporation techniqueverestudied. The structural, magnetic, magnetostriction properties of
these filmswere investigatedover a range of thickness The aim of this work was to
investigate the effect of addinge Ga to FeSiB filmas a function othickness. Different
techniques were used to investigate these films includiR@, XPS, MOKE magnetomst,
andVSM.

The XRD showed that for both film sets, there was no sign of crystalline peaks observed,
henceconfirmingan amorphous structure. The XPS result showed that the FeGaSiB film had
a composition ofe;,G&SisBs, which informs that the Ga was successfully added within the
FeSiB film. The MOKE measurements of the magnetic propertmseshthat the FeGaB

film had different magnetic propertiesf the FeSiB films, thus wereaffected by the addition

of Ga.

The comparison between FeSiB and FeSiGaB films showed that the anisotropy and saturation
fields increased as a function of thickness. For altitieknessrange, thesaturation field of

the FeSiGaB films was higher than the anisotrdigyd of the FeSiB films. The comparison
between FeSiB and FeSiGaB films showed that the coercive field decreased as the thickness
increased. The comparison betwelea FeSiB ribbon, FeSiB film, and FeGBSilm showed

that addingGa inat @6 reduced theaturation induction from 1.56T to 0.96T.

The saturation induction for the FeGaSiB thin films as a function of thickness showed that
the saturation induction changdayktly with the thickness, from 1.1T for the 24 nm films to
0.96 T for the 86 nm film and then increased to 1.23 T for the 100 nm. This change is due to
the amorphous nature of the films, as the atoms havengerangeorder, onlyshortrange

order. Thismeans that the nearest neighbour atoms change from film to film.

The result of magnetostriction properties, whigbre measured via Villarieffect by the
MOKE technique, showed that the FeGaSiB films have higher magnetostriction constants
than the FeSiBilms for thicknesses over 4dm. The 50 nm FeGaSiB film had the largast

of 17 ppm. For the FeSiB filmss decreased with the increasing thickness, while for the

FeGasSiB films witht > 50nm,_; ~13ppm but were still higher than the FeSiB films.
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Chapter 6 Influence of Growth Parameters on
The Structure, MagneticProperties, and

M agnetostriction Constants of FeSiB and
FeGaSiB Rims.

6.1. Introduction

The growth parameters such as Ar gas pressure and sputtering target power can affect the
magnetic, structural, and magnetostrictive properties of deposited films [1]. For example, the
sputtering pressure can induce intrinsic stresses, which can be either tensile or compressive

dependhg on the Ar gas pressure [2].

This chapter describes the influence of growth parameters on the structure, composition,
magnetic properties, and magnetigs$ion constants of FeSiB and FeGaSiB thin films. This
chapter is divided into three parts, each focusing on differewtigrparameters of the
depositiontechnique. These are: (i) the Ar sputter presspkg, (i) the sputtering target
power Presig, and (iii) the Ga evaporation rate (Ga rate). Studying the effect of growth
parameters on the properties of FeSiB and FeGasSiB films allows a comparison of the results
to understand the influence of Ga addition into the FeSiB films. The magnetostriction
constant measurement of the amorphous magnetostrictive thin films grown on a rigid
substrate is achieved by a bending technique, which is described in chapter 4. The influence
of changing the growth parameters on the Ga composition is stodézc wide range of
compositions.Comparisons of the anisotropy fields and the saturation magnetostriction
constants with the Ga composition were achieved.

Understanding the strengtif the induced uniaxial anisotropy in théifferent films was
determinedria two different methods. The first method, whislused in this thesis, involves

egn (5.2), and studyingvl;,/Ms as a function oépplied fieldangles. [3]

The second method involves determining the anisotropy constant from the anisotropy field
[4], taken from the &rd axis loop. For the second method the following equation is used:

0 —_— (6.2)
Where0 is the anisotropy constary is the anisotropy field) is the saturation

magnetization, and is the permeability of space x107 H.m™.
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6.2 Fabrication of The Films

The influence of film thickness on the structure and magnetic properties of magnetostrictive
films was describe in chapter 5. In this chapter, the film thickness was chosen to b 50

as it was shown to have the maximum magnetostriction constartigséel9.

6.2.1 Fabrication of FeSIiBThin Film

For the growth ofthe FeSiB films in this chapter, two series of 50 ninick films were

deposited or8 8 0 ¢ m Si (hOO)cskbstrates with dimensions (@@ x 15mm), which is

suitable for the magnetostriction measurement, as they do no break in the bending tool, using
the casputtering evaporation technique [5], (as descdbe detail in chapter 4). For all the

FeSiB films, the substratarget distanced) was 60 mm and the Ga evaporation rate was

zero as the evaporator was off for the depositions. The first set of these films was grown in

the chamber pressurpaf) rangefom4e bar e bar 8and at f iPgspdf sputt
20 W. The second set was grown in the sputter poRgskg range from 20V to 70W and

at fixed chamber pressurgaf) of 4 b ar . For all the films, thre
film growth, attached to a glass slide using polymethyl methacrylate (PMMAfgldde

2605SA1 with compositiofressSi;pBs was used as the sputtered target. The composition of

the film was chosen for this study as it has soft magnetic properties, also it ishao®rp

which hadnot been done before. The substrate holder was rotated during the guto@vih

rps to avoid the effect of the sputter gun magnetron field, which can induce anisotropy into

the films.

6.2.2 Fabrication of FeGaSiBThin Films

For the growth othe FeGaSiB films, three series © nm thick films were deposited on

3 8 0 ¢ m St (10D) substrates with dimensions (hfh x 15mm), using the ceputtering

evaporation technique [5], (chapter &sing the samealeposition systento deposit both
filmsd series was to avoid t hdepositiohsystefaspr oper
the properties of films can change from system/technique to anétbece the substrate

target distancedj was equal 60 mm and the same asRBSIB films.The first set of films

was grown in the chamber pressupg)range from4& bar e bar 8 s p uPkdpger pow
of 20W, and the Gavas evaporatedith a constant arbitrary ratBz,= 0.2 (arbitrary unit).

The second set of films wasown at a fixed chamber pressupg;(of4e b ar , sputter

(Presip range from 20NV-70 W, and fixed Ga evaporation arbitrary rae, = 0.2 (arbitrary
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unit). The third set was grown at a fixed chamber presque df 4 bar , sputter
(Presip Of 20W, and the Ga evaporation rates raRgg= 0.2, 0.3, 0.4, 0.5, and O(érbitrary
unit). Again, three Si substrates were used per film growth, attached to a glass slide using
polymethyl methacrylate (PMMA). Metglas 2605SA1 with compositiogsFigBs was used
as the sputtered target and the Ga (99.99%) material in the evaporatothdlsabstrate

holder was rotated akescrbedin section 6.2.1.

6.3 Characterization of The Films

The Bruker D2phasettechnique, Xray diffraction (XRD) with Cu K 11.54184 A was used
toanalyzet he f i | md s g/Z moda was usedethe firfEthamge offfom 30 to 8C°

was used to check the structure of the film (for bccdre 25 and forbcc F&Ga 2 d®) ~ 45
and silicon substrate 2= 69.8, 61.7, and 33), and the secondg2ange from 3%to 55

was used to avoid the Si substrate pedkR D anal ysi s was carried ou
the films were fully amorphous omwithinheaw
a mor p h o u Atormecdorcenmicxoscopy (AFM) was used, in tapping mode, to measure

the thickness of the samples using the step produced in fabrication.

X-ray photoelectron spectroscopy (XPS), was carried out on a Thermo Fisher Scientific K
alpha+ spectrometer, used to measure theposition of the films. Samples were
investigated via a micribocused monochromatic AX-ray source (72 W) over an area of
around 400 um. Fohnigh-resolutionscars, recording of data was at pass energies of 150 eV
for survey scans and 40 eV with 1 eV antl &V step sizes respectively. The analysis of data
was achieved by CasaXPS software with a Shirley type background. More details can be seen
in section (410.3) and details of fitting data and calculations can be found in the appendix
attached at the end this thesis.

The DMS model 10 vibrating sample magnetometer (VSM) was used to determine the
magnetic moment of the films at room temperature, using an applied field of 40 kA/m, from
which the saturation magnetisation was calculated.

In the transversenode, the magnetic properties of the two film sets were measured on a
magneteoptical Kerr effect (MOKE) magnetometer, with the max magnetic field applied
being 40 kA/m, which was sufficient to saturate the films. Characterization of the magnetic
properties was carried out by measuring the normalized hysteresis loops. The magnetic

anisotropy and saturation fields were determined by measuring the normalized hysteresis
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loops at different magnetic field directions with respect to the sample, with anglesftom 0
18¢°. To measure the magnetostriction constai) [6] at room temperature, the inverse

magnetostrictive effect (Villari effect) [79] measurement was used.

6.4 Influence of Ar Gas Pressureon the Structure, Magnetic Properties,

and Magnetostriction Constants of Amorphous FeGaSiB Thin Films

Ar gas pressure is an important growth parameter of the sputtering process, in addition to
providing the inert gas atoms in the sputtering process, itascals work as an auxiliary
moderator for sputtered atoms from the sputtering target. In an individual sputtering chamber,
the Ar gas pressure can affect btib structure andhe magnetic properties of the deposited
films. For the cesputteringevaporatio technique, used in this work, in addition to the
above the Ar gas pressure can affect the percentage of the Ga #itemsally evaporated

and the percentage that reach the substrate, hence the composition of the deposited films.

For the FeSiB thin fih set, during thegrowth the substrate temperature was arounsl 19

while it was around 3l for the set ofFeGaSiBthin films for the variation of Ar pressure

(par)- This variation in temperature should not change the growth mechanism and is likely to
be due to using the evaporator for the FeGaSiB thin films as the Ga atoms are evaporated at a

high temperature.

Figure 6.1 shows the sputtering deposition rates athbihe FeSiB and FeGaSiB films. As
the films were deposited with fixing all growth parameters excepting Ar pressure, the
sputtering rate of FeSiB film deposition decreased with increasing of présgu@lwhile

the sputtering rate of FeGaSiB film deppmm was stable around 0.am/s for all the
variations of pressure. This suggests that paseh Ga atoms led to a reduction in the
sputtering rate byeducing the kinetic energy dfie atoms. Hence the growth of the FeSiB

films was faster compared withe FeGaSiB films.
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Figure 6.1 Sputtering rate of deposition the FeSiB and FeGasSiB films. The solid lines are a

guide for the eye.

6.4.1 Structural Properties

Figure 6.2 (a)shows the XRD of the 50 nm thick FeGaSiB thin films for different (Ar) gas
pressurespar). The results showed that all the films had an amorphous structure and all the
peaks present were for the Si substrBig.6.2 (b)s hows t he Si‘°apEig&k?2s at 2
(c)shows the XRD pattern of t he° tFxmEaavddBhet hi n |
substrate peaks. It is clear frdfig 6.2 (c)t her e ar e no pe atkisdicgter e s en't
the existence of crystalline Fe or FeGa. There is adbro@ e a k  § whicR id expectesl 0

for amorphous films. Hence all the films had an amorphous strudture. i s fthmund t h
main diffraction peaakndofotShier( 12i0 pp.Eiastt 3% tf o2udn=d
The results show that the addiafgGa into amorphous FeSiB thin films does not affect the
morphology also changing the Ar gas pressure does not affect the film morphology. This

means the film morphology is independent of pressure.
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Figure 6.2 (a) XRD for the different pressu$H0nm FeGaSiB thin films, (b) The Si peaks
2d r an g &to35r(e Tihe BeGaSiB film without the Si peaks.

Qayes A. Abbas, 2018 & Email: gayes.a.abbas@gmail.com



131 Influence of Growth Parameters onel8tructure, Magnetic Properties, and
Magnetostriction Constants of FeSiB and FeGaSiB Films.

As described in chapter 4, the Ar sputtering pressure is one of the parameters of co
sputtering evaporation chamber which can be varied tatd the Ga composition. The
effect of changing the Ar sputtering pressure has been investigated to achieve range of
compositions. On the other hand, it has been informed 2] @hat the stress induced in films
by sputtering deposition process can beugedl by the changing the sputtering Ar pressure
and the substratarget distance, d. In this work the substtatget distance was fixed at 60
mm, thus the stress can be influenced only by the Ar pressure. It is investigated to whether
that the magnetiproperties and the compositions of the magnetic films were strongly
influenced by Ar pressure. The influence of Ar pressure on composition was determined by
the XPS techniquas shown inable 6.1 From the XPS measurements, for all the FeGaSiB
films, Ga was detected, also it is meant that the Ga atoms had enough energy to travel
through the plasma, without being scattered.

Table 6.1summary of th X PS r esul t of tdsArpréssuremasd iacreasednp o s i t

Ar pressultlFe% Ga% Si% B%
4 82 7 5 6
5 81 8 5 6
6 83 4 7 6
7 83 7 5 5
8 83 4 6 7

Table 6.1shows the result of the XPS measurements of the FeGaSiB films for different Ar
pressures. The results showed that increasing the pressure does not scatter all the Ga atoms

and the Ga was successfully added to FeSiB films. It is known thaitctieae of pressure is

inversely proportional to the mean free patly of the sputter gas, wher&¥ — ). An
increase in Ar pressure leadsaidecreas®f the mean free patlnelastic collisions between
the Ga atoms and the sputter gas are increased witmasing the pressure and this leads to

thermally increasing the Ga atoms during their movement from the source of evaporator

towards the substrate.
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Figure 6.3 Ga compositions as a function of Ar pressure of FeGaSiB film.

Figure 6.3 shows the percentagd Ga composition as a function of Ar gas pressure of
FeGaSiB film. It was found thator the Ar gas pressure range investigated, the Ga
composition was changed by the variation of Ar gas pressure. The lowest values were at the
pressure of i6 eandhe8 malxamuwh val ue was at a p
pressure can affect the FeS#ratio through scattering the Ga atoms away from reaching

the substrate. By comparing the amorphous film of four elements (FeGaSi&@)pwrresult

in Fig. 6.3 with the 50nm thick binary crystalline FeGa ifig 6.4 which was fabricated,

with varying pessure, fixed power density 887x16 Wm? and Ga evaporation rate = 0.25,

by the same chamber described in chapter 4, studied by Javed [13], it is fouherdd a

difference in the amount of Ga within the films. The binary FeGa film had a higher Ga
percentage than the FeGasSiB film. This is likely to be due to the FeGaSiB films having four
different element atoms, with different sizes, leading to a rexust the Ga percentage, due

to the Ga atoms having more collisions with those elements. In this case, the collisions of the

four elements are more complex from those of binary system under increasing theepress

For the pressurb & O@ O 7 Loth film sets showed the sarbehaviar where the

mi ni mum valves were at the pressure of 6 ¢t
include the result, but they suggested that the Ga atoms were scattered by firedsgte

when the pressure wasegter than {ubar as this was enough to reduce the amount of Ga

atoms reaching the substrate. Fréing. 6.3 a similar suggestion could be made for the

FeGasSiB films, where the percentage of Ga was too low at the pressure of 8 pbar.
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Figure 6.4 Ga compaton of the binary FeGalfn as a function of Ar pressutaken from
referencq13].

6.4.2 Magnetic Properties

6.4.2.1 Magnetic Properties Measured by MOKE

For the selected range pfessurethe MOKE measurements of magnetostrictive FeSiB and
FeGaSiB thin films were used to determine the main magnetic properties such as the
normalized remanencanisotropysaturatiorfields, and coercivity.

Figure 6.5 shows the comparison of normalized hyssgs loops measured by the MOKE
system (described in chapter 4) at different applied field angles ainbd-eSiB films
prepared at different Ar gas pressures and fixed powaN2dhd Ga rate = 0. From this
figure, the effect of Ar gas pressure can be deetine shape of the hysteresis loopsr
example, inFig. 6.5 (a) all the loops had the same shape, wehQual coercivity and
remanence values and an absence of a hard loop, hence an absence of an anisotropy field.
Increasing the pressure >4b geaxcep at 6¢ b Jainduced an anisotropy in the plane of the
films, which changed the coercivity and remanence values, suggesting that increasing the
pressure induced a stress within the filfiee normalized hysteresis loops for the film at
pressure @ b a r fohal tthe different applied field angles, the same shape with a very low
coercive field.
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Figure 6.5 The normalized hysteresis loops, at different applied field anglesnof B8SIB
films for different gas pressures. (a) Pressussd ar ( b)sceBPrmesgsuoc)ebBPaessur

(d)Pressure 2 bar (e) eBaessure 8

Figure 6.6 shows the comparison of normalized hysteresis loops measured by MOKE
(described in chapter 4) at different applied field andgtesthe 50 nm FeGaSiB films
prepared at differérAr gas pressures and fixed power\®0and Ga rate 0.2 (a.u). Frdag

6.6, the effect of Ar gas pressure in the shape of the hystdoegis is showrFor example,

Fig. (a) had different shape hysteresis loops with different anisotropy fields, coercivity and
remanence values. It can be seen that inargdbe pressure with the presentéa reduced

the induced irmplane anisotropy of the films and affected the coercivity eemanence

values, suggesting that increasing the pressure with Ga present reduced the induced stress

within the films.
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Comparing the normalized hysteresis loops of the FeSiB and FeGaSiBRigsy6.5 and
6.6), it can be seen that, for both film sets, changing the presdigeted the magnetic

properties of the films, i.e. increasing the pressure increased the anisotropy of the FeSiB films

and reduced it for the FeGaSiB films.
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Figure (6.7) Angular plot of the remanence ratio { 0 ) at different Ar gas pressures (a)
FeSiB film (b) FeGaSiB film. The lines are a fit to the data.

Figure 6.7 presents an angular plot of the remanence magnetization k&figlg] of the

selected Ar gas pressures for FeSiB and FeGaSiB films. The differeike remanence
magnetization ratioM,/Ms, along both the easy and the hard axes provides an indication of

the strength of the uniaxial anisotropy. Therefore, the uniaxial anisotropy can be quantified

by fitting the following equations2) [3] to theM,/Ms as a function of angle.

For the FeSiB film abow-pressuretObar, D & 0.3, so the film he
while a strongeuniaxial anisotropy is preseint the films grown at 7 pbar and 8 pbar where

D &8 0.9 and 0.93 respectively. Further, the
films, the difference iM,;/Ms was influenced by the pressuf®r the FeGaSiB films=ig 6.7

(b), a weak uniaxiabnisotropy at high pressures 7 pbar (7% Ga) and 8 pbar (4%v&3a)
presesedwhere D & 0.33 and 0.29 respectively, a
pressures 4 Obar (7% Ga) and 5 Obar (8% Ga

differencein M;/Mswas influenced by both the pressure and Ga composition.

Magnetic properties of magnetic thin films such as the coercivity and anisotropy field can be
affected by the pressure or the composition of the film. Deposition of films under pressure
caninduce a stress (compressive or tensile) overall the film and/or local stresses, within the
film during the growth. This stress can strongly affect the coercivity and anisotropy field of
the magnetic film. Another variable that changing the pressure ftaarice is the deposited

film composition, such as the FeGaSiB film (sale 6.1). This change in composition can

also affect the magnetization and anisotropy of the filkws.the FeSiB filmthere was no

change in its composition as they have the same target composition, hence approximately the
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same composition. This indicates thla¢ effect of the local stress is tleminateeffect on
the magnetic properties.
Figure 6.8 shows the effect oAr pressure on the anisotropy fighty and saturation fieltHs
for the FeSIiB and FeGaSiB films respectively. For the FeSiB films, Heincreased
gradually as the pressure increased, suggesting that the local intrinsic stresses within the films
4000 A/ m
depositionpressures. This means the addition of Ga into FeSiB reduced the stress in the

increasedvith pressureFor the FeGaSiB filmsthe saturation fieldHs a for
films, so giving stability to the saturation field over the pressure range. leas ttat the

deposition rate of the FeGasSiB film was very low compared with a deposition rate of FeSiB

film Fig 6.1 this resulted in reducing the kinetic energy of the atomingch redued the

stress.
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Figure 6.8Saturation/Anisotropy Fields as a function of pressure for the FeSiB and FeGaSiB
films

It was found that for the FeSiB films, the films hawiaxial anisotropy at pressures higher

than 4 the FeGaSiB fil

the films were amorphouéseeFig. 6.2, the anisotropy will be dominated by the local stress

ebar, whil e ms were i s
within the films.

The coecive force is associated with the number of the domains, and how they are pinned,

the grain size, and the internal stress within the material. As the films in thissardy
amorphous and therevere no grairs detected,the observedtrend the coercive fare

indication thatit was affected byinternal stress. Also, as the domains pin on the grains,
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changing the coercivity, they can also pin on impurities and local stresses. As the response of
the material to a magnetic field is due to either the rotationagfnetic moments or domain
wall movement, restricting either can affect the coercivity. The stresses linked with, for
example, dislocations inhibit the rotation of magnetic moments and/or the domain wall
movement. Thus the tinnsic stresses influenamagetic properties of sputtered thin films

and can affect the magnetic properties such as the coercivity.

Figure 6.9shows the coercive fields as a function of Ar pressuréhioFeSiB and FeGaSiB

thin films. For both the film sets$]. is less than 900 A/m and higher than 300 A/m showing

that neither pressure nor Ga concentration changed the coercivity linearly. As discussed
above the coercive field strongly depends on intrinsic properties such as the grain size, and as

both film sets vwere amorphous, the films will contain no grains.
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Figure 6.9 Coercivdéields as a function of pressure for the FeSiB and FeGasSiB films.

6.4.2.2 Magnetic Properties Measured by VSMSystem

VSM measurements were used for the magnetostrictive FeGaSiB thin fitletetmine the
magnetic moment, hence the saturation magnetization, the coercivity, and the normalized
remanence.

Figure 6.10shows the results of the VSM measurements for FeGaSiB thin filmsh were
measured at room temperature to avoid any thermal effects of high temperatures and to avoid

annealing the films. Frorig. 6.1Q it can be seen that the magnetization of the FeGaSiB
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films decreases with increasimgpositionpressure. This codlbe die to the Ar pressure
creating a local stress and changing the percentage ahagnetic atoms (Ga, Si, B) within
the films due to complex collisions of atoms, so leading to a change in the composition of
films [7, 15] (sedable 6.1). Typically, the increase in pressure chasthe mean free paths
of all the atoms, as Ga is evaporated it is likely to have a higher energy than the sputtered
elements, meaning that its mean free paths at higher pressures is longer than the other
elements, so increasinige concentration in the films. This will change the local environment
within the amorphous films, as the magnetic moment of Fe atoms depends on the nearest
neighbours. Therefore, the saturation magnetization can be affected by the Ga concentration.
From Fig. 6.1Q it can be seen that the saturation magnetization decreased gradually with
increasing the pressure, hence it is not dominated by the Ga percentage as the Ga percentage
fluctuated with increasing the pressure ($&@g. 6.3. Therefore it is suggsted that the

reduction in saturation magnetization is dominated by pressure increase.
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Figure 6.10Magneteation as a function of pressure for the FeGaSiB films.
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6.4.3 Magnetostriction Properties
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Figure 6.11 The comparison of the magnetostriction constards a function of pressure for

the FeSiB and FeGasSiB films at room temperature

Figure 6.11 shows thecomparison ofthe magnetostriction constant as a function of changing

the Ar pressure fothe FeSiB and FeGaSiB films at room temperatirem Fig. 6.11, it is

observed that the magnetostriction constant of the FeSiB thin films increased with increasing

the Ar pressure. From equation (4.5), it is observed that the magnetostriction cansiant,

related to the intrinsic stress in the film. From previous work, the intrinsic stress is tensile as

this leads to an increase in elastic properties, hence an increase in the magnetostriction
constant,_ , [1]. Thus the increasing pressure causefarease in tensile stress within the

FeSiB films, which increased both the magnetostriction constaautd anisotropy fieldFor

the FeGaSiB films, the magnetostriction constantdecreases with an increase of sputtering

gas pressure. Fggy, O5 e bar , the magnetostriction cons
FeSiB film and showed the higher magnetostriction constantat the lower pressures
compared to the FeSiB film, with the maximum= 17.4 ppm,at4 bar wi t h compo
Fes,GaSisBs. For pa= 6 € b ,aoth films had the same values, with the film composition
FessGaySizBs. Forpar>6 € bar, t he magnetostriction const
than those of films with compositions &8a,;SisBs and FgsGaSigB7. Further, theminimum

value of FeGaSi B film was 4.9 ppm at t he |
Fe;sGaSigB7, while the minimum value for the FeSiB films wap3Pp m a't 5 ebar. F
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anisotropy and saturation field measurements, it is concluded that the raddliGa reduces
the tensile stress within the films, thus these intrinsic stresses no longer dominate the
magnetostriction constant,. The reduction in stress is due to the distribution of Ga atoms in
the amorphous structure changing the local enviesriraround the Fe atom. This means that
the magnetostriction constant,, now depends on the saturation magnetization (refer to
equations (B2) and (2.8)), which depends on the Ga concentratiéing 6.10 as both the
saturation magnetisation and maigistriction constant, , decrease with the increase in
pressure.The effet of changing the gas pressudaring sputtering, on the magnetic
properties of magnetostrictive thin films has been studied and efforts achieved to investigate
this effect.In the literature review (section 3.4.1), previous work found a large change in the
magnetic properties of both polycrydtae FeGa [6, 13, 17] and amorphous FeGaB [16]
films as a function of Ga concentration and argon pressure. For example, for the anisotropy
within the FeGasSiB films, the results presented here show similar behaviour of result of Ref.
[13], where increasing the pressure changed the anisotropy of the films from uniaxial to
isotropic. The magnetostriction constaghowed different behaviour forall the samples.
Further, the results presented here show different behaviour of result of amorphous FeGaB
films Ref. [16].
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6.5 Influence of Sputtering Target Poweron The Structure, Magnetic
Properties, and MagnetostrictionConstants of Amorphous FeGaSiB
Thin Films

The sputtering target power is another important growth parameter of the deposition process.

It can impact the properties of the films in a simNeay as the sputtering gas pressure.

Further, it can influence the deposition rate, the kinetic energy of sputtered atoms and
consequently the surface mobility. In the-smutteringevaporationtechnique the effect of

changing the sputtering target power can affleetsputtering rate, which can affect the ratio

of sputtered atoms to evaporated atoms. For the film growth, the Ga rate wakRdixed.2

and sputtering pressurgp4e bar , t hus an i ncr easgeleadsio sputt
an increase irhe FeSiB sputtering ratEjg 6.12 hence in principle a change in the Fe&B

ratio in the films.
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20 30 40 50 60

Power (W)
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Figure 6.2 sputtering rate of FeGaSiB film as a function of increasing the power.

6.5.1 Structural Properties

Figure 6.13 (a) shows the XRD of 50 nm thick FeGasSiB thin films for different target power

Presis The results showed that all the films had an amorphous structure and all the peaks
present were for the Si substreffieg 6.13(b)s hows t he Si‘apBigkid3(c)at 2 d
shows the XRD pattern of the °Fob®acSavoklthe hi n f
substrate peaks. It is clear frdfig 6.13(c)t her e ar e no p e‘adckilicaper esent
the existence of crystalline Fe or FeGanilar tothe presste study i wasound that t

Qayes A. Abbas, 2018 & Email: qayes.a.abbas@gmail.com



143] Influence of Growth Parameters on The Structure, Magnetic Properties, and
Magnetostriction Constants of FeSiB and FeGaSiB Films.
s a mp | ¢he samendain diffraction peaks of Si (100). In this phetrésults show that the
adding of Ga into amorphous FeSiB thin films does not affect the morphology, also changing
the target power Bsig does not a#ct the film morphology. This means the film morphology
is independent of power.
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Figure 6.13 (a) XRD for the different powers of 5&h FeGaSiB thin films. (b) The Si peaks.
(c) The FeGasSiB film without the Si peaks.
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Table 6.2summary ofXPS resulfort he f i | md of the mengasing potwver.o n
power (W) Fe% Ga% Si% B%
20 82 7 5 6
30 81 4 8 8
40 82 7 6 5
50 81 8 6 5
60 85 5 3 7

Table 6.2 shows the result of the XPS measurements of the FeGaSiB films for different
FeSiB target powerPgesip. Figure 6.14 shows the percentage of Ga composition as a
function of the sputtering target power of FeGaSiB film. It is found that, for the range of
power investigated, the Ga composition is influenced by varying of the sputtering target
power. The lowesvalue was at the power of 30 W while the maximum value was at a power
of 50 W. For fixed Ga evaporation rate and Ar pressurép@ea® in the spittering target
power increasethe FeSiB sputtering rateg 6.12 hence increaskthe number and speed of
sputtering atomswardthe substrate and this can influence the Fe&&aBatio in film.

B FeGaSiB fim
8- []
S [] []
c
O6-
=
8
o []
g
o L]
©
o
2 T T T T T
20 30 40 50 60
Power (W)

Figure 6.4 Ga compositions as a function of sputtering target power of FeGaSiB

film.

By comparing the Ga concentration of the amorphous films with four eleme@a$Hg), in
Fig. 6.14, with the 50nm thick of binary crystalline FeGa iRig 6.15, fabricated with
varying the power density, fixed pressure fldlar and Ga evaporation rate = 0.3, by the

same chamber described in chapter 4, studied by Javed [17]. It is found that there is a

Qayes A. Abbas, 2018 & Email: qayes.a.abbas@gmail.com



145 | Influence of Growth Parameters on The Structure, Magnetic Properties, and
Magnetostriction Constants of FeSiB and FeGaSiB Films.
difference in the amount of Ga within the films, including the binary films of FeGa having a
higher Ga percentaghanthe F&aSiB films. For the binary FeGa film, the Ga percentage
decreased with increasing the power density, as increasing the power sittreasenber of
Fe atoms and affexthe percentage of E&aby decreasing the number of Ga atoms to reach

the substrateFor the four elemenfiims (FeGaSiB) the Ga percentage fluctuated with
increasing the power.

36

324
284

24-. i

204

Ga composition (%)

164

12 v v v v 1 v v
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-2 4
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Figure 6.1 Ga composition of the binary FeGa filmas$unction of Fe power densitgken

from referencgl7].
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6.5.2 Magnetic Properties

6.5.2.1 Magnetic Properties Measured by MOKE

The MOKE measurements of the magnetostrictive FeSiB and FeGasSiB thin films were used
to determine the essential magnetic properties such as the normalized remanence,

anisotropysaturatiorfields, and coercivity
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Figure 6.6 Normalized hysteresis lood different applied field anglefyr 50 nm FeSiB

films a different sputtering target power. (a) 2@ (b) 30W (c) 40W (d) 50W (e) 60W.
Figure 6.16 shows the normalized hysteresis loops measured by the MOKE system
(described in chapter 4) at different applied field anfie50 nm FeSiB films prepared at
di fferent amFs f i xed
(@ and (b) (20 W + 30 W)all the loops had the same shape and similar coercivities and

target power

sputtering
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remanences values, with the absence of hard loops, hence abkamcanisotropy field.

Increasi

within the films. FromFig. (c), it can be seen that the hard loop direction aligned at the angle
60°and the easy loop at the angles &t 150. Thereforethis film had uniaxial anisotropy

field as the difference in the angles of the easy and hard lo8p#Alg0, it can be seen that

ng
the coercivity and remanence values, suggesting that increasing the power induced stress

t \W,endugedlam a4plan© anigofropy within the films araffected

increasing the power higher thanW0changed the hard loop direction fronf &0 3@, Figs.

(d) and (e)
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Figure 6.7 Normalized hysteresis loops, at different applied field angpe$0 nm FeGaSiB
films for different sputtering target power. (a) 20(b) 30W (c) 40W (d) 50W (e) 60W.
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Figure 6.17 shows the normalized hysteresis loops measured by the MOKE system at
different applied field angle®r 50 nm FeGaSiB films prepared at different sputtering target
powers and at a fixed Ar gas pressure and Ga rate 0.2 (a.u).Fgom.17, the effect of
sputtering target power on the shape of the hysteresis loops is shown, for eXagsple)
and (b) had different shape hysteresis loops with different anisotropy fields, coercivity and
remanence values. It can be seen that increasirgptheering target power with the presence
of Ga, reduced the diplane induced anisotropy field and affected the coercivity and
remanence values. This suggests that increasing the sputtering target power with Ga reduces
the induced stress within the filmsp changing the anisotropy field. Thus, for sputtering

target powes higher than 3@W, the anisotropy field was reduced.

(a) FeSiB film o Power= 20W (b) FeGaSiB film ~ Power= 20W

Power= 30W E Power= 30W
Power= 40W
Power= 50W
Power= 60W

Power= 40W
Power= 50W
Power= 60W

Figure (618) Angular plot of the remanence ratio (Mr/Ms) of different powers (a) FeSiB film
(b) FeGaSiB film. The lines are dtiing to the data.

Figure 6.18 represents the angular plot of the remanence magnetizationNatid:) of the

selected powers of both the FeSiB and FeGaSiB films. To examine the strength of the
uniaxial anisotropy, from the remanence magnetization (MidMs), the fitting equation

(5.2 is applied, the uniaxial anisotropy can be quantified [3] toMh®&1s as a function of

angle data&ig 6.18.

For the FeSiB film at power 30/, D a8 0.16, therefore the fil
while a stronger uakiial anisotropy is present in the films of powers 40, 50, arMy/ &there

D a8 0.9, 0. 94, Foathsfilm,the difeemxeid tj D visdnflugnced by the
power.While for the FeGaSiB films, they allad weak uniaxia@nisotropy at th®sisO 4 0
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W whenD < 0.5 and stronger uniaxial anisotropyPaisig20W (7% Ga)whenD a @ar 8 9 .
this film, the difference iM,/Mswas influenced by the power and Ga composition.
Figure 6.19 shows the effect of sputtering target powet.£ig on theanisotropy/saturation
fields for FeSiB and FeGasSiB films. For the FeSiB filidgjncreased sharply from 2000 to
14000 A/m with increasing the sputtering target poviedp. For the FeGaSiB filmds
increased gradually from 4000 to 5000 A/m with increasing the sputtering target power
(Peesi and was about a factor 2.8 lower than the anisotropy fields of FeSiB filrRs.ExO
40 W. Thus suggestthat, the addition of Ga into FeSiBIm reduced tk induced stress

within the films, so giving stability to the saturation field over the power range.
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Figure 619 Saturation/Anisotropy Fields as a function of power for the FeSiB and FeGaSiB

films.

Figure 6.20 shows the coercive fields as a function of sputtering target pd¥esid for

FeSiB and FeGasSiB thin films. In general, the result showed that the coek&j\atyFeSiB

films were higher than the coercivitid. of FeGaSIiB films for all the powers, extee
Presis = 40 W, which had a minimum value of 95 A/m. The maximum coerchiitpf the

FeSiB films was 1000 A/m a power of50 W, while the maximum coercivity. of the
FeGaSiB film was 750 A/m. This means the FeGaSiB films had softer magnetic properties
except aPresis = 40 W. For these two sets of films, the coercivity is influenced by changing

the power.
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Figure 6.2 Coercivefields as a function of powéor the FeSiB and FeGaSiB films.

6.5.2.2 Magnetic Properties Measured by VSMSystem

The VSM measurements of magnetostrictive FeSiB and FeGasSiB thin films were used to
determine the magnetic moments hence the saturation magnetization, the coercivity, and the
normalzed remanence.

Figure 6.21 shows the saturation magnetization results of the VSM measurements for
FeGasSiB thin films, which were measured at room temperature to avoid any thermal effects
of high temperatures and to avoid annealing the films. F¥ign®.21, it can be seen that the
saturation magnetisation of the FeGaSiB films increased slightly with increasing the power
and thendecreased with increasing tipewer > 30 W, and then at a power of B0the
saturation magnetization increased again. It can ke #eat the minimum value of the
saturation magnetization was at the power of B0 and the maximum saturation

magnetization was at the power of\B0
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Figure 6.21 Saturation magnetization as a function of power for the FeGaSiB films.

From Fig. 6.21, it can be seen that the change in the saturation magnetization is not
dominated by the power as the change in the saturation magnetization is not gradual with the
power. While it is found thathe Ga percentage was fluctuatwgh increasing the power
(seeFig.6.14), it is suggested that the reduction in saturation magnetization is dominated by
Ga percentagasthe change in saturation magnetization follows the change in Ga percentage.
It can be seen that the film, which has highest saturation magniation haghelowestGa
percentage of 4%, while the lowest saturation magnetizatioriow#fse film with the highest

Ga percentage of 8%urther it is found that thesaturation magnetizatioof the film with a

power of 20W is not dominated by Gegpercentageas suggested above, therefotbis

difference could be due twving thisfilm a different stressompared with others.

6.5.3 Magnetostriction Properties

Figure 6.2 shows magnetostriction constafitas a function of changing the sputtering
target power, Rsig, for the FeSiB and FeGaSiB films. Frdfig 6.2, it is observed that the
magnetostriction constant of the FeSiB thin films decreased fromppf® to 3ppm with
increasing tW and firea wnereasedfor 3he powers > 30 to reach the
maximum 21ppm value at the power of 680/. For FeGaSiB film, the magnetostriction
constant decreased from 17.4 ppm for thg&a&SisBe film (Presis = 20 W) to 5.2ppm for

the F@sGaSisB; films (Presis = 60 W), as the power increased. The 20 film
(Fe:GaSisBg) had a maximum value of 17.4 ppm, which was higher than the

magnetostriction constant JIpm of FeSiB film deposited at the same power. WhilgHer
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films deposited at 60V, the FeSiB film the magnetostriction constant was 21 ppm, which
was higher than the 5.@pm magnetostriction constant, of thegdEaSisB; film. The
Fe;,G&;SigBs film had a magnetostriction constant of gpm, which was lower than the
magnetostriction constamf the FeSiB film depositedt the same power (4W). Further,
Javed [17] found that the addition of Ga into Fe films, as a function of sputtering Fe target
power, resulted ina lower Ga compositionat the highest power P similar to the
FessGasSisBy film, which had a lower magnetostriction constant at higher target power. He
suggested that the Fe atoms have a higher gmeaghing the substratehich gaverise toa

change in théocal structure.

241 | @ FeGaSiB thin film
22 | ® FeSiB thin film {

iR ;

Magnetostriction constant Ag (ppm)

20 30 40 50 60
Power (W)

Figure 6.2 Magnetostriction constarf yas a function of power for the FeSiB and FeGaSiB

films at room temperature.
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6.6 Influence of GaEvaporation Rateon The Structure, Magnetic
Properties, and MagnetostrictionConstants of Amorphous FeGaSiB
Thin Films

In the caesputteringevaporatio technique, the Ga evaporation rate is an important parameter
to grow the films. It can influence the FeSd& ratio and the composition of the deposited
films, as thefilms are deposited at fixed Ar pressure and sputtering target power.
Quantitatively, he Ga evaporation rate cannot be calibrated, due to it being unachievable to
manufacture pure Ga films, which can be calibrated at room temperature, as Ga has a melting
point just above room temperature. Thus the rate is measured by a rate monitomgiaeed i

the chamber.

6.6.1 Structural Properties

XRD measurements were taken to examine whett
if they included crystall FigneZ @)showsteerXRD n an
patterns of FeGaSiB films with varying Ga evaporation rates. It shows that all the films had

an amorphous structure and all the peaks present were for the Si substrate. As previously
done, to avoid the substareptesenten éFig 6.8 (b),thehe Si
XRD measurement was r €85 asshbwnrFig ch23(e). It2ath r an g €
be seen fronkrig 6.3 (c)t her e ar e no pe dWwhichwoxld e dietogheat 2d
presence of crystaline Feorhe-G&e( 110) t ext ufr B&Henmcetthe flms t he f
had an amorphous structure. Theig. 6.23 (a), (b), and (c) show that varying the Ga
evaporation rate doesot influence the film morphology. This indicates that the film
morphology is independent of the Ga evaporation rate, and hence the amount of Ga in the

films.
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Figure 6.8 (a) XRD FeGasSiB thin films with different Ga evaporation rates. (b) The Si
peaks. (c) The FeGaSiB film without the Si peaks.
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mo s

Table 6.3Summary oftheXPS result of the fil
Ga evaporation rate | Fe% Ga% Si% B%
0.2 82 7 5 6
0.3 83 8 4 5
0.4 79 11 5 5
0.5 79 12 5 4
0.6 77 14 5 4

composit

Table 6.3shows the result of the XPS measurements of the films for different Ga evaporation

rates. The results showed that Ga was successfully added to FeSiB films by using the co

sputteringevaporation technique, to fabricate the FeGaSiB films. For fixed preasdre

power, the results also show that increasing the Ga evaporation rate led to an increase in the

Ga concentrationThis allows for control of the Ga percentage within the films.

It can be

seen inFig. 6.2 that the composition oBa has a linear relat with Ga evaporation rate

(Rea). Thus the Ga composition can be controlled over a ran@=%f by changing the Ga

evaporation rateRgz), whilst the remaining fabrication parameters remain constant. The data

in table 6.3 also show that the Fe and B contations decreadgewith increasingGa

concentration while the Si concentration is maintained within the accuracy of the

measurement.

10 4

Ga composition (%)

6 T T T

- T -
0.2 0.3 0.4 0.5

T

Ga evaporation rate(a.u)

0.6

Figure 6.20 Ga compositions as a function of Ga evaporation rate under constant pressure 4

pbar and power 2@V. Thesolid line is a guide for the eye
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6.6.2 Magnetic Properties
6.6.2.1 Magnetic Properties Measured by MOKE
For the chosen range of Ga evaporaticte the MOKE measurements of the

magnetostrictive FeGaSiB thin films were used to measure the necessary magnetic propertie
including the normalized remanence, anisotropy fields, and coercivity.
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Figure 6.5 Hysteresis loops of FeGaSiB films for different&vaporatiorrates, where (a)
Rsa 0.2, (b)Rs2 0.3, (c) Ra0.4, (d) R, 0.5, and (e) B, 0.6. The right insert fig @, b1, ¢
1, d1, el) sowthe anisotropy fieldslk at different applied field angles.
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Figure 6.5 (a, b, ¢, d, and e) shows the normalized hysteresis loops for FeGaSiB films
where the anisotropy fields were determined as a function of the angles between the applied

magnetic field and the designated film side.

Garate =0.6
Garate=0.5
Garate=0.4
Garate=0.3
Garate =0.2

oo«

Figure 26 Angular plot of the remanee ratio (M/Ms) of different G Rates. The lines are a
fit to the data.

The uniaxial anisotropy can be quantified by fitting the equa®a®) (3] to theM,/Ms as a

function of angle, as shown Fig. 626. Thus, for t he findidatmgaat 7 %
weak uniaxial anisotropy, while a stronger uniaxial anisotropy is present in the film at 8%
Ga, wher e Dreadon for.tl8s3ould Gémeas all the films were amorphotise
anisotropy will be influenced by thetrinsic stress withirthe films. Hence this suggests that

the films with Ga > 7% had a larger intrinsic stress, compared to the 7% Ga film. Also, the
increase in uniaxial anisotropy could be due to increasing the amount of Ga within the films
from 7 Ga% to 14 Ga%, as Ga does have a polarizable magnetic moment, which can
modify the nearest neighbour interactions of thé=Eeatoms.

Qayes A. Abbas, 2018 & Email: qayes.a.abbas@gmail.com



158 | Influence of Growth Parameters on The Structure, Magnetic Properties, and
Magnetostriction Constants of FeSiB and FeGaSiB Films.

80001 | @ FeGaSiB fiim |

<eo00{ & 3 s ¢ $

2 5000- 0.3Rga 0.5Rga

6 7 8 9 10 11 12 13 14 15
Ga%

Figure 627 Anisotropy field as a function of Gampositionfor FeGaSiB thin films.

Figure 6.27 presents the anisotropy field as a function of different Ga evaporation rates for
FeGasSiB thin filmsFromFig. 627, for all the filmsasthe Ga evaporation rateas increased

(Ga% from 7% to 14%), theka 6000 A/ m, al onrgmaied Bhisshevs d a x i
approxconstantthat even with the increase of Ga within the films, the anisotropy field was

maintained. The anisotropy energy depends on the anisotropy constant, which is given by
0O ——. From Fig. 629, it is observed that there is a change Nk with Ga

concentration. Thus the anisotropy constant of 7% ®&aid4212 Jri¥, while the 14% Ga is

K= 3353 Jnt. Hence a difference in anisotropy energy, but a difference compared in
anisotropy as determined ig. 6.25. One reason is that the two methods are using different
parameters from the magnetic hysteresis loop. The remanent magnetization depends on the
pinning of domain walls in the film, while the anisotropy field is dependant on the dothinate
energy ontribution. Thus this suggests that the 17% Ga film, has less pinning, so a small
M/Ms, which leads to strong uniaxial anisotropy observeHign6.25, but has a smallévl,

thus the anisotropy constant is smaller. Comparing this torarbBeSiB film gown with

the same fabrication parametatig@ 2300 A/ m (see chapter 5), t

higher anisotropy field.
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Figure 628 Coercive fields as a function of @ampositiorfor FeGaSiB thin films.

Figure 6.28 shows the coercive field, along the hard axis loop, as a function of the Ga
evaporation rate for the FeGaSiB thin films. The coertizles were in the range from 300

to 500A/m, which are lower than the coercive field of ars@ FeSiB film, grown withtie

same fabrication parameters (see chapter B.éf 8 0 0 This means that the Ga addition

has reduced the coercive field, suggesting that the coercive field depends strongly on the
pinning in the material. Aerromagnetic material is taken to keft when it has a low
coercivity. Absence of grains and grain boundaries in amorphous alloys makes them to be
homogeneous and this leads to them containing less defects. Thus as the number of defects is
very small in amorphous material, the pinning cariéss, resulting in a very soft material,

with a small coercivity (<500 A/m).
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