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Abstract

Soft amorphous magnetic materials with small coercivity, Hc and anisotropy fields, Hk

high saturation magnetostriction constant, λs and excellent mechanical properties are

desirable for magnetic microelectromechanical (MagMEMs) sensors. Apart from these

properties, materials with low magnetic damping, α are sought-after materials in spin-

tronic applications to minimize the power consumption. To develop a fundamental

understanding on the soft amorphous magnetostrictive properties of FeCoCr thin films,

studies on the magnetostrictive, structural, magnetic damping and mechanical proper-

ties of FeCo and FeCoCr thin films at varied growth conditions are presented in this

thesis. The primary aim of this study is to achieve soft amorphous magnetostrictive

FeCoCr films with lower Hc (< 10 kAm−1), lower Hk (< 15 kAm−1), but higher satu-

ration magnetostriction, λs (> 20 ppm) and smaller α (≤ 0.01) compared to the other

soft magnetic thin films. The findings showed that FeCoCr films with soft amorphous

properties were achieved when sputtered at power 75 W and pressure 4.8 x 10−3 Torr.

Nevertheless, the structure changed to polycrystalline as the sputtering power increased

to 125 W and 150 W. For the films grown at 75 W, the effective magnetostriction

constant, λs = 28 ppm was determined to be a factor of five higher compared to the

polycrystalline films at 150 W. While the sputtering power demonstrated a substantial

effect on tailoring the structure and the magnetostrictive properties, the film thickness

however does not significantly impact on those properties. The Hc of the FeCoCr films

obtained decreased with Cr compositions, similar to the Hk which also found reduced

to as low as 3 kAm−1 with increasing the Cr concentrations up to at. 7.2% Cr. The

measured Hk determined by MOKE measurement showed a similar trend with the Hk

measured by VNA-FMR technique. The α increased with increasing the Cr content to

at.7.2%, but at a lower Cr at 2.6% film it was found to be smaller. The damping con-

stant of FeCoCr films arose from the inhomogeneity of the samples. From mechanical

testing by nanoindentation, it was found that the yield strength, σy of FeCoCr films was

determined at a maximum of 1014 MPa. In summary, it was feasible to achieve soft

amorphous FeCoCr magnetostrictive films by careful control of the growth sputtering.

Fabrication of soft amorphous magnetic FeCoCr thin films with a lower concentration

of at.2.6% Cr at optimised sputtering power 75 W, a lower Hc < 0.2 kAm−1 and Hk

< 3 kAm−1 and the α as low as 0.0065 were successfully achieved while sustaining a

higher saturation magnetostriction constant, λs ≈ 39 ppm. The Cr substitutions into

FeCo films also play a role to hinder the dislocation movement of atoms, hence improve

mechanical strength of FeCo films.
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Chapter 1

Introduction

1.1 Soft Magnetostrictive Materials

Numerous studies on different magnetostrictive materials have been reported up to the

present [1–6] as they have shown outstanding properties for applications, for instance,

they have been used for magnetic microelectromechanical (MagMEMs) sensor and ac-

tuators applications, such as magnetic field sensor [7, 8], SONAR transducer [9], energy

harvester [10] and health monitoring [11] . It has also been reported that magnetostric-

tive materials with high magnetostriction, low damping and narrow resonance linewidth

are suitable candidates for microwave and spinwave device applications as well as mag-

netic random access memory (MRAM) [12]. The first magnetostriction study was con-

ducted by Joule in 1840 who had found that iron (Fe) changed its length when subjected

to a magnetic field [13]. In the early 1960’s Clark and his co-workers [14] worked on

the rare-earth elements terbium (Tb) and dysprosium (Dy) at low temperature (78 K)

exhibited giant magnetostriction more than λ = 1000 ppm. As the high magnetostric-

tion of these single elements was not possible to be achieved at room temperature in

particular for devices application, these two elements were mixed with other elements

such as Ni, Co or Fe to form alloy with high magnetostriction at 300K. It has been shown

that the magnetostriction of a single crystal Terfenol-D (Tb-Dy-Fe) can be as high as

2000 ppm [15]. Due to the cost production of Tb and Dy are very expensive, researchers

started working on finding new materials which are more cost effective but still have

large magnetostriction. Galfenol (Fe-Ga) has received great interest as an alternative

to Terfenol-D because it is more ductile and has better mechanical properties at low

1



Introduction 2

fields. It has been reported that the magnetostriction of Fe-Ga at room temperature

was ten fold (λ = 300 ppm) than that of Fe when a compressive stress up to 120 MPa

was applied [16].

To date, soft amorphous magnetic materials have drawn wide attention among material

scientist as they show promising properties notably for high frequency applications [17].

Compared to soft crystalline materials, soft amorphous materials have higher resistivity,

which reduces eddy current losses [18]. In addition, these materials not only exhibit low

energy losses but also low coercivity, large saturation magnetisation and high perme-

ability, so become excellent candidates that can be used in data storage [19] as well as

in MagMEMs devices [20, 21]. Soft magnetic materials with these properties include,

SiFe, Metglas (FeSiB), Permalloy (Ni80Fe20) and Permendur (Fe50Co50). Many studies

have focused on FeCo-based materials (Fe-Co-Nb, Fe-Co-Tb, Fe-Co-Ga) either in bulk

or thin films [3, 22] due to their remarkable properties (higher saturation magnetization,

high Curie temperature and larger magnetostriction) compared to other soft materials.

A study reported that the magnetostriction of bulk at equiatomic Fe–Co (Fe50Co50) had

a magnetostriction of 60 ppm [23], while it has been reported that increasing Co content

up to 75 at.%, a magnetostriction as high as 108 ppm was achieved [24] for the bulk

FeCo alloyed. Soft amorphous properties in thin films however, offers more advantages

over the bulk materials [25] as they are economical and easy to design so are compatible

to the processing technologies for miniaturization of MEMs devices [26]. Despite its ad-

vantages, these materials have drawbacks particularly for the as-deposited films which

are associated with a large coercive field; more than Hc=10 kAm−1 [27]. The ideal soft

magnetostrictive material for MagMEMs actuators devices with high performance under

low magnetic fields needs not only a high magnetostriction constant (λ > 20 ppm) but

also a lower coercive (Hc < 10 kAm−1) and anisotropy fields (Hc < 15 kAm−1).

The main goal of this research is to investigate a new FeCo-based soft amorphous mag-

netostrictive material. Although many researchers have studied the magnetostriction of

FeCo, research on soft magnetostrictive properties of Fe-Co-Cr thin films has not been

studied comprehensively to date. Studies have been reported that adding an antiferro-

magnet element such as Cr can result in higher magnetostriction i.e at 61 ppm for 30

wt.% Cr and 15 wt.% Co in a bulk sample. However, the coercivity of this sample was

not reported and therefore it was unclear whether the required soft magnetic properties

were present in the optimised films [28]. Further work also found that soft magnetic
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properties were achieved in FeCo films with coercivity as low as 748 Am−1 by adding 20

at.% Cr, nevertheless no magnetostriction data were given [29]. Similarly the magne-

tostrictive properties of (Fe54Co46)1−xCrx thin films were not included in the reported

literature [30]. Thus alloying the FeCo with the non-magnetic element of Chromium

(Cr), along with controlling the fabrication growth conditions it is expected that soft

amorphous magnetostrictive properties can be achieved that are suitable for MagMEMs

at low field sensing and high frequency applications. In addition to the magnetic studies,

the mechanical properties of Fe-Co-Cr films will be also investigated using the nanoiden-

tation method, to determine whether the mechanical strength of FeCo can be improved

by adding Cr. Moreover, Young’s Modulus of FeCoCr film itself can be used to calcu-

late the magnetostriction constant more precisely. To achieve those objectives, several

questions have arisen and need answers:

(a) Do the growth conditions, for instance, the application of a magnetic field during

fabrication, sputtering power, film thickness, have a significant effect on the structural

properties and magnetostriction constant of the FeCo and FeCoCr films?

(b) Can Cr reduce the coercive and anisotropy fields, hence improve the soft magne-

tostrictive properties of the FeCo films?

(c) How much percentages of Cr that can be added into FeCo to achieve the ideal soft

magnetic properties; Hc < 10 kAm−1, Hk < 15 kAm−1, λs > 20 ppm and magnetic

damping constant α ≤ 0.0100 of FeCoCr films?

(d) Does the addition of Cr improve the mechanical properties such as the hardness,

Young’s Modulus and the yield strength, σy of the FeCo films?

1.2 Thesis Outline

This thesis is organized into eight chapters as follows:

Chapter 2 begins with the theoretical background on magnetic materials and the mag-

netic energies associated in ferromagnetic materials. The cornerstone of these energies

are crucial in order to understand what contributes to the existence of domains in ferro-

magnetic materials. This PhD study also needs to determine the damping constant for

soft FeCoCr films, thus a description of Gilbert damping from Landau-Lifshitz-Gilbert
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(LLG) equation and the mechanisms of damping are given as well. The last section of

this chapter will outline the origins of magnetostriction and its equation related to the

different types of materials.

Chapter 3 presents a literature review on magnetostriction focusing on FeCo-based mate-

rials. It reviews the structural, magnetic properties and magnetostriction studies carried

out and it is split into sub-sections highlight to different factors which influence these

properties, such as composition, heat treatment, multilayer films, combination of a third

element as well as the growth conditions. Magnetostriction studies on the rare-earth el-

ements and other materials have also been reviewed in this chapter. The mechanical

studies on FeCo and other magnetic materials also have been reviewed at the end of this

chapter.

The experimental techniques both film fabrication (RF Magnetron Sputtering) and sam-

ple characterizations (Atomic Force Microscopy, Scanning Electron Microscopy with En-

ergy Dispersive X-Ray, X-Ray Diffraction, Magneto-Optical Kerr Effect, Vector Network

Analyzer-Ferromagnetic Resonance, Transmission Electron Microscope and Nanoiden-

tation) along with the fundamentals behind each techniques are explained in detail in

Chapter 4.

The main parts which contributes to the most of the thesis is the results chapters, which

provide the answers to the questions mentioned above. These are structured into three

chapters: Chapter 5 demonstrates the characterization of FeCo films fabricated with

varied thickness and the effect of magnetic field and no magnetic field during sample

deposition. Results on the structural, magnetic and magnetostriction studies of FeCoCr

films under different thickness and sputtering power are discussed in this chapter.

Chapter 6 is devoted to the results of the role of Cr on the structural, morphology and

magnetostrictive properties in various composition of FeCoCr. This chapter aims to

determined whether the magnetic and structural properties of the film have dependencies

on the Cr compositions. Magnetic studies by means of Ferromagnetic Resonance (FMR)

to define the damping constant and the magnetization are given in this chapter. At the

end of this chapter, a comparison between various types of soft magnetic materials which

have been studied by other researchers and the soft FeCoCr are presented, in terms of

their saturation induction, µ0Ms and the coercive field, Hc.
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Chapter 7 presents a study of mechanical properties of FeCo and FeCoCr films for

different thicknesses (more than 400nm) by nanoidentation. This chapter provides the

information on the hardness, Young’s Modulus and the Yield strength of the FeCo

and FeCoCr films since there is a lack of the information on the mechanical strength

specifically for these materials.

The summary of this research is drawn in the final Chapter 8 accompanied by proposed

future work.



Chapter 2

Theoretical Background

This chapter describes an overview of different magnetic materials and magnetization

process in ferromagnetic materials which are associated with different magnetic ener-

gies (magnetocrystalline, magnetostatic, magnetoelastic, exchange and Zeeman). The

factors which influence the magnetic anisotropy in crystalline and amorphous magnetic

materials also presented in this chapter. It is then followed by the principles of magne-

tostriction and magnetization dynamics which are related to the extraction of magnetic

damping.

2.1 Classification of Magnetic Materials

Susceptibility, χ is property of material, referred to as the ratio of magnetization to

applied field which for ferromagnetic material has a temperature dependence based on

the Curie- Weiss Law (described in the later subsection). In general, diamagnetic mate-

rials have χ = - 10−6 to -10−5 and their magnetic response to the applied field is in the

opposite direction. For both paramagnetic and antiferomagnetic materials, χ = 10−5 to

10−3. While the ferromagnetic and ferrimagnetic have similar magnitude; χ = 101 to

103 [31, 32]. Magnetic materials can be distinguished by their magnetic moments and

their arrangements as depicted in Figure 2.1. In paramagnetic materials (Figure 2.1a),

moments are disordered which results in zero magnetization. For antiferromagnetic ma-

terials, the individual magnetic moments are aligned anti-parallel, thus cancelling each

other, so the total magnetization is also zero. The magnetic moments in ferromagnetic

6
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Figure 2.1: The arrangement of magnetic moments in (a) paramagnet (b) anti-
ferromagnet (c) ferromagnet (d) ferrimagnet. Figure adapted from

[33].

substances shown in Figure 2.1c have a large net magnetization as result of the magnetic

moments aligned parallel to each other. Meanwhile in a ferrimagnetic material, there

are two sub-lattices of magnetic moments, with different size moments indicated by two

different arrow lengths, but in opposite directions as given in Figure 2.1d. This group of

material also have net magnetization with large positive susceptibility, but not as strong

as ferromagnetic materials.

2.1.1 Temperature Dependence of Magnetic Materials

Susceptibility, χ of ferromagnetic material has a temperature dependence, when the

temperature is changed, the thermal energy of the magnetic moment changes. The

susceptibility is defined as the ratio of magnetization (M) to the applied field, (Happ).

Temperature variation of susceptibility, χ for paramagnetic material is given by the

Curie’s Law [32]:

χ =
M

Happ
=
C

T
(2.1)

In ferromagnetic materials, Weiss postulated that there is an internal interaction between

the localized moments, called a ”molecular field”, HW . He suggested that the HW
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is a mutual interaction between the electrons which makes the magnetic moments in

the same directions to each other. It is assumed that, HW is linearly proportional to

magnetization, M :

HW = γM (2.2)

where γ is molecular field constant. Thus, the total field is from both applied field, Happ

and molecular field, HW (Htot = Happ + HW ).

By substituting Htot into Equation 2.1, the χ can be written as:

χ =
M

Happ + γM
=
C

T
(2.3)

or by rearranging the above equation, it becomes:

M =
CHapp + CγM

T
(2.4)

therefore, the susceptibility of ferromagnetic material can be expressed by:

χ =
M

Happ
=

C

T − γC
=

C

T − Tc
(2.5)

where γC called as Curie point or Curie temperature, TC . The Equation 2.5 is well

known as Curie-Weiss Law. When temperature is increased beyond TC , ferromagnetic

behaviour will disappear and change to paramagnetic behaviour. For antiferromagnetic

materials, the Curie-Weiss on temperature dependence of χ can be shown by Néel’s

temperature, TN where the two sub-lattices arrange anti-parallel to each other:

χ =
C

T + TN
(2.6)

2.2 Magnetization Process and Magnetic Energies

The initial magnetization process of a ferromagnetic material and the domain theory was

postulated by Weiss in 1907 [34]. The magnetization of a ferromagnetic material varies

from zero to the saturation value and this phenomena can be explained by the existence

of small regions called domains. Domains are the regions in ferromagnetic substance in
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Figure 2.2: The initial curve of hysteresis and the growth of domains in ferro-
magnetic material when magnetic field is applied. Figure adapted from

[33].

which magnetic moments are uniform. In demagnetized state of ferromagnetic materi-

als, domains have different orientations hence the total of magnetization is zero. When

a sample magnetized, all domains are aligned parallel to each other. The variation of

domain directions when no external field and a small magnetic field is applied until the

saturation point is achieved can influence the hysteresis curve of ferromagnetic material.

The initial curve of hysteresis and the growth of domain in response with applied field

is illustrated in Figure 2.2. When no external field is applied at point (a) (undemag-

netized state), domains are randomly oriented, and the overall magnetization is zero.

When the magnetic field is gradually increased at point (b), the domains start to grow.

The domains closest to the direction of magnetic field will expand more than the other

domains. The expansion of domains is accompanied by the domain wall movement. As

the magnetic field increases, all the domains walls are removed, leaving a single domain

as shown at point (c). At this point, the saturation magnetization has been achieved

whereby the domain pointing in the same direction as the external applied field [33].

In ferromagnetic materials, the magnetisation process involves the minimisation of the

total energy in magnetic system. The contributions to the total energy are from mag-

netocrystalline anisotropy, magnetostatic energy, Zeeman energy, exchange energy and

magnetoelastic energy [35]. These energies will be described in the following subsections.
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Figure 2.3: The existence of magnetic dipole on the surface (a) and (b). The
magnetostatic energy, Ems is minimised when the closure domain is formed (c)
as disappearance of magnetic dipole on the surface. Figure adapted from

[33].

2.2.1 Magnetostatic Energy

The energy of system which associated with its own demagnetizing field, Hd is called

magnetostatic energy, Ems. This field acts in opposite direction to the sample’s magneti-

zation, M . It depends on the shape and geometry of the specimen and can be described

as Hd = - Nd M , where Nd is the demagnetizing factor [33]. The magnetostatic energy

of ferromagnetic material with known shape and geometry can be written by:

Ems = µ0Nd

∫
M.dM =

µ0
2
NdM

2 (2.7)

Figure 2.3 shows how the magnetostatic energy can be reduced by formation of domain.

Consider a ferromagnetic material with an external field and its own demagnetizing field,

Hd shown in Figure 2.3a. In this case, the magnetostatic energy is larger. The magne-

tostatic energy for this material can be reduced with two domains shown in Figure 2.3b,

hence, its demagnetizing field reduced. In order to reduce the magnetostatic energy

to zero, a closure domain with no magnetic poles at the surface is formed as shown in

Figure 2.3c [33].
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Figure 2.4: Magnetization of Fe in easy < 100 > and hard axes < 111 >
[36].

2.2.2 Magnetocrystalline Energy

Another energy which contributes to the total energy in a ferromagnetic material is the

magnetocrystalline anisotropy Ea. The magnetisation of a magnetic material depends on

the crystal structure, due to the magnetic moments oriented to a certain crystal direction

called the easy axis. This energy exists due to the interaction of the magnetisation with

the crystal lattice, which occurs via the orbital overlap of electrons called spin-orbit

coupling. In the case of iron (Fe) which has a cubic crystal structure as presented in

Figure 2.4 the magnetization is favourable along < 100 > direction.

The magneto-crystalline anisotropy energy of the cubic anisotropy as a series expansion

of the direction cosines (α1,α2, α3,etc) can be expressed by the following equation [36]:

Ea = K1(α
2
1α

2
2 + α2

2α
2
3 + α2

1α
2
3) +K2(α

2
1α

2
2α

2
3) + ... (2.8)

Where K1 and K2 for Iron at room temperature are K1 = 4.8 x 104 J/m3 and K2 = -1.0

x 104 J/m3. While, for Cobalt which has uniaxial anisotropy, the easy axis lies along

the hexagonal < 0001 > c axis (Figure 2.5) and the anisotropy energy is depends on the
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Figure 2.5: Magnetization of Co in easy < 0001 > and hard axes < 1010 >
[31].

angle, θ between magnetization vector and easy direction. The expression of uniaxial

anisotropy in this case is given by :

Ea = K1 sin2 θ +K2 sin4 θ + ... (2.9)

with the uniaxial anisotropy constants of Co at 150C are K1 = 4.53 x 105 J/m3 and K2

= 1.44 x 104 J/m3 [37].

2.2.3 Exchange Energy

Exchange energy Eex can be described as a result of interaction between two neighbour-

ing spins and this energy tends to keep these adjacent spins parallel to each other. The

exchange energy, Eex between two spins Si and Sj can be expressed by the following

equation [33]:

Eex = −2Jex ~Si. ~Sj = −2JexSiSj cos θij (2.10)
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where Jex is the exchange integral and θij is the angle between two spins. Jex can

be positive or negative whether the spins align parallel (ferromagnetic) or anti-parallel

(antiferromagnetic).

This energy can be related directly to the Curie temperature, TC based on the thermal

energy per moment, 3kBT . The alignment of magnetic moment is destroyed when the

thermal energy per moment is equal or above the exchange energy per magnetic moment.

This is reflected by the transition from ferromagnetic to paramagnetic state . From this

relationship, one can estimate the exchange energy per moment for given material with

known TC . For instance, Iron at TC = 1043 K the Eex = 4.3 x 10−20 J ; while Cobalt

at TC = 1404 K thus Eex = 5.8 x 10−20 J [31].

2.2.4 Magnetoelastic Energy

In the absence of stress, the magnetocrystalline anisotropy is dominant, but when the

material is subjected to stress, the magnetization directions is depends on both the

anisotropy, K and the stress, σ. For isotropic materials have a saturation magnetostric-

tion, λs the magnetoelastic energy can be written as [36]:

Eme =
3

2
λsσ sin2 φ (2.11)

where φ is represents the angle between the magnetization and the stress, σ. The

equation 2.11 can be related by stress anisotropy energy, which is also magnetoelastic

energy:

Eme = Kσ sin2 φ (2.12)

where Kσ is anisotropy constant and equal to 3
2λsσ.

2.2.5 Zeeman Energy

Another contribution to total energy comes from the Zeeman energy, Ez which is the

interaction between magnetization and the external field. This energy can be minimized

when the magnetization is in the direction of the applied field. By applying an external

field parallel to magnetization, M , the domain wall will move and increasing the size
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of domain. Then eventually the domain, which opposed the field will disappear. This

energy in the presence of external field, Hext for a volume of sample, V is given by:

EZ = −µ0
∫
V
M.HextdV (2.13)

2.3 Magnetization Damping

Magnetisation damping in ferromagnetic materials involves dissipation of energy via the

transformation of energy from the macroscopic motion of the local magnetisation field

into microscopic thermal motion [38]. The energy dissipation can be intrinsic (spin-

orbit interaction) or extrinsic which associated to the defects and non-uniformity within

a ferromagnetic system [39].

To describe magnetic damping, consider when a magnetic field, H is applied to ferro-

magnetic material, the magnetic moment experiences a torque, τ and magnetic moment

tends to align with the magnetic field. The torque exerted on the magnetic moment by

a magnetic field is:

τ = M ×H (2.14)

Under strong damped conditions which magnetic moment strongly coupled with other

moment, they will slowly rotate into the field direction. This precession process to align

the magnetic moment parallel to the magnetic field is defined as magnetic damping or

Gilbert damping, α which was successfully formulated by Gilbert [38]. The equation of

precession motion for undamped magnetization was firstly introduced by Landau and

Lifshitz [40] known as LL equation:

dM

dt
= −γM ×Heff (2.15)

Here Heff is effective field contributions of external field, demagnetization, exchange,

anisotropy and magnetoelastic ; γG is refer to gyromagnetic ratio of electron ( γ < 0

). Gilbert then came up with the solution on the LL equation by adding the terms for
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Figure 2.6: (a) The precession motion of magnetization based on Landau-
Lifshitz (b) The additional term of damping proposed by Gilbert showing the
magnetization in the direction of external magnetic field. Figure adapted from

[41].

damped motion and later the equation known as Landau-Lifshitz-Gilbert (LLG equa-

tion) as given below:

dM

dt
= −γM ×Heff +

α

Ms

(
M × dM

dt

)
(2.16)

where α is dimensionless which describes how fast the precession motion dampens. The

LL and LLG equation due to the damping are described in Figure 2.6. This parameter

can be used depending on how large or small it is for switching application for instance,

in spin-transfer switching devices a low damping constant is required [42]. The intrin-

sic Gilbert damping originates from spin-orbit coupling [43] and also can arise from

the extrinsic contributions. These include two magnon scattering and inhomogeneity

broadening in magnetic structure. In two magnon (quantized spin waves) scattering,

the damping increases when the ferromagnetic resonance (FMR) linewidth is increases.

Such scattering occurs when the magnons having wavevector of κ = 0 are excited to

degenerate states, κ 6= 0 [44]. This mechanism depends on crystal defects as the crystal

symmetry near the defects is broken leading to the two magnon scattering [45, 46]. An-

other contribution to the magnetic damping is the inhomogeneity, which is independent

to frequency. This is can be shown by the expression below :

∆H = ∆H0 +
4παf

γ
(2.17)

where ∆H0 is the inhomegeneity contribution to the linewidth. It is believed that, the

inhomogeneity is associated with the variation in anisotropy [47] and the surface and
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interface roughness [48]. The second term in above equation is presents the intrinsic

Gilbert damping constant which is dependent on the resonance frequency, f . The de-

termination of damping constants in this present study by means of Vector Network

Analyzer and Ferromagnetic Resonance will be explained further in the experimental

technique section.

2.4 Magnetic Anisotropy for Amorphous Materials

Magnetic anisotropy from long-range order does not exist in the amorphous material

as the atoms are randomly arranged. The magnetic anisotropy within the material

however is related to the local random anisotropy which is averaged out as it varies with

direction. The explanation of magnetic anisotropy for amorphous has been successfully

addressed in the model called Random Anisotropy Model (RAM)[49], then later Herzer

[18, 50, 51] adopted and extended that model for nanocrystalline materials as well. This

model starts by characterizing the interaction between the local magnetic anisotropy

oriented over the grain size, D and the exchange coupling by the free energy density :

φ = A
∑

i=x,y,z

(5mi)
2 +K1fK(m.u) (2.18)

where A = exchange stiffness; K1 = local magnetocrystalline anisotropy; fK = angular

variation in the anisotropy energy respect to local symmetry axis, u. The fK is dimen-

sionless; while m is the direction of the magnetization vector [51]. In this equation, if

the magnetization direction changes on length L, the exchange energy scale is A/L2.

The exchange energy then would be greater than the local anisotropy energy (A/L2 >

K1), if the local anisotropy length is smaller than the ferromagnetic exchange length:

L0 = φ0
√

(A/K1) (2.19)

where the L0 represents the minimum length, where the magnetization is roughly con-

stant despite the fluctuation of local anisotropy, whereby φ0 is dimensionless parameter

in order of one. The value of K1 for a 3d-based amorphous alloy is 5 x 104 J/m3 and 106

J/m3 for 4f -rich alloys. Hence the exchange length for Fe-based alloys is in the range 20
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nm to 40 nm [35, 51]. For both amorphous and nanocrystalline alloys, D is smaller than

the local correlation length, L0. With D ≈ atomic scale for amorphous and for D ≈

5-20 nm for nanocrystalline. Consequently, the local anisotropy which orients randomly

is averaged out over several units by the domination of the exchange interactions.

Consider for D < L0, the magnetic anisotropy which is related to magnetization over

the volume, Vex = L3
ex and within this volume the magnetization is constant due to

the exchange coupling. The schematic of the random of anisotropy model with local

anisotropy K1 over the volume (shown by the area in a grey color) and the exchange

length, Lex is illustrated in Figure 2.7. The results for the number of grains N , the

average anisotropy constant can be shown by:

〈K〉 =
K1√
N

= K1.(D/Lex)3/2 (2.20)

Thus, the easy axes for N grains randomly oriented which have magnetization favourable

along these axis. Hence the exchange energy coupling will be A/L2
ex. Substituting the

〈K〉 for K1 in Equation 2.18, the exchange length therefore can be correlated to the

average anisotropy:

Lex = φ0
√

(A/〈K〉) (2.21)

with φ0 corresponds to both the symmetry of anisotropy and the angle between the

easiest axes of the adjacent exchange interactions of the spins. By combining Equation

2.19 and 2.20, one can determine:

〈K〉 = K1.(D/L0)
6 (2.22)

where L0 is ferromagnetic exchange length as provided in Equation 2.18. It showed that

the magnetic anisotropy of amorphous has dependence on the sixth power of grain size

[18, 50, 51].
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Figure 2.7: The random anisotropy model for amorphous showing that the
correlation length, D is much smaller compare to the exchange length, Lex

[51].

2.5 Induced Anisotropy

To design magnetic materials for the needs of specific applications, it is possible to induce

the magnetic anisotropy by appropriate methods. Induced anisotropy can purposely be

achieved by methods such as annealing treatments or during the sample preparation

[37]. There are several treatments, which can induce the anisotropy such as magnetic

annealing (field annealing), plastic deformation, stress annealing and magnetic irradia-

tion.

2.5.1 Magnetic Annealing

The induced anisotropy by magnetic annealing was discovered on the superlattice of

Permalloy (Fe-Ni) alloy [52]. At 490oC, this alloy was in order-disorder states, then

at 500oC the phase changed to the ordered phase whereby the anisotropy disappeared

approaching the completely ordered state. Chikazumi [53] introduced the ”directional

order” which leads to the existence of induced anisotropy by magnetic annealing. Their

specimens were heated in a furnace for about an hour then cooled in longitudinal mag-

netic field, 30 Oe. He explained that magnetic anisotropy due to the different atomic
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pairs of Ni-Ni, Fe-Fe or Ni-Fe. The directional order described is similar to magnetocrys-

talline anisotropy arises from the spin-orbit coupling. There is magnetic interaction be-

tween the axis of like-atom pairs with the local magnetization, hence these two tends

to be in the same directions. The atomic pairs interaction gives rise to the anisotropy

when they were always pointing in the same direction. The anisotropy is the same as

for materials which have uniaxial anisotropy.

2.5.2 Roll Anisotropy

The magnetic anisotropy can be induced by cold-rolling and this effect is also referred

as roll magnetic anisotropy. This kind of anisotropy was observed in Fe-Ni (50:50)

alloys. The Fe-Ni alloy (001) plane is cold-rolled with the direction of rolling [100].

A large magnetic anisotropy is induced after rolling to 50% thickness reduction. The

mechanism of anisotropy induced in cold-rolling also can be caused by the directional

order which there are an increased number of Fe-Fe and Ni-Ni neighbouring atoms which

the applied field direction is perpendicular to the rolling direction. [33].

2.5.3 Stress Annealing

According to O’Handley [35], there are several mechanisms which occur when materials

undergo stress upon heating. During annealing, materials under stress will either be

elastically strained, or may undergo irreversible strain (creep), such that at certain

annealing temperatures this leads to an easy magnetization. These mechanisms give rise

to anisotropy. It is also possible to induce the anisotropy by placing the sample under

stress and subsequently annealing below the crystalline temperature. After annealing,

the sample is released, leaving the sample in a stress state [54].

2.6 Magnetostriction Principle

The phenomenon under which ferromagnetic materials change their dimensions when

subjected to a magnetic field is known as the magnetostriction effect. Typically, the

deformation is very small in magnitude of 10−5 to 10−6. The first magnetostriction effect

was discovered by James Joule in 1842 [13] and found that the Iron having positive and
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negative magnetostriction constants (λ100 = 21 ppm ; λ111 = -21 ppm) depending on

the crystal direction. Thus, a material can have positive and negative magnetostriction

constants. The magnetostriction constant, λ is defined as the fractional change in length

δL′/L by the magnetic field. This effect occurs because of the rotation and reorientation

of small magnetic domains, which cause internal strains. For positive magnetostriction,

the strain is in the direction of magnetic field while for negative magnetostriction, the

strain is opposed to the magnetic field. By applying a higher magnetic field, more

domains have become aligned until it reaches saturation where at this point it is called

saturation magnetostriction, λs [55].

The physical origin of magnetostriction can be explained by spin-orbit coupling as de-

picted in Figure 2.8. The arrows and black dots represent the net magnetic moments

and atomic nuclei, respectively. There are two kinds of magnetostriction, which are

spontaneous magnetostriction and field-induced magnetostriction. Above the Curie tem-

perature, TC the magnetic moments have completely a disordered arrangement. If the

magnetic moments have very strong spin-orbit coupling below TC , then spontaneous

magnetostriction occurs and the spins and the electron clouds rotate into a particular

orientation due to the crystal anisotropy. If the atomic nuclei are forced further apart,

the spontaneous magnetostriction would be δL′/L. Field-induced magnetostriction oc-

curs when a strong field is applied perpendicular to the spin direction, this results in

the spins and electron clouds rotating through 90o, such that the domains are magne-

tostrictively strained by an amount of δL′/L.

Magnetostriction can also be introduced by applying a mechanical stress onto the spec-

imen. As a result the sample magnetization is affected as the stress causes the magne-

tization to rotate either along the stress direction (positive magnetostriction) or away

(negative magnetostriction). This mechanism is called the inverse Joule effect or Villari

effect or the magnetomechanical effect or the stress-induced anisotropy. This effect plays

an important role as one can control the magnetization and the domain structures by

applying a stress rather than a field [37].

2.6.1 Magnetostriction for Different Materials

There are two independent magnetostriction constants for cubic materials, which are

λ100 and λ111. The saturation magnetostriction for a single domain or single crystal
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Figure 2.8: Magnetostriction due to the spin orbit coupling. Taken from
[36].

cubic materials can be given by:

λs =
3

2
λ100

(
α2
1β

2
1 + α2

2β
2
2 + α2

3β
2
3 −

1

3

)
+ 3λ111 (α1α2β1β2 + α2α3β2β3 + α3α1β3β1)

(2.23)

where λ100 and λ111 are saturation magnetostriction measured along < 100 > directions

and along < 111 > directions, respectively. The terms α1, α2, α2 refer to the direction

cosines of magnetization, whereas the β1, β2, β3 are the direction cosines for the magne-

tostriction in relation to the field direction [23]. The magnetostriction in the direction

< 110 > is not independent of λ100 and λ111, is given by [37]:

λ110 =
1

4
λ100 +

3

4
λ111 (2.24)

For a completely isotropic material, λ= λ100 = λ111 = λ110. In the case of polycrystalline

material with no texture, i.e. randomly orientated grains, the overall magnetostriction is

averaged from each grain, even though λ100 6= λ111. Thus the average magnetostriction

of this material is expressed by [37]:

λ =
2

5
λ100 +

3

5
λ111 (2.25)
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2.6.2 Surface Magnetostriction

The magnetostriction of a thin film has been observed to be different from the bulk.

According to O’Handley and Sun [56] it is affected by the symmetry on the surface

which has been altered due to the changes in the number of nearest-neighbor atoms. It

has been found that for multilayer films, the magnetostriction constant changed with

multilayer thickness caused by the magnetostrictive strain which is localized at the

interface. This leads to the linear dependence of effective magnetostriction constant

on the inverse thickness, t−1 [57]. This effective magnetostriction for thin film which

has contribution from the volume magnetostriction, λv and the surface or interdiffusion

layers, magnetostriction, λs/i it is given by:

λeff = λv + (2λs/i)/t (2.26)

where t is the thickness of the film or layer. Lafford and Gibbs [58] extended the model

for finite thicknesses at the interface region between the magnetic and nonmagnetic

layer, which was not given in the model proposed by Szymczak [57]. Thus equation 2.25

becomes:

λstmag = λmags tmag +
2(λs/i − λ

mag
s )tint

1 +
(
tint
tmag

) (2.27)

where λs is effective magnetostriction constant, which is similar with the λeff in the

Equation 2.25; λs/i is magnetostriction constant of the interface; λmags is magnetostric-

tion constant of magnetic layer, tmag is a thickness of magnetic layer and tint is a

thickness of the interface. In some cases, the second term is constant when tint � tmag.

The equation above yields the linear regression from the plot of λs tmag against tmag

[59, 60].

2.7 Theory on Nanoidentation for Measuring the Mechan-

ical Properties

Measuring the mechanical properties of thin films on different substrates by load and

depth-sensing indentation technique allows the force and depth of penetration into a

material to be recorded. Hence the hardness and the Young’s modulus of that material
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can be determined directly. Sneddon [61] have derived the relationship between the

force, P , displacement, h and the contact area for different types of tips indenter (flat

cylinders, cones, and spheres) and this can be expressed by the power of law equation:

P = αhm (2.28)

where α and m are constants.The values of m depends on the geometry of the tip.

According to the method proposed by Doerner and Nix [62], the contact area between

the indenter and sample remains the same when the tip is withdrawn, and the curve of

load-displacement at unloading is linear. However, Oliver and Pharr [63] experimentally

found that the unloading part is clearly curved with m which in the range 1.2 ≤ m ≤

1.6 and determined that Equation 2.27 becomes:

P = α(h− hf )m (2.29)

which hf is the final depth of contact after unloading.

Measurement of the hardness properties of the sample requires the indenter area func-

tion, A. Thus, Oliver and Pharr [64] have introduced a method that accounts for the

non-linear behaviour of the unloading data, in contrast with a linear part which proposed

by Doerner and Nix method. The measurement of Young’s Modulus, E and hardness,

H was proposed by Oliver and Pharr and are based on the unloading process during one

cycle. A typical load-displacement plot is illustrated in Figure 2.9 (after[64]). Both elas-

tic and plastic deformation occurs when the tip is driven into the film and the contact

area changes with the depth. The unloading curve is dominated by the elastic displace-

ment. The important parameters determined from the curve shown in the Figure 2.9

are the peak load, Pmax, the depth at the peak load, hmax, the contact stiffness at the

unloading curve, S = dP/dH and the final depth, hf which the depth after the indenter

is completely unloaded.

For the Berkovich indenter, the contact area, A and the contact depth, hc are related

by:

A = 24.5h2c (2.30)
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Figure 2.9: The load-displacement curve. Figure taken from
[63].

Figure 2.10: The schematic diagram of unloading and loading process of indenter
tip into sample. Figure taken from [63].

The exact process of how Young’s modulus and hardness are measured by the Berkovich

tip during the unloading process is based on the illustration shown in Figure 2.10. They

assumed that the Berkovich tip can be modeled by a conical indenter with a half-included

angle, φ = 70.3o. The contact depth, hc = hmax - hs is the depth contact between the

tip and the sample given by:

hc = hmax − ε
Pmax
S

(2.31)
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Where ε is geometric constant depending on indenter geometry. In this case, the ε =

0.75 to account for edge effects (sink-in), and the pile-up is negligible.

This method also determines the depth and the contact area that the indentation makes

with Berkovich geometry, whereby this kind of tip are not described in Sneddon analysis.

The contact of area, A at the peak load, is determined by:

A = F (hc) (2.32)

Where F is area function or cross-sectional area of indenter to the distance from its tip,

hc. By taking deviations from Berkovich geometry due to blunting at the tip, the area

function, A in equation 2.29 can be extended as:

A = 24.5h2c + C1h
1
c + C2h

1/2
c + C3h

1/4
c + .....+ C8h

1/128
c (2.33)

which C1 to C8 are constants obtained by fitting the A against hc data.

The reduced elastic modulus, Er which has contribution from both the Young’s Modulus

and Poisson ratio, ν of the film and the indenter tip can be written as:

1

Er
=

(
1− ν2film
Efilm

)
+

(
1− ν2indenter
Eindenter

)
(2.34)

where the Eindenter and νindenter of a standard diamond tip are 1140 GPa and 0.07,

respectively. The value of Poisson’s ratio is usually between 0 and 0.5, depending on

the material. From the load-displacement curve, Oliver and Pharr analysis define the

equation for Er for any axisymmetric indenter given as:

Er =

√
π

2
β
S√
A

(2.35)

where β is a dimensionless parameter equal to unity. However, β has value greater

than 1 (β = 1.05) when taking into account a deviation in stiffness caused by the

non-axisymmetric of the indenter. Apart from the reduced modulus, Oliver and Pharr

analysis also gives a solution in determining the hardness, Hr of the sample once the
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Figure 2.11: Process of nanoindentation involves measurement of some param-
eters in obtaining the hardness, reduced elastic modulus and Young’s modulus.

[63].

contact area of function is obtained:

Hr =
Pmax
A

(2.36)

Figure 2.11 shows an overall nanoindentation process in which the hardness, reduced

elastic modulus and Young’s modulus of sample can be obtained.

There is another type of indenter used to investigate the mechanical properties of ma-

terial which the projected contact area are different with Berkovich contact area. The

Knoop indenter, has an elongated four-sided pyramid indenter with two unequal face

angles; θ1= 86.25o and θ2= 65o as shown in Figure 2.12a. The contact area, A for

Knoop indenter is A= 2h2c tanθ1tanθ2 . The advantage of this tip geometry is it provides

very shallow depths of penetration and able to respond to the difference in the ratio of

hardness to modulus of material [65].The spherical indenter, however, has an advantage

as this tip able to measure mechanical properties from elastic to elastic-plastic region.

The projected area for this indenter is A=π2Rhc, which R is a radius of contact and α

is effective cone angle as shown in Figure 2.12b. The geometries and the SEM images

of both Knoop and spherical indenter are shown in Figure 2.12.
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Figure 2.12: Geometry of (a) Knoop indenter (b) spherical indenter and SEM
images of (c) Knoop indenter (d) spherical indenter. Figure taken from

[65].



Chapter 3

Literature Review

Soft magnetic materials have received considerable interest with numerous reports hav-

ing been published on the properties of soft magnetic materials including FeCo-based

alloy and films. The driving force behind these efforts is the potential for FeCo to be

used in many applications such as MagMEMS sensors and actuators, additionally spin-

tronic devices. This chapter reviews the wide range of studies focusing on the structure,

magnetic and magnetostrictive properties of FeCo-based alloys and thin films. Several

factors (compositions, annealing, multilayer films, elements doping) which influenced

the films properties will be outlined in the first section in this chapter. This chapter also

describes the previous works by other groups on soft FeCo-based material for microwave

studies in high frequency ranges. Further, a literature review on the mechanical studies

using nanoindentation method are given at the end of this chapter.

3.1 Structural, Magnetic and Magnetostrictive of FeCo

The purpose of studying the magnetostriction properties is to understand how a ferro-

magnetic material respond to an external magnetic field or strain acting on it. This phe-

nomenon enable us to engineer high performance of magneto-electromechanical trans-

ducers of magnetostrictive bulk, ribbons and thin films. However, many factors need to

be considered to attain a large magnetostrictive effect especially in thin films, which are

affected by a number of intrinsic (composition) and extrinsic (for example : pressure,

28



Literature Review 29

Figure 3.1: The saturation magnetisation of FeCo at varied composition (a) and
(b)the lattice parameter in disordered and ordered structure. Figure taken from

[23].

power, substrate temperature, annealing) factors [66]. Numerous studies on the struc-

ture, magnetic and magnetostrictive properties of FeCo either in bulk or thin films have

been published since the discovery of the high saturation magnetisation (2.4 Tesla) of

Fe-Co at near equiatomic composition as shown in Figure 3.1.

3.1.1 Effect of Fe and Co Compositions

An early study on Fe-Co magnetostrictive materials was reported in 1932 [67]. There

was a substantial change in the magnetostriction constant when Fe was alloyed with

40, 50 and 60% Co. The magnetostriction constants values at those percent of Co

found to be 60 to 70 ppm. The value of magnetostriction constant was found nearly -20

ppm at 100% Co and less than -10 ppm with no addition of Co . In 1960, an exper-

iment was performed on annealed bulk Fe50Co50, which showed high magnetostriction

of λ100=150 ppm [68]. At this composition, it is in the B2 ordering phases and close to
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zero anisotropy. Different concentration of Fe-Co films were prepared by electrodeposi-

tion and then annealed in vacuum 400oC with an applied magnetic field were studied

by Yokoshima et. al [69]. They reported that the coercivity, Hc decreased for films

with 30 to 65 at.% Fe and claimed due to the lattice distortion relaxation. For higher

concentration 90 at.% Fe, they found that annealing was not effective in reducing the

Hc. They concluded that the high Hc at higher concentration of Fe, was due to a large

magnetocrystalline anisotropy. Nevertheless, the study did not reported the magnitude

of the magnetocrystalline anisotropy for their films. In another study, variation of Co

composition in FeCo films deposited by using magnetron sputtering have been reported

by Lin et al. [70]. The lower coercivity was found with Fe80Co20 and increased as the

Co concentration increased. The magnetisation squareness increased close to 1 with the

percentage of Co. They also studied how surface roughness affects the magnetic proper-

ties of their samples. Films with smaller roughness had lower coercivity and vice versa

for larger roughness. The higher coercivity for larger surface roughness was believed to

be due to the defects in films causing the impediment of domain wall movement.

Magnetostrictive properties of FeCo at composition 50:50 grown by two different sput-

tering methods namely DC and RF sputtering have been determined by Morley et.al

[71]. They also investigated how fabrication parameters such as temperature (300 K

and 600K), rotating and keeping the sample stationary during sputtering, as well as film

thicknesses influenced the magnetic and structural properties of their films. The films’

thicknesses were in range between 10 nm and 100nm. Their results showed that at 300 K

for DC sputtered films with various thicknesses and rotating the sample during growth,

the magnetostriction constant (λ = 11 ppm) did not changed over the film thickness.

Meanwhile, samples at 600 K for DC sputtered (rotated) and RF (non-rotated), the

magnetostriction followed the Néel’s model of surface magnetostriction with the contri-

butions of volume, λv and interface, λs/i. For films (DC) the λv and λs/i found to be

63 ppm and -1199 ppm.m, respectively. The λv was found to 53 ppm and λs/i was 669

ppm.m for films grown by RF sputtering method. The uniaxial anisotropy were found

for both non-rotated DC and RF caused by the stray field from magnetron sputtering.

For structural analysis, XRD peaks at 2θ = 44.97o were observed in all films. They con-

cluded that the films uniformity in thickness for the DC rotated samples was determined

and decreasing in anisotropy field and internal stress also were possible to be reduced

by fabricating films at elevated temperature and rotating the sample.
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Fu et.al [72] investigated the magnetic properties of Fe100–xCox (30 ≤ x ≤ 40) films

prepared by co-sputtering. They found that the films had isotropic behaviour with

saturation magnetisation in the Co composition (30 at.% to 40 at.%) of 2.4 Tesla, so

had similar value as bulk FeCo. The minimum value of coercivity was 1 kAm−1 for

FeCo film of 34 at.% but it increased markedly afterwards in the range of (36≤ x ≤

40) Co concentration. They also found that by growing Fe65Co35 (100 nm) on the seed

layer (Co93Fe7) thickness varied from 0 to 10 nm could change the behaviour of the

films. They found that films showed uniaxial anisotropy at high Co concentration. The

coercivity of the hard axis and easy axis was reduced to 0.2 kAm−1 and 1 kAm−1,

respectively. There was no magnetostriction measurement conducted in the study.

The influence of Fe (20% ≤ Fe ≤ 51%) and Co (49% ≤ Co ≤ 80%) compositions on the

magnetic properties and microstructure of FeCo thin films have been reported by Yang

et.al [73]. In this paper, they prepared FeCo films on the Si substrate by sputtering the

Co target with Fe chips. They varied the film compositions by changing the number

of Fe chips. From the structural study they found that the peak of FeCo (110) at

2θ = 45o disappeared when the composition was Fe51Co49 but revealed the peak of

FeSi2 (042) at about 2θ = 53o. For magnetic studies, they performed Vibrating Sample

Magnetometer measurement at room temperature with the findings of the coercive field

increased gradually with Fe compositions from 8 kAm−1 to 19 kAm−1. This paper

however did not investigated the magnetostrictive properties of their films.

Summary

Based on reported studies of Fe and Co concentrations used, it can be summarised that

the amount of Fe or Co had significantly affected the coercive field, Hc and anisotropy

field, Hk of thin films. It has been claimed that the concentration of Fe within 30 to 65

at.% have reduced the Hc, while the concentration of Co from 30 at.% to 40 at.% on

other studies have found the Hc also decreased. However, the study also determined that

for compositions of Fe and Co at an equal concentration (50:50), the anisotropy field

also could be reduced by controlling the deposition temperature and applying a different

method during thin film deposition of thin films can affect film properties. Therefore, a

different technique would use in this current study to vary the concentrations of Fe and

Co by adjusting the sputtering power to investigate if the coercivity or anisotropy fields

have shown a substantial difference.
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3.1.2 Effect of Annealing

The magnetic properties of ferromagnetic thin film also can be tailored by annealing ei-

ther by applying a magnetic field during deposition or by temperature (post-deposition).

The effect of annealing on the magnetic properties of 300 nm Fe50Co50 films had been

studied by Cooke et.al [27]. The films were grown by rf sputtering onto different sub-

strates silicon (001) and sodium glass. This study found that the coercivity reduced

when the annealing temperatures were above 375oC. The change in grain size when

samples were annealed from 30 nm - 60 nm to 100 nm - 150 nm. The magnetostriction

constants were also found to be different for both group of films, for the films deposited

on sodium glass substrate was larger (76 ppm) than on Si substrate (63 ppm).

Research on Fe50Co50 films which annealed by means of an applied field had been studied

by Coisson et. al [74]. They deposited films onto glass substrate with film thicknesses of

30 nm and 4 nm. They annealed the films in a vacuum with pressure of 2 x 104 mbar,

annealing time was varied between 20 and 120 minutes and under magnetic field of 100

Oe. The film with thickness of 4 nm annealed for 20 minutes had a coercive field Hc =

10 Oe which was three times lower than the as prepared film which was 30 Oe. However

the film coercivity increased to 80 Oe as the annealing times increased to 40 and 100

minutes. All samples showed an isotropic behaviour. Thus annealing at longer periods

for the 4 nm thick film did not markedly reduce the coercivity and did not change the

magnetic behaviour of the films. This is contradicting to the 30 nm thickness, where

magnetic annealing at 60 minutes reduce the coercivity and magnetic anisotropy was

developed. They suggested that the magnetic field applied at 100 Oe and film deposited

for 60 minutes was sufficient to induce a moderate magnetic anisotropy for their thicker

film.

Investigation of the different thermal processes on the magnetic properties of Fe-Co has

been highlighted by Hunter et al. [75]. The Co-Fe films were sputtered on the Si/SiO2

substrate. The films were divided into three different conditions which were as deposited

Co-Fe, annealed at 800oC for 1 hour (slow-cooled) and another one was annealed at

800oC for 1 hour (water quenched). The change of magnetrostriction constant with Co

concentration in their study for the as deposited films with a comparison for the bulk

and thin film forms from other studies is shown in Figure 3.2a. Their films subjected

to different heat treatment(slow-cooled, quenched), the magnetostriction constants is
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Figure 3.2: The plot of magnetostriction of FeCo with percentages Co (a) as-
deposited films and (b) samples at different heat treatment. Figure taken from

[75].

presented in Figure 3.2b. They determined that the annealed film with water quenched

showed the highest value of magnetostriction constant. As the composition increased

between 60 and 75 at.% Co the maximum magnetostriction was found to be 260 ppm as

opposed to film annealed (slow-cooled) with a maximum value was 156 ppm. For the as

deposited films the value was much lower (67 ppm). They reported that by annealing the

sample at the temperature and composition near to the fcc+bcc/bcc phase boundary and

subsequently quenching the film could results in the enhancement of magnetostriction

at low saturation field ∼ 100Oe.

Another study was performed by Nakajima et al. [76] in which Fe32Co68 films with

thickness of 240 nm were annealed from 673 K to 1153 K for 60 minutes and quenched

in an ice tube. They found that two phases were observed, which correspond to BCC

and FCC at annealing temperature of 1113 K as depicted in Figure 3.3. However, at the

higher temperature of 1153 K only the FCC phases occurred, and for films below 1113

K only BCC phase observed. The surface morphologies of their films also changed with

temperature as at lower temperature the films exhibited the uniform surface roughness

compared to the film at higher temperature with discontinuous morphology. The satu-

ration magnetostriction was found to be maximum at 159 ppm for film at 1073 K (BCC

phase) which was three times higher than film at very low temperature (673K). On the

other hand, as the existence of both FCC and BCC phases decreased the magnetostric-

tion and they suggested it was related to the discontinuous surface of samples at higher

temperature. From the magnetisation measurement, the coercivity also decreased with
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Figure 3.3: XRD pattern for Fe32Co68 at different annealing temperature show-
ing the existence of FCC phases at higher temperature. Figure taken from

[76].

temperature possibly due to stress between films and the substrate interface.

Varvaro et.al [77] fabricated FeCo films onto MgO substrates with body centered cubic

phase confirmed by high resolution transmission electron microscopy. They successfully

produced highly textured FeCo by using low temperature pulsed laser deposition. They

fabricated the films at different substrate temperatures (25oC and 150oC). The thickness

were 12 nm (25oC) and 16 nm (150oC). They characterized the in-plane hysteresis loops

of films using VSM at room temperature by varying the angles and applying field of 1

Tesla and found FeCo showed in-plane magnetic anisotropy. For different substrate tem-

perature they found that increasing temperature also slightly increased the coercivity.

This was caused by the pinning sites which hindered the magnetization. These sites are

expected to be from the grain size or the microstructure defects at the interface.

The effect of annealing on the magnetostriction of Fe1−xCox (x = 50, 55, 60, 66, 70,

75, 80, 85, 90 at%) were measured by Yamaura et.al [24]. The FeCo alloys in ingots

were forged and heat treated at different temperature (873K - 1073K) for 3 hours under

vacuum. The magnetostriction of samples annealed at 1073K after forging showed higher

magnetostriction constant in between 80 ppm to 100 ppm for composition of Co at.% 60

to 70. They suggested that the increase in magnetostriction values with annealing were

caused by the internal stress being released and the formation of grains. Between the
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similar ranges of compositions, the magnetostriction for as-forged samples were found

below than 60 ppm. Surprisingly by increasing Co content more than 75 at.%, they

also found a negative magnetostriction constant with increasing annealing temperature.

A discussion on the negative values of magnetostriction obtained was not given in this

paper.

Recently, well-defined uniaxial properties of the soft amorphous FeCoNbB have been

reported [78]. The FeCoBNb films on Si substrate were sputtered from a source target

composed of Fe32Co57Nb4B7 by ion beam sputtering at room temperature; thicknesses

16 nm and 75 nm. Both as-prepared samples showed strong angular dependencies of

the remanence measured by longitudinal MOKE, hence the films were magnetically

uniaxial. The XRD diffraction reflected that the films were amorphous with broad peak

observed. They expanded the study by figuring out how the thermal annealing (473K

to 773K) affected the structure and magnetic anistropy of the as deposited films. The

transformation of structure from amorphous to nanocrystalline were determined when

annealed at 503K, with three phases (110), (200) and (211). For the magnetic study

they found that increasing the temperature gradually degraded the magnetic anisotropy

and at the highest temperature 773 K, the films were isotropic, they suggested it was

caused by internal stress relaxation.

Summary

Based on findings from the mentioned literature above, it have shown that the struc-

tural, grain size, magnetostriction constant, and the coercive field can be tailored by

annealing. These changes depend on the applied temperature and the duration of the

annealing. Annealing Fe50Co50 thin films have lowered the Hc but, as the time of an-

nealing increased, another literature also found that annealing was no longer significant

to reduce the Hc for a very thin of Fe50Co50. The FeCo reported a change in the crys-

tallographic structure from the bcc to fcc when annealed at a higher temperature (1153

K). Also, the relaxation of internal stresses within the film can result in the reduction

of magnetic anisotropy for films annealled at certain temperature. It also showed that

annealed the FeCo samples at the composition of Co % to 75% near the boundary of

fcc+bcc and bcc led to an enhancement of the magnetostriction constant as high as 260

ppm.
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3.1.3 Effect of underlayer/multilayers films

It has been found that the structure and magnetostrictive properties of FeCo films were

also affected by depositing onto underlayer or multilayers films. For example, prepara-

tion of Fe-Co on double underlayer films have affected the magnetostrictive properties

of the films [79]. This study investigated the saturation magnetostriction of FeCo on

underlayers of ruthenium/copper (Ru/Cu) by fixing the Cu thickness, and Cu/Ru with

fixed Ru. They found that the films deposited on Ru with fixed Cu layer showed a

positively large magnetostriction when Ru thickness was increased. In contrary, the

films which were fabricated on Cu layer with thickness varying to 2 nm at fixed Ru

thickness, had negatively large on magnetostriction with thickness. They discussed that

the contribution of the films’ magnetostriction deposited on double-underlayer may be

attributed to the strain model. This is because of the Ru has large atomic radius while

Cu has a smaller radius, it was expected that the atomic spacing of Cu was in strain

when the thickness of the Cu layer was reduced. On the other hand, they also stated

that changing on magnetostriction of their ultrathin films with range of thickness did not

fitted to the Néel’s model (the model has contribution from both bulk and the interface

effect).

Cakmaktepe et.al [80] have suggested the coercivity of films with nonmagnetic under-

layer could also enhance the magnetic properties of FeCo. It was related to the changes

in texture as a result of grain size reduction. In their study, they grew Fe10Co90 with

thickness 40nm, on to underlayers of Cu, Cr, Au and magnetic underlayer of Ni80Fe20

with 6 nm thickness. They found that for films grown on Au, NiFe and Cu the coercivity

was markedly reduced to below than 10 Oe compared to the coercivity field without a

layer which were higher; 49 Oe (easy axis) and 37 Oe (hard axis). The reduction in

coercivity with the change in film structure from (110) and (220), indicated the reduc-

tion in grain sizes and the stress relief. Similarly reported in this study [81] they found

that there was a decrease in coercivity for Fe65Co35 with thickness 50 nm deposited onto

multilayers films (glass, Ru, Cu, Ta and NiFe). Films grown on a Cu layer presented

a remarkable reduction in the anisotropy field from 2000 Oe to 40 Oe with the magne-

tostriction constant, λ being 47 ppm, but independent of the FeCo and Cu thickness.

All the films deposited on underlayers had a well-defined anisotropy, except the film

grown without an underlayer (glass substrate) which was isotropic. Growing FeCo with
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an underlayer improved the structure of the films. From XRD, films grown on Ta, Cu,

NiFe and Ru all had FeCo (110) with a sharp peak at 45o. In contrast, the XRD pattern

was found to be different for the film with no underlayer where there was no (110) peak

revealed at 45o, but a (200) peak at 65o appeared.

Caruanka et.al [82] determined the difference in magnetic properties and grain size of

Fe10Co90 films grown with and without underlayer. They deposited the Metglas with

Ni81Fe19 acts as underlayer by using sputtering technique. The coercivity for films grown

on underlayer reduce while the grain size increased. They also performed magnetostric-

tion measurement and found that the bilayer film Metglas/Fe10Co90 has λ = 17 ppm.

However by growing film with 35nm Ni81Fe19/Fe10Co90, they determined the negative

magnetostriction which was λ = -12 ppm. The λ for Ni81Fe19 film is in the range between

-5 ppm and 5 ppm. They suggested the underlayer thickness and the growth parameter

had affected the value of magnetostriction.

The magnetic properties of Fe70Co30 films with various thicknesses of multilayers have

been studied [83]. The top layer was Ta/NiFe while the bottom layer was NiFe/Ta

with the Ta layer being introduced as a protective layer. The films were deposited

by ultrahigh vacuum dc magnetron sputtering with a magnetic field of 600 Oe being

applied during the film growth. In their study, the thicknesses of the top and bottom

layers were fixed at 5nm while the thickness of Fe70Co30 was varied up to 400 nm. The

coercivity of the hard axis dropped to below 4 Oe when the film thickness was up to 100

nm, however the coercivity increased as the thickness further increased beyond 100 nm.

They assumed that the existence of a large strain in the FeCo layer near the interface

between FeCo and NiFe to be the factor, which contributed to larger coercivity. The

value of the magnetostriction of Ta/NiFe/Fe70Co30/NiFe/Ta film at 100nm of Fe70Co30

was found to be 30 ppm.

Different underlayers such as Au, Ag and Cu have been fabricated with Fe–Co–Al–O

films deposited on the top by sputtering technique [84]. They found that the value of

coercivity intensely decreased for Au underlayer with thickness 0.2 to 0.5 nm for both

as deposited and annealed films. The annealed film showed a remarkable reduction

in coercivity, which was less than 2 Oe. They also studied the relationship between

the intensity of the Fe-Co (110) peaks and the coercivity, from which they concluded

that a dropped in the coercivity was related to the grain size and the surface free
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energy. The crystallographic axis of all films presented was the BCC (110) peak. The

magnetic properties of the films also changed when grown on underlayers with different

thicknesses. In the study on the underlayer effect of Ni81Fe19, the anisotropy field of

Fe30Co70 reduced with the thicknesses [85]. This study found that there was a decrease

in the in-plane stress; therefore the anisotropy field decrease can be related to the stress

in the film. This study reported that the overall of uniaxial anisotropy within the films

was maintained, though the anisotropy and coercive field were found to be reduced.

Research done by Gupta et al [86] has shown that depositing of Fe/Co and Co/Fe bilay-

ers on silicon substrate using ion beam sputtering technique also reduce the coercivity of

the Si/Fe/Co films with Ni ion implantation up to 20 x 1015 ions cm−2. They suggested

that the stress relaxation during ion implantation occurred, thus the stress affected the

coercivity of the films. Both films showed different magnetic behaviour, the Si/Co/Fe

film was uniaxial anisotropic, while the Si/Fe/Co was isotropic. The effect of Co un-

derlayer on the magnetic and microstructure of the FeCo films was also investigated by

Fu et al. [87]. Growing on a Co underlayer (2nm), the FeCo films exhibited significant

reduction in coercivity, as it dropped from 94 Oe to 10 Oe when measured along the

easy axis; whilst the Hc reduced from 85 Oe to about 3 Oe when measured along the

hard axis. By increasing the FeCo thickness, the texture also changed from (200) to

(110). From their study, the found that there was a huge difference between grain size

for the films with and without underlayer. They found a smaller grain size which was

about D = 8.2 nm for film with an underlayer as opposed to D = 70 nm for the film

without a Co layer.

Summary

In summary, depositing FeCo onto underlayer films could alter the magnetic properties,

depending on the underlayer’s material. It showed that the changes related to the

internal strain within the film and the grain size. The coercive field of the FeCo grown on

the Au underlayer and the magnetic underlayer, i.e., Permalloy, was due to a reduction in

the grain size. However, when a thin film deposited on the Co underlayer, the grain size

was larger than the films without the Co underlayer. On the other hand, the study found

that when magnetic thin films grown onto the magnetic underlayer such as the Metglas

onto the Permalloy drop the coercivity, the grain size increased. Changing the magnetic

film on the same magnetic underlayer has resulted in a different value of magnetostriction

constant. For instance fabricated the NiFe/Fe10Co90 and Metglas/Fe10Co90 have shown
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negative and positive magnetostriction constant, respectively. Another published study

also concluded that a large strain near the interface of FeCo and NiFe has contributed

to a larger coercivity.

3.1.4 Effect of Additives

There are considerable amount of studies which have focused on structural, magnetic

and magnetostriction properties of FeCo with addition of a two or more elements into

FeCo. For example, FeCo with Ni concentrations grown by electrodeposition technique

was studied by Yoo et. al [88]. The coercivity for both in-plane and out-of-plane were

measured by a vibrating sample magnetometer, and the results showed that between

3% and 13% Ni concentration, the coercivity decreased steadily presumably due to the

grain size. The grain sizes were reduced from 110 nm to 40 nm. Both coercivities in-

plane and out-plane increased from 26 Oe to 31 Oe, and 160 Oe to 305 Oe, respectively

for the Ni content range from 13% to 48%. This was found to be influenced by the

internal stress and also the phase structure transition. Increasing the Ni content had

increased the film stress. They also found that columnar structure at 13% Ni changed

to lamellar structure once Ni increased to 48%, with the predominant phase of FCC

(111) detected at this composition. By adding Boron into FeCo it was also found that

the coercivity reduced by a factor five to about 5 Oe at.% 15 [89]. This study also found

that the structure of FeCo films was affected by the addition of B above at.% 11. The

lattice parameters increased and FeCo (110) XRD peaks became broader, indicating

the reduction in grain sizes from 20 nm to 10 nm at higher Boron content (at.% 17).

They correlated the decreased in coercivity with the reduction in grain size as well as

the existence of internal stress. However the data for the stress were not included in

this paper. Similar result were reported in [90] where this study also found coercivity

decreased in FeCoB measured both along the hard and easy axes. Between at.% 1.5 and

at.% 10 B, the coercivity decreased from 100 Oe to 10 Oe for Fe25Co75 concentrations.

This study also found that as Boron concentrations increased, the grain size decreased

from 30 nm to 10 nm, which lead to the reduction in coercivity. They related the

dependence of the coercivity of their films to the grain size, using the Random Magnetic

Anisotropy Model (RAM) [18].
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Dai et. al [3] investigated the effect of substitution of Co in FeGa to the magnetostric-

tion properties of FeCoGa alloys. In their study, the composition of Co varied up to

at.% 10, while Ga concentrations up to at.% 17. They quenched the samples in the ice

water at 9000C prior to the magnetostriction measurement. They measured the mag-

netostriction by using strain gauge method. The results showed that by increasing the

Ga content at fixed Co percentage (at.% 7), the magnetostriction constants were found

more pronounced, for example they found that the Fe76Ga17Co7 sample showed a higher

magnetostriction more than 90 ppm than the Fe86Ga7Co7, which was about 30 ppm.

On the other hand, when Co was increased to 10%, the magnetostriction values were

reduced to below 60 ppm for Ga compositions (7%, 12% and 17% ). The explanation

on how the Co percentages modified the magnetostriction constants in FeGa films were

not discussed further in their report.

The magnetic properties of thick film 500 nm film fabricated from Fe70Co30 and Al2O3

source targets have been grown by RF Magnetron sputtering [91] at room temperature

with Ar pressure at 4 mTorr. The FeCoAlO films exhibited good soft magnetic properties

with an uniaxial anisotropy and lower coercivity between 4 Oe and 8 Oe were obtained.

As they sputtered the sample in an absence of magnetic field, thus they inferred that

the well defined anisotropy originated from stress-induced anisotropy. Apart from that,

they assumed that magnetic anisotropy contributed by the high resonance frequency

response at 3.0 GHz, which they measured by Vector Network Analyzer (VNA). In

another paper [92] also published by the same authors, the structural properties and

magnetic anisotropy of FeCoAlO films with thickness 460nm grown in a presence of

magnetic field was reported. The peaks of FeCo (110) shifted to lower angle by adding

Al2O3. The peaks shift lead to the expansion of the lattice constant which may due

in part to the Al atoms entering the FeCo lattice. They also obtained a smaller grain

size, which was 15 nm smaller than the exchange length (≈ 35nm) of FeCo-based alloy.

Their films showed uniaxial anistoropy, which they concluded due to the magnetic field

during sputtering as well as the contribution from magnetoelastic anisotropy. They

obtained positive magnetostriction constant and compressive stress in their films. They

also suggested the magnetic anisotropy was from the magnetoelastic contribution, yet

no magnetostriction value was given in this paper.

Wang et.al [29] reported the properties of Fe-Co-Cr films in terms of its magnetic and

structural properties. They used magnetron co-sputtering to grow 240 nm thick films
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with Fe65Co35 target and Cr plate target (99.99% purity). During the fabrication the

target power of Cr was varied between 0 and 100 W to obtain the difference composi-

tion of Cr, while the Fe65Co35 power was maintained at 90 W. Magnetic studies were

performed by Vibrating Sample Magnetometer (VSM) and the results showed that both

the coercivity field and saturation magnetisation of the films dropped sharply for the

Cr power between 40 and 80 W. From the structure analysis they found a sharp peaks

of Fe-Co-Cr at 2θ= 45o (110) and 2θ = 81o (211), shown in Figure 3.4. The addition

of Cr by increasing the power lead to the expansion of the lattice constants and it was

believed due to Cr atom replacing the Fe and Co atomic sites. Further, they investi-

gated the FeCoCr film with thickness 75 nm deposited by electron beam evaporation

and the Cr-ion was implanted with 35 keV and 100 keV under different concentration

of ions. The ion concentration were 1 x 1015 ions/ cm2, 5 x 1015 ions/ cm2, 1 x 1016

ions/ cm2 and 1 x 1017 ions/ cm2. They found that, the XRD main peaks indicated

a BCC (100) structure with the grain size and the lattice constant increase over Cr

concentration. From MOKE measurement, the coercivity decreased from 140 Oe to 44

Oe. They also determined that the films have different magnetic behaviour, with the

as-deposited film having isotropic behaviour while at higher Cr concentrations (1016 and

1017) exhibited magnetic anisotropy. One shortcoming of this paper was they did not

carry out a magnetostriction studies of Fe-Co-Cr films.

Summary

Overall, adding other elements in some proportion into FeCo could reduce the Hc. It

was linked to the grain size, and therefore can modify the structure of the FeCo-based

films. Adding other materials changed the FeCo from polycrystalline/crystalline into the

amorphous structure. The reduction in Hc was seen in the FeCo when Ni concentration

increased to 13%. Similarly adding boron at 15% was related to a lower of Hc as a result

of the grain size became smaller. For the FeCo-based amorphous thin films, the coercive

field’s dependence on the grain sizes associated with the Random Anisotropy Model.

3.2 Magnetostrictive materials of Fe-X based (X=Tb,Dy,Ga)

This section review several published researches on magnetic and magnetostrictive prop-

erties of soft materials other than the FeCo. It is well known that the materials from
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Figure 3.4: XRD pattern for FeCoCr grown at varied power. Figure taken from
[29].

rare-earth (RE) alloys; Terbium (Tb) and Dysprosium (Dy) have been subject of inter-

est for decades due to its remarkable magnetostriction constant, λ = 2000 ppm [14, 15].

Following the breakthrough of giant magnetostriction from the RE group, combining

these RE with Fe has became a promising candidates as well as an alternative route in

achieving amorphous structure. The amorphous are needed to lower the magnetocrys-

talline anisotropy particularly, so that they are suitable for microactuators which require

small magnetic fields.

Miyazki et.al [93] investigated the magnetostriction properties of TbxFe100−x alloy films

on glass substrate prepared by RF sputtering. The optical cantilever technique was used

to measure the magnetostriction by applying a magnetic field. The amorphous structure

was obtained in the compositions of TbxFe100−x (7 ≤ x ≤ 51). Soft magnetostrictive

properties were successfully achieved at composition x= 42 with lowest magnetic field (1

kOe) and λ = 220 ppm. The highest magnetostriction constant attained at composition

x=33 but at larger field 7 kOe. They suggested a larger magnetostriction at higher field

arose from the TbFe2 Laves phase which appeared when they investigated the depen-

dence of magnetostriction on annealing temperature for composition around Tb31Fe69

and Tb34Fe66. They found that by increasing the annealing temperatures beyond crys-

tallization temperature, the TbFe2 Laves phase decomposed and made the films become
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harder with larger magnetocrystalline anisotropy.

The influence of substrate temperature, Ts which ranged from 3300C to 5100C during

sputtering for the structural and magnetostrictive studies of (Tb0.3Dy0.7)39Fe61 were car-

ried out [94]. Two different phases at different range of Ts were observed where the films

were amorphous at Ts=330oC to 400oC and crystalline at Ts= 425oC to 510oC. They

mentioned that the films at lower temperatures were in compressive stress as opposed to

higher temperature films which were in tensile stress. The measured magnetostriction

for the amorphous films were between 185 and 400 ppm, while the crystalline films had

much higher range from 360 to 750 ppm. This paper however did not addressed in

detail the relationship between the microstructure and the magnetic properties of these

material.

Duc et.al [95] investigated thick TbFe films (t= 1µm) by adding Co as they made assump-

tion that the interaction energy between transition metals (T) i.e Fe-Co was stronger

than in solely Fe or Co-based alloys. In addition to this the intersublattice exchange

constant of RE is equal to T (Fe and Co). Thereby a combination of both RE mate-

rial and transition metal should increase the RE moments, hence the magnetostriction.

(Tb1−xDyx)(Fe0.45Co0.55)y films were prepared by rf magnetron sputtering with applied

power 300 W and pressure 10−2 mbar. Samples were annealed in a magnetic field 2.2

T from 150oC to 250oC. At T = 250oC, films were found to have amorphous struc-

ture. The magnetostriction constants of their samples were obtained through substrate

bending and measured by an optical deflectometer. The amorphous samples annealed at

250oC had the highest magnetostriction, λ = 1020 ppm. They suggested that the reason

for the significant difference in λ between their amorphous films and crystalline TbFe2

was primarily contributed by the existence of sperimagnetic structure in the amorphous

alloys.

Fe-Ga became the focus in magnetostriction studies after rare earth elements as this

alloy can overcome the mechanical problems on Tb-Dy groups. The rare-earth magne-

tostrictives are brittle, therefore were not the best material to be used and operated in

shock-prone environment [10]. The study on Fe-Ga was initiated by [16] which showed

λ =350 ppm in low field. Similarly to other materials, FeGa thin films are also critically

influenced by composition and fabrication parameters. Basantkumar et.al [96] studied

Fe-Ga for different thickness, sputtering power (60 to 100 W) and Ar pressure (10 to
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50 mTorr) on Fe1−xGax. They used the cantilever capacitance technique to measure

the magnetostriction. They found fluctuation in λs against the Ga composition and the

sputtering power but discussion on why λs of their films varied was not emphasized in

details in this paper. Nevertheless a sample sputtered at 80 W, 146 nm thick and at.%

24 Ga had higher λs = 147 ppm.

Wang et.al [97] investigated magnetostriction constant of the Fe81Ga19 films annealed

at 300oC, 400oC and 500oC. Their findings showed that by increasing the annealing

temperatures, the magnetostriction was reduced. The as-deposited film exhibited larger

λ = 42 ppm at 5 kAm−1 compared to the annealed samples. The precipitation of DO3

phase and the large grain size as the annealing temperature increase were believed to be

the factor in decreasing of λ. They also fabricated their films with and without magnetic

field and the difference of magnetostriction constants between these two film sets was

also determined. Films produced under magnetic field had higher magnetostrictions

which reached a maximum, λ = 60 ppm as opposed to films grown without applied field

with λ below 50 ppm.

Javed et.al [98, 99] also reported the effect of the growth parameters (pressure,power,

Ga rate) on the magnetostriction of Fe-Ga films using their novel co-sputtering evapora-

tion system. The magnetostriction constants of the Fe100xGax films increased with the

Ga composition, Fe86Ga14 films had λ= 51 ppm, while Fe86.4Ga13.6 had λ= 31 ppm, as

comparison to the pure Fe, λ= 4 ppm. They also concluded that varying the Ar pres-

sure did not significantly affected the magnetostriction constants of their film, but the

saturation field of their films were strongly dependent on the Ar pressure as indicating

stress changes in the FeGa films.

The magnetostriction constants value reported from the past researches for different

materials with respect to the single crystal, polycrystalline and amorphous either in

bulk or thin films are summarized in Table 3.1.

3.3 Measurement Techniques of Magnetostriction

A variety of methods for measuring magnetostriction have been developed, which in-

cludes different techniques either direct or indirect measurements. For measurements

of the saturation magnetostriction, λs indirect methods are used, whilst direct methods
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Table 3.1: Magnetostriction constants of some materials from previous studies.

Material λ100(ppm) λ111(ppm) λs(ppm) Remarks and References

Fe 21 -21 - bulk [100]
Ni -46 -24 - bulk [100]
Tb - - 1250 bulk (78 K) [14]
Dy - - 1400 bulk (78 K) [14]

Tb Fe2 - - 1753 bulk [14]
Tb0.27Dy0.73Fe2 - 2000 - bulk [15]

NiFe2O4 -42 -14 - bulk [101]
CoFe - - 68 bulk [67]

Fe30 Co70 - - 90 bulk [102]
Fe60Co40 - - 70 bulk [102]

Fe at.16% Al 86 -2 - bulk [103]
Fe at.15.6% V 43 -10 - bulk [103]
Fe at.15.6% Cr 51 -6 - bulk [103]
Fe55Co15 Cr30 - - 61 bulk [28]

Fe34Co66 - - 260 quenched thin film [75]
Metglas / Fe10Co90 - - 17 bilayer thin film [82]
Ni81Fe19 / Fe10Co90 - - - 12 bilayer thin film [82]
Fe50Co50 / Ni81Fe19 - - 50 bilayer thin film [104]

FexCo1−x - - up to 80 annealed thin film [105]
Fe10Co90 - - 47 thin film with underlayer [80]
Fe70Co30 - - 30 thin film multilayer [83]
Fe32Co68 - - 159 quenched thin film [76]

Fe73Co10Ga17 118 10 54 bulk [3]
Fe68Co15Ga17 43 29 48 bulk [3]

Fe1−xGax - - 450 bulk [106]
Fe83Ga17 - - 311 bulk [16]

Fe at.13% Ga 153 -16 - bulk [16]
Fe86.2Ga12.4Sn1.4 - - 35 bulk [107]

Fe81Ga19 - - 42 thin film [97]
Fe81Si3.5B13.5C2 - - 31 [54]

Fe78Si9B13 - - 27 commercial Metglas
FeGaSiB - - 17 thin film [6]

are associated with the magnetostriction strain as a function of applied field [55]. Some

examples from both of techniques are described in the following subsection.

3.3.1 Direct Measurement

3.3.1.1 Strain Gauge Technique

This method was developed in 1947 by Goldman [108] and is commonly used to mea-

sure the magnetostriction of crystal and amorphous materials over various temperature

ranges. The strain can be measured down to 10−6 and principally measures the change

in resistance when the specimen has been elongated. The changes in the resistance can
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Figure 3.5: Set-up of strain gauge technique. Figure taken from
[55].

be measured by the sensitive bridge circuit. The voltage chance, ∆V across the bridge

is associated to the gauge factor, G and the strain by ε = 4∆V /(GV0), where V0 is the

applied voltage to the bridge. The gauge factor, G is the ratio between the fractional

resistance change and the fractional length change which is ∆R/R = Gε. The strain

causes the elongation ∆L/L. The schematic diagram of strain gauge set-up is shown in

Figure 3.5. For measurement due to temperature and magnetic field, the dummy gauges

were mounted onto a nonmagnetic material near the specimen so that it experiences the

same temperature and magnetic field. This dummy gauge must have the same thermal

properties with the one on the sample as if there is any thermal drift, it will change the

strain of both gauges, so that as temperature coefficient is the same, so that there is no

change in the output. The same way with any magnetic field changes, hence the magne-

toresistance for both are similar [109]. This then provides the accuracy of measurement

of magnetostriction using the strain gauge technique [110].

3.3.1.2 Capacitance Method

Tsuya [111] designed the capacitance cell method to measure the magnetostriction of

spherical samples. This method measures the variation in capacitance across two elec-

trodes, one of the electrodes moves with the samples dimension change and the other

one is fixed. The schematic diagram of capacitance cell in measuring magnetostriction

of spherical sample is presented in Figure 3.6. In this method, capacitance cell was put

in a uniform magnetic field. The capacitance across these two electrodes was measured
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Figure 3.6: Schematic diagram of capacitance cell. Figure taken from
[111].

by the capacitance bridge and lock in amplifier. When the change of dimension of the

sample changed by ∆d from d (the distance between two electrodes), the capacitance,

C also change to ∆C + C. The relationship between ∆d and ∆C can be shown by:

∆d = −ε0S∆C/(C–C0)
2 (3.1)

where ε0 is the dielectric constant, S is the area of electrode and C0 is the stray capac-

itance between the lead wires which determined experimentally from the relationship

between capacitance and the distance. From this equation, the magnetostriction (di-

mension change) can be determined and its proportional to change in capacitance, ∆C.

A similar technique was also been discussed by Boley [112] whereby they observed the

capacitance change at a high frequency rate by a capacitance bridge meter.

3.3.2 Indirect Measurement

3.3.2.1 Cantilever Deflection Method

For an indirect technique, an external stress is applied by either stretching, pressing

or bending the sample, thus the magnetostrictive strain can be determined [113]. One

example is the cantilever deflection method under a magnetic field, which was intro-

duced by Klokholm [114]. The laser beam deflection method was then established by

du Tremolet de Lacheisserie et.al [115] as shown in Figure 3.7. A film with length, L

(distance between O and A) attached on a non-magnetic substrate are in a deformation
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Figure 3.7: Cantilever deflection method. Figure taken from
[115].

state (A-B) when a magnetic field is applied, H. In that figure the positive magne-

tostriction is along its length, while the deflection angle, θ is derived in terms of the

mechanical properties (elastic modulus and Poisson’s ratio) and thicknesses of both film

and substrate. This method has been applied by Hunter [75] in measuring the effective

magnetostriction constant, λeff of their FeCo films. In their experiment, the cantilevers

are bent as the magnetic field is applied. The displacement of the cantilever when the

field was applied parallel and perpendicular was recorded by a sensitive detector. The

magnetostriction constant was then determined by using the following equation:

λeff =
2(D|| −D⊥)Est

2
s(1 + νf )

9EfL2tf (1 + νs)
(3.2)

where Es, Ef , L, tf , ts, νf and νs represent the Young Modulus, sample length, thickness

and Poisson’s ratio of the substrate (s) and film (f). The D|| and D⊥ are the measure-

ment of displacement when the applied field is along the length and perpendicular to

the width of cantilever, respectively.
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3.3.2.2 Strain-Modulated Ferromagnetic Resonance (SMFMR)

This technique was employed by Smith [116] on their investigation of the temperature

dependence of magnetostriction for nickel ferittes, nickel ferittes doped Cobalt and Yt-

trium Iron Garnet (YIG) specimens. Then, Henning and Boef [117] had developed a

novel method known as Strain-Modulated Ferromagnetic Resonance (SMFMR) for mea-

suring magnetostriction constants when a strain gauge technique is unable to measure

very thin specimen. In this technique, the ferromagnetic resonance line was modulated

due to an applied strain. The strain is applied periodically where the sample is placed

in the resonator cavity. The magnetostriction constant,λs determined by SMFMR tech-

nique is related to the resonance field, Hr. The shifted of resonance field, ∆Hr as a

result of an applied stress, ∆σ can be expressed by [118]:

∆Hr

∆σ
=
−3λs
Ms

(3.3)

where Ms is saturation magnetisation. This technique also had been applied in measur-

ing magnetostriction in the range of temperature from 4.2 K to room temperature [119].

Magnetostriction due to either surface or interdiffusion effects can be distinguished by

using this technique [120].

3.4 Ferromagnetic Resonance studies on FeCo-based thin

films

Since the characteristics of soft amorphous magnetic materials often include high magne-

tostrictive, low anisotropy field, other advantages of this material are low damping and

high permeability. These properties are demanded for spin-transfer switching devices.

The increased development of these kind of materials, occurs along with the development

of electronic devices operating at high frequency.

Compositional dependence of the total Gilbert damping, αtot parameter in Fe1−xCox

grown on Cu/Ta layers have been conducted by Schoen et. al [121]. In their study, the

αtot for different phases of CoFe corresponding to BCC, FCC and mixed phases were

determined from the fitted frequency linewidth from 5GHz to 40 GHz. A minimum
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Figure 3.8: Compositional dependence of Fe1−xCox on the damping parameters
in the regions of phases structures (bcc, fcc and mixed). It presenting damping
from radiative, αrad (green); spin-pump, αsp (grey) and calculated intrinsic, αint
(black). The total of damping,αtot contributed by αrad, αsp and αint shown by
red-line. Also shown the αb for bulk value (open-circle). Figure taken from

[121].

αtot was found at the Co composition 25% (αtot= 0.0021) in the BCC phase. Their

total damping results showed the contribution from radiative damping, αrad due to the

inductive coupling of the co-planar waveguide and precession magnetization. For very

thin films at low magnetization, the αrad could be neglected. Another contribution

was from the damping spin pump, αsp into adjacent Cu/Ta layers. These are extrinsic

contribution factors, thus allowed them to determine the intrinsic damping (αtot =

αrad +αsp +αint). The graph of dependence on those damping parameters with the Co

concentration within diffrent CoFe structures are presented in Figure 3.8. The obtained

αint from this study had a very low magnitude (αint = 10−4) and they suggested due to

the band structure of the CoFe systems.

The dynamic properties of polycrystalline Fe1−xCox (thickness = 10 nm) on different

substrate (sapphire, MgO and silicone) were studied by Weber et. al [122]. A seed layer

of Ta was deposited prior the FeCo growth, then followed by depositing a Cu layer. The

Cu interlayer was grown to suppress the intermixing between the CoFe and Ta and to

promote the growth of films with low damping properties. At compositions around 18%

to 33% on Si and MgO, the minimum damping factor were identified, but there was
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no remarkable difference on the value of damping between the three substrates. They

reported that the low damping for all substrates for the same compositions originated

from electron-magnon scattering with the effective damping of the CoFe below 5x10−3.

They further investigated the annealing effect on the damping magnitude of the films

whereby they obtained a reduction in the magnitude with annealing, with the lowest

magnitude at α = 3.6x10−3 for film grown on the Si. The improvement of crystallinity

by annealing CoFe at 530oC was believed to reduce the damping value.

Conca et.al [42] studied the magnetic properties of amorphous Co40Fe40B20 as-deposited

thin films by rf sputtering with thickness of 75 nm. The saturation magnetisation and

damping properties were measured by means of a Vector Network Analyzer (VNA). The

magnetic anisotropy of the films was determined by a MOKE system. They identified a

smooth surface of the film reflecting the amorphous structure of CoFeB. The films also

showed weak uniaxial property with the coercive field along the easy axis was found to

be 240 Am−1. Their film’s value for the saturation magnetisation were fitted according

to the Kittel’s formula was 1250 kAm−1. An example of their fitted plot is shown in

Figure 3.9, where they found a damping parameter, α = 0.0042. Another study of

CoFeB was performed by Devolder et.al [123]. This paper reported how compositions

of Fe-Co in two different states; amorphous (as-grown) and crystalline (annealed for 2

hours ) affected the gyromagnetic factor, g and the damping constant of CoFeB films.

The films grown for both as deposited and annealed compositions were Co20Fe60B20,

Co40Fe40B20 and Co60Fe20B20. For the as-grown (amorphous) films, the Fe-rich films

had g-factors close to 2.16, which were smaller than the Co-rich(2.18) films for amorphous

and crystalline samples. This implies that the g-factor of Co is larger than Fe, as it has

a 28% larger spin-orbit coupling. The damping constant of the crystalline sample films

increased, which they suggested was due to the increase in the g-factor. For instance the

crystalline sample Co60Fe20B20 had α= 0.016 larger than the amorphous Co40Fe40B20,

α= 0.014. The high damping constant of their materials made them less interesting to

be used in spin-torque based application.

Bi et.al [124] carried out the effect of variation in film thickness on the microwave

properties of amorphous FeCoNbBCu. The films grown by rf magnetron sputtering at

room temperature varied in thickness from 70 nm to 450 nm. The films showed higher

permeability both in real (µ
′

= 852) and imaginary (µ
′′

= 1495) as function of film

thickness. One drawback of this research was the damping constants for their films were
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Figure 3.9: The plot showing linewidth dependence on the FMR frequency of
CoFeB film thickness 75nm that fitted to Kittle’s formula. Figure taken from

[42].

Table 3.2: Magnetic damping constant, α of ranges of thin film materials.

Material t(nm) Method Damping constant (α) References

Fe52Co48 540 electrodeposition 0.109 [125]
Fe1−xCox 10 co-sputtering 0.0036 annealed [122]
Fe20Co80 40 ion-beam 0.013 as-deposited [126]

Fe18Co72B10 25 ion-beam 0.006 as-deposited [126]
Fe18Co72B10 25 ion-beam 0.0019 annealed [126]
Fe40Co40B20 75 rf magnetron sputtering 0.0042 [42]
Fe60Co20B20 1 dc sputtering 0.014 as-deposited [123]
Fe40Co40B20 1 dc sputtering 0.012 annealed [123]

FeCo 110 magnetron sputtering 0.018 [127]
(FeCo)0.84Gd0.20 110 magnetron sputtering 0.008 [127]

FeGa 21 molecule beam expitaxy 0.017 [12]
FeGaC 40 sputtering 0.0027 (9% C) [128]

Ni80Fe20 3 dc magnetron sputtering 0.0136 [129]
Ni80Fe20 10 dc magnetron sputtering 0.0080 [129]
NiFeCr 20 Cr-ion implantation 0.024 (4% Cr) [130]

larger, between 0.0151 and 0.0368. They showed relatively higher damping for thinner

films, which they deduced was attributed to the presence of interface defects for instance,

the stress. The damping constants determined from previous studies is summarized in

Table 3.2.
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3.5 Mechanical Properties of FeCo-based Films

Compared to the conventional measurement on the elastic modulus and the hardness

of material, a measurement of elastic and plastic deformation of thin film material in

nanometer scale can be probed by using depth-sensing indentation also known as the

nanoindentation technique. However there was a very little studies have been reported

on the investigation of the mechanical property notably of FeCo in thin films. Chan

et.al [131] studied the mechanical testing on different thickness of FeCo films which were

deposited on Ti–6Al–4V substrate. The substrate surface was prepared by different

conditions such as EDM (electrodischarge machining), electropolished and mechanical

polished. The elastic modulus, hardness and yield strength were measured by using

standard Berkovich diamond tip by technique of MTS R© Continuous Stiffness Measure-

ment (CSM). The FeCo (4.1 µm) deposited onto EDM Ti–6Al–4V substrate had the

highest Young’s modulus (206 GPa) among the other substrates surface, but the lower

hardness (8.7 GPa) and yield strength (2830 GPa) compared to the 0.9 µm sample,

on the same substrate surface; whose hardness was 165 GPa and yield strength was

3470 GPa. The 4 µm sample on the substrate mechanically polished had smaller values

of hardness (8.2 GPa) and yield strength (2730 GPa) as compared to the 1 µm sam-

ple (hardness = 8.8 GPa; yield strength = 2930 GPa). However the FeCo/Ti–6Al–4V

(eletropolished) sample had a very large hardness about 10 GPa compared to the oth-

ers. The mechanical properties of FeCo/Si were also evaluated, and were found to be

smaller than FeCo/Ti–6Al–4V. The values were found 165 GPa, 5.5 GPa and 1830 GPa

in respective to Young’s modulus, hardness and yield strength.

The mechanical properties of magnetostrictive FeCoGa were reported by Jen et. al [132],

however the details on nanoidentation experimental was not described in the paper. The

films prepared on the glass Corning substrate by dc magnetron sputtering with 250 nm

thick and different composition of Co. They compared the elastic modulus, Ef and the

hardness, Hf to the bulk and found that their findings did not agreed with the bulk

result. In the reported bulk, the Young’s Modulus, Eb increased monotonically with

increasing the Co contents. Their analysis found that the Young’s Modulus of film, Ef

initially increased when the Co composition increased to at.% 3 (140 GPa). Then it

dropped to 125 GPa for film at.% 11, before it jumped again to 145 GPa (at.% 15). The

hardness reduced from 7.5 GPa to 5.7 GPa in the range of Co = at.% 11 to at.% 19.
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Figure 3.10: The average of hardness and modulus of different substrates. The
values determined by standard method of Oliver and Pharr. Figure taken from

[133].
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Figure 3.11: The schematic diagram of indenter pressing the film surface, show-
ing the existence of internal stresses based on Sneddon’s analysis. Figure taken
from [134].

In order to ensure only the true film’s contact area and hardness are being measured, it

is necessary to investigate the effect of substrate during conducting the nanoidentation

experiment on thin film materials. The effect of different substrates (sapphire, glass,

silicon and aluminum) on the mechanical properties of aluminum had been studied by

Saha and Nix [133]. The Al films fabricated by the sputtering method with a range of

thicknesses (Al = 0.5, 1.0, 1.5, and 2.0µm). The nanoidentation measurement performed

by a Berkovich tip and operated in continuous stiffness mode (CSM). There were 10

indentations made for each sample to a depth of 500 nm. They determined that Sapphire

had the largest hardness (30 GPa) and modulus (440 GPa), followed by the Si with

hardness and modulus 12.75 GPa and 172 GPa, respectively. For glass and Al, they

were found to have almost the same modulus (Al = 75 GPa and glass = 73 GPa). The

hardness for Al was found lower (0.95 GPa) than the glass with 6.8 GPa. The plot of

these properties are presented in Figure 3.10. Further, they did nanoidentation to the

Al films on these four substrates in order to determine the substrate contributed to the

measurement. Their analysis showed that in the range 0.05 < h/t < 0.2; (h/t = depth

of indentation as function of film thickness), the values were constant for all substrates.

Nevertheless, an increase in hardness with depth was observed at 0.2 < h/t < 1 which

was more pronounced at h/t > 1. This reflects the influence of the substrate to this

measurement. They suggested due to the Al was being a soft material compared to

glass, sapphire and Si results in a much smaller load. Hence, the indenter tip start to

penetrates the hard substrates. For modulus measurement, again they found a substrate

contribution at smaller film thickness, with a very significant effect on sapphire substrate.
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The effect of internal stress on the mechanical properties have also been studied by

Chuang et.al [134] as they suggested that internal stress induced from the fabrication

process also contributed to modulus and the strength of the measured materials. This

paper investigated the Ti films thickness 200 nm on Si substrate evaporated with different

deposition rate ( 0.1, 0.3, and 0.5 Ås−1 ). The internal stresses of their films were defined

from the substrate curvature method, which were measured by a surface profiler. Both

hardness and modulus properties were calculated according to Oliver and Pharr standard

method. Their results showed an increase in internal stresses with rate of deposition.

The increase in internal stress affected both hardness and elastic modulus, whereby these

mechanical properties decreased linearly with stress. The elastic modulus reduced by 6

GPa when the internal stress increased from 0.3 GPa to 0.6 GPa. They suggested that

the internal stress, σi increased with the indent depth based on the interpretation from

Sneddon’s analysis [61] :

Pi =

[(
2

π

E

(1− ν2)
tanφ

)
− πσi(µ sinφ− tan2 φ cosφ)

]
h2 (3.4)

where Pi is total force due internal stress, φ represents the half angle of conical indenter

that pressing against the film surface and µ is the friction coefficient between the indenter

and thin film, as depicted in Figure 3.11.

Recently, the mechanical properties of FeSiB (t= 668 nm) and FeGaSiB (t=640 nm) on Si

substrate have been studied by Abbas [135]. This study found that the reduced modulus

of elasticity, Er of FeSiB/Si was 110 GPa and the reduced modulus for FeGaSiB/Si

was slightly higher (Er = 120 GPa) than FeSiB/Si. However, Young’s Modulus, Es

for FeSiB/Si was found to be larger (140 GPa) than FeGaSiB/Si (120 GPa), so they

concluded that adding Ga reduced the mechanical properties due to the Ga changing

the atomic distribution within the film.
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Experimental Techniques

This chapter is devoted to the experimental techniques used in the work, starting from

the fabrication of films to the characterization techniques. Understanding the corner-

stones of each experimental technique is indispensable in order to investigate the surface

topography, structure, magnetic, magnetostrictive, magnetic dynamics and the mechan-

ical properties of the materials. Therefore, various techniques are described in this

chapter namely, RF Magnetron Sputtering, Atomic Force Microscopy (AFM), Scanning

Electron Microscope - Energy Dispersive X-Ray (SEM-EDX), X-ray Diffraction (XRD),

Transmission Electron Microscope (TEM), Magneto-Optical Kerr Effect (MOKE), Mag-

netostriction Measurement by Villari Effect, Vector Network Analyzer - Ferromagnetic

Resonance (VNA-FMR), Superconducting Quantum Interference Device (SQUID) and

Nanoidentation.

4.1 Film Fabrication

4.1.1 Sputtering Principle

There are two common techniques of transferring atoms from one or more sources onto a

substrate, which are physical vapour deposition (PVD) and chemical vapour deposition

(CVD). Physical deposition technique is performed in vacuum condition with the base

pressure usually in the range of 10−2 to 10−6 Torr. For chemical vapour deposition

technique usually incorporate thermal cracking of precursors for example silane (SiH4)

57
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to deposit Si onto the substrate. Common CVD techniques include plasma-enhanced

CVD (PECVD), low-pressure CVD (LPCVD) and metalorganic CVD (MOCVD) [136–

138]. Unlike CVD, materials to be deposited by physical vapor deposition (PVD) do

not involve chemical reactions, but instead the material is condensed directly onto the

substrate via a physical process. The most frequent techniques used are thermal evapo-

ration and sputtering. Sputtering is commonly used for different practical applications

such as reactive sputtering, DC sputtering, RF sputtering and RF magnetron sputtering

that uses a gas such as argon to create a plasma. Reactive sputtering uses reactive gases

(oxygen or nitrogen) and targets of metal alloys (for example Al) in order to produce the

oxide thin films. In DC sputtering, the target source must be electrically conductive, i.e

it has the ability to emit electrons. Different to the DC sputtering, for RF sputtering

the target are often insulator materials, which are not electrically conductive. In the

RF mechanism, the electrical potential is supplied to the targets in a frequency range

between 5-30 MHz, leading to argon gas to become ionised. In RF sputtering tech-

nique, a magnetron used as a source that contains magnets which focus the sputtered

species to increase deposition rate. The generated magnetic field will confine secondary

electrons close to the target. Electrons ejected from the target experience both electric

force and magnetic force based on the Lorentz force, (F = qv x B). This allows more

electrons to be trapped close to the target and increases the ionization. The advantages

of the sputtering methods over the thermal evaporation are the uniform thickness and

stoichiometry of the film which can be produced as well as the flexibility to fabricate

amorphous and crystalline materials [136].

The basic principle of sputtering, is that atoms are ejected from the target when high

energetic particles for example inert gas plasma (Ar+ ions) strike the target. In this

process, the energetic ions are produced by the ionisation of the argon gas to form

a plasma. Plasma is the fourth state of matter and in this case the source is Ar+

ions. When the target is supplied with a high negative voltage, the Ar ions which have

positive charges are attracted towards the target. The collision between the target atoms

and ions yield knocked out atoms, which travel across the deposition chamber, and are

then deposited onto the substrate as films. The ratio between the number of incident

ion and the number of sputtered atoms is refer to the sputter yields, Y [139] or the

efficiency of sputtering [140]. The yields are related to binding energy of an atom to

the surface of solid material [138]. It is well known that the properties of sputtered
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films (microstructure, magnetic, optical and electrical) are influenced by the sputtering

parameters.

Gas Pressure

To optimize the films properties, it is necessary to carefully choose the appropriate

argon gas sputtering pressure. At high sputtering pressure, the number of sputtered

atoms increase but the mean free path of the atoms decrease. This is caused by the

collisions between the sputtered atom and the ionised gas which are increased before

the atom reaches the substrate, leading to a lower deposition rate. Inversely, at low gas

pressure, the mean free path increases, thereby the sputtered atoms will deposited onto

the substrate at a higher deposition rate as the number of collisions are reduced. Also the

pressure of the gas can be correlated to the film thickness and the element concentrations

as reported in the literature [141] by study the effect of sputtering parameters on Tb-

Fe films. They found by increasing the Ar pressure, the film thickness reduced, which

attributed to the large number of collision between the atoms and the Ar ions. They also

found at higher pressure, the concentration of Fe reduced, indicating that the scattering

of Fe by Ar ions is more pronounced than Tb atom, due to Tb being heavier than Fe.

Substrate Temperature

The substrate temperature, Ts affects the microstructure of sputtered films similarly to

the gas pressure. The effect on substrate temperature is given by the Model of Zone

Structure by Thorton [142] described in Section 4.2. For the final stages of microstruc-

ture formation, increasing the the substrate temperature tends to promote coarser grains,

hence the single crystal growth. It was inferred that the deposition rate increased with

the substrate temperature [136].

Sputtering Power

The sputtering power also plays a role in changing the structural phase and the roughness

of the sputtered films. The morphology of the films is dependent on the sputtering

power, as previous research found that at higher sputtering power the surface roughness

of films increased with the formation of coarser islands. At fixed pressure but higher

power, many atoms are sputtered from the target reflecting the higher kinetic energy

in the form of thermal energy. This energy increase the number and momentum of

the atoms and reduces the mean free path. This means at the substrate, there is a
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greater surface diffusion. This implies that the films crystallinity could be improved by

increasing the sputtering power [141, 143].

Target-Substrate Distance

The geometry of the sputtering system such as target-substrate distance also affects the

sputtering rate, similarly to the sputtering pressure [144]. The surface diffusion of the

atoms are greater when the target-substrate distance decreases. The films stress also

depends on product of the pressure and target-substrate distance (P − d). Films with

compressive stress are grown at a lower Pd, while for a higher Pd, films with tensile

stress were produced.

4.2 Thin Film Growth and Film Stress

4.2.1 Modes of Film Growth and Microstructure

As this study deals with samples in thin film form, it is beneficial to understand what

are the mechanisms associated with the deposition of thin films onto a substrate. The

formation of thin films involves four stages; nucleation, islands formation, islands coa-

lescence and the growth. In the early stage of nucleation, small nuclei or vapor atoms

are condensed and deposited onto the substrate. When they impinge on the substrate,

they lose their energy in order to accommodate themselves on the substrate surface.

As the nuclei grow, cluster or island formation takes place and rapidly saturate [145].

Following islands formation is coalescence. The islands coalescence is believed to involve

with different transport mechanisms, including Ostwald ripening. In Ostwald ripening,

when there are two islands, which are different size and are not very far from each other,

there is a difference in concentration gradient of the adatoms. This is because since

the adatom density near the smaller island is higher than the larger island. Therefore

the diffusion of atoms is from the higher density to the lower one. The smaller adatom

will shrink and the larger one then will grow or ”ripen” with time, so is referred to as

Ostwald ripening. This mechanism does not involved the direct contact between the two

islands. Another mechanism of islands coalescence is cluster migration when the two

separated islands that are assumed to be like a droplets collide on the substrate surface.

This cluster migration is related to the thermal energy, EC and the surface diffusion,
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Figure 4.1: Three categories of thin film growth modes (a) Volmer - Weber (b)
Frank - van der Merwe and (c) Stranski - Krastanov. Figure adapted from

[140].

the smaller the cluster the higher the migration. Then, the islands continues to merge,

filling the gap between them until a continuous film is formed. It is said that the film

thickness in these early stages of film formation is about few hundred Å of film thickness

[140].

It has generally been accepted that the thin film structure formation is incorporated

by three basic growth modes which largely involve adsorption, atoms diffusion and the

binding between atoms and surfaces. The schematic diagram of each growth mode is

shown in Figure 4.1. In Volmer - Weber growth also known as islands formation, the

small atoms impinge on the substrate are strongly bound to each other rather than to

the substrate and have a slow diffusion. Therefore, they form islands and grow in the

three dimension. Conversely with the Frank - van der Merwe mode, the diffusion is very

fast as the atoms are more strongly bound to the substrate. When the first monoloyer

is completed, then the growth continues by forming another layer. Thus this mode is

also defined as layer-by-layer and such that a single crystal (expitaxial) structure can

be produced from this mechanism. A third mechanism of film growth, which combines

layer-by-layer and islands growth is called Stranski - Krastanov. The atoms tends to

attached to the substrate to form a monolayer and once the layer has been established,

the atoms gather to continue the growth in islands form [136].

The film growth determines the characteristics of the material in terms of its surface
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Figure 4.2: Model of Zone Structure for sputtered materials. Taken from
[142].

morphology and the grain size. Movchan and Demchishin [146], who first introduced the

structure zone model for evaporated coating describes the morphology of materials as

function of substrate temperature. Later, Thornton [142] introduced the structure zone

model for thick sputtered films by adding the factor of argon pressure from the original

model proposed by Movchan and Demchishin. The structure zone model by Thornton

as shown in Figure 4.2 can be described as follows :

(a) Zone 1 : In this zone, a porous structure with voided boundaries is produced as a

result of the substrate roughness and oblique deposition.

(b) Zone T : This zone is the transition between Zone I and II where a fibrous structure

without voided boundary due to the high bombardment particles from the sputtering

target at low argon pressure occurs.

(c) Zone 2 : This region is dominated by the surface diffusion of adatom (T/Tm > 0.3),

which Tm is melting temperature, columnar grains forms and increase in the grain size.

(d) Zone 3 : High columnar structural can be observed in this region occurs at high

substrate temperature (T/Tm > 0.5) as characterized by bulk diffusion, which allows

recrystallization and densification.
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4.2.2 Stress in Thin Film

Knowledge and understanding about stress in thin film is very important because the

stress can lead to several problem like fracture, delamination and affects to the mi-

crostructural feature of materials, which can be detrimental for MEMs devices. The

origin of film stress can be divided into two categories; intrinsic (growth stresses) or

extrinsic (induced stresses) [147]. For the intrinsic stress it can be affected by the depo-

sition conditions and substrate temperature, while the extrinsic stress usually arises after

deposition from the different thermal expansion between the thin film and the substrate

[136]. The origin of the stress due to the growth was initially proposed by Hoffman [148]

where the tensile stress in polycrystalline films was created during the early stage of film

growth (island coalescence), as a result of grain boundaries formation. The grains which

are separated by atomic distance, d pull together to form a boundary, such that the

tensile stress is developed more as the coalescence continues. Tensile stress can become

relaxed when as the film growth continues to develop and eventually compressive stress

is introduced. The compressive stress is believed to be due to the excess number of the

adatoms into the grain boundaries, which are driven by the surface chemical potential

[149].

In general, films bonded with the substrate are in a stressed state either in compressive

stress or tensile stress. For films which are grown at elevated temperature, thermal stress

can be introduced. This thermal stress also dubbed as thermal mismatch stress occurs

when two materials are attached together having different thermal expansion coefficient,

αT,s. Consider a thin film deposited at a deposition temperature, Td on the substrate,

both film and substrate are at initial, Td and film is said to be in a stress and strain free.

However, when film and substrate were allowed to cool down to room temperature, Tr,

an extrinsic stress occur due to the thermal mismatch between two different materials.

Because of the film attached to the substrate, both of substrate and film must have the

same strain when they were cooled down. Since the substrate thickness is thicker than

the film, the strain experienced by both materials is similar as the thermal strain of the

substrate alone. By assuming a constant thermal expansion coefficient for the substrate,

αT,s, the total of strain experienced by the substrate, εs can be written as:

ε = εs = εs(Td) + αT,s(Tr − Td) = αT,s(Tr − Td) (4.1)
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where αT,s (Tr - Td) is a thermal strain when substrate was cooled to room temperature

and εs (Td) is the initial strain at deposition temperature and it is assumed to be

strain free. The same with the strain free experienced by the film at initial deposition

temperature, εf (Td), therefore the total strain of the film, εf can be expressed by:

ε = εf = εf (Td) + αT,f (Tr − Td) + εextra = αT,s(Tr − Td) + εextra (4.2)

Based on the above equation however, film experiences with two different thermal strains

one from its own thermal expansion when the temperature is cooled down to room

temperature, αT,s (Tr - Td) and the other strain is due to the film dragged along with

the substrate, εextra. Because both materials must have experienced the same strain,

so solving both equations above, the resulting extra strain, εextra, which leads to the

thermal mismatch stress. This can be shown by :

εmismatch = εextra = (αT,f − αT,s)(Td − Tr) (4.3)

The relationship between the strain and stress for in-plane directions is denoted by :

εx =
1

E
(σx − νσy) (4.4)

εy =
1

E
(σy − νσx) (4.5)

where E is Young’s Modulus, ν is Poisson’s ratio, σx and σy are stress with respect to

x and y-direction. As the thermal expansion is the same for all directions, εx = εy =

εmismatch, this results in the biaxial stress:

σ =
E

1− ν
.ε (4.6)

By substitute the Equation 4.3 into Equation 4.6, the thermal mismatch stress due to

the different thermal expansion can be finally written as :

σ =
E

1− ν
.(αT,f − αT,s)(Td − Tr) (4.7)
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The film is said in tensile stress when αT,f > αT,s and compressive stress when αT,f <

αT,s [137].

4.2.3 Deposition of Films by Nordiko Sputter System

In this project, all the films were fabricated by using the RF Magnetron Sputtering

Nordiko NM2000 system. The advantage of using a magnetron sputtering system is

that it relies on the magnetron to trap the electrons close to the target, so generates

more ionization, causing a higher sputtering rate [150]. The Nordiko Sputter system

consists of three main parts; (i) vacuum chamber (ii) pumps system (iii) power control

panel. Inside the main chamber, there are three different targets, which are fitted on the

same stage. It is also rotatable, allowing one to deposit multilayer films without breaking

the vacuum. Each target is clamped by a stainless steel ring and then covered by the

earth shields, which is grounded, to avoid contact with the plasma. The mechanical

hoist is located the outside and connected to the chamber, so that it can be lifted up for

target mounting purpose. The substrate holder positioned above the target, at a fixed

distance 6 cm, hence the target-substrate distance is the same for all deposited films.

The substrate holder is always stationary during film growth due to the limitation of

this system. In the middle of the target and substrate there is a shutter, which can only

be opened manually to start the film growth. Beforehand, the Argon gas flows into the

chamber through the needle valve to ignite as the plasma. Once the plasma is ignited, it

is left for about 10 minutes prior to film fabrication, to stabilize. Argon gas is commonly

used in sputtering as it does not react with the sputtered as it is an inert gas.

The second important part in sputtering is the pumping system. There are two types

of pumps according to the vacuum range which are mechanical pump (low vacuum

pressure) and diffusion pump (high vacuum pressure). The combination of these two

pumps creates and maintains high vacuum in the chamber. Initially, the chamber is

brought to base pressure ∼ 10−2 Torr by mechanical pump and monitored by the Pirani

gauge sensor (A2). This can be done by opening the roughing valve, which is connected

to the mechanical pump, while the others valve is closed. After the pressure in this

range is achieved, the roughing valve is closed and then the chamber is exposed to the

diffusion pump to achieve a higher vacuum. This is done with the foreline valve and

the high vacuum valve being opened to obtain a lower pressure, usually in the range
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Figure 4.3: The sputter system operation for obtaining low vacuum down to
10−2 Torr by mechanical pump through roughing valve.

from ∼ 10−5 to 10−8 Torr. The pressure is observed with Penning gauge (B1) sensor

while the pressure for diffusion pump is checked by a second Pirani gauge sensor (A1).

The schematic operations of the mechanical pump and diffusion pump in obtaining a

lower and higher vacuum in the Nordiko sputter system are illustrated in Figure 4.3 and

Figure 4.4, respectively. The system is also supplied with water and equipped with the

liquid nitrogen trap between the diffusion pump and the chamber. The liquid nitrogen

trap can be filled when the high vacuum valve already opened. The liquid nitrogen is

to prevent backstreaming, due to the oils pump entering the system. This situation can

affect the efficiency of the diffusion pump [151].



Experimental Techniques 67

Figure 4.4: The sputter system operation for obtaining higher vacuum down to
10−5 to 10−8 Torr by diffusion pump through high vacuum and foreline valve.

The third significant part is the RF amplifier which supplies power to the electrodes

(target and substrate). The power between the target and substrate is achieved by

matching the impedance between them. This enables a higher forward power, with the

reflected power being minimized as lowest as possible, to maintain the plasma.

4.2.4 Substrate Preparation and Thin Film Deposition

Prior to deposition, the substrates were cleaned according to the procedures reported in

the literature [6]. First, the substrate was put into a beaker and immersed with acetone.

Second, it was placed in the ultrasonic bath for couples of minutes to allow the substrate
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surface to be free from any contaminants. The substrate was repeatedly clean used the

isopropyl alcohol (IPA) before it was dried using the nitrogen. The type of substrate

used in this study was silicon wafer (polished) which had a crystal orientation (100),

thickness = 380 µm and resistivity (0.001-0.005 Ω.cm).

To characterize the properties of films in terms of its morphology, structural, magnetic,

magnetostrictive and mechanical as well as to determine whether the sputtering condi-

tions have significant effect on those properties, various set of films were deposited and

divided into different categories as follows :

(i) FeCo : different thickness (50 nm, 70 nm, 100 nm and 120 nm) by applying magnetic

field (120 kAm−1) and sputtering power 75 W during growth;

(ii) FeCo : having the same thicknesses as (i) but with no magnetic field during growth;

(iii) FeCoCr : different thickness (56nm, 80 nm, 100 nm, 125 nm and 165 nm) with

sputtering power 75 W and magnetic field (120 kAm−1);

(iv) FeCoCr : different sputtering power (75 W, 100 W, 120 W and 150 W) with constant

thickness, 100 ± 5 nm thick with magnetic field (120 kAm−1) ;

(v) FeCoCr : different Cr compositions ( 2.6 at.%, 5.6 at.%, 7.2 at.%, 9.6 at.% ) fab-

ricated at the same thickness, 65.1 ± 0.3 nm, magnetic field during growth was 22.3

kAm−1, and sputtering power of 75 W;

(vi) FeCo and FeCoCr : thicker films (> 400 nm) for nanoidentation measurement were

fabricated. The reason for growing thicker films is to meet requirement of minimum

thickness that suitable for the size of nanoidentation tip. For this set of films grown at

sputtering power 75 W in a presence of magnetic field (22.3 kAm−1).

It is important to note that for the set of FeCoCr films mentioned in (iii) were deposited

to determine which thickness had magnetic properties with lowest coercivity, lowest

anisotropy field and highest magnetostriction. Later that, film thickness was selected

to grow another set of FeCoCr films as stated in (iv) in order to investigate how the

sputtering power could affect the properties of the films. From that, the optimized

power was chosen to fabricate the next batch of films at different composition of Cr, as

mentioned in (v). In this study, the deposition of FeCo film acts as a control sample
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to allow a justification on whether the structural, magnetostrictive, magnetic damping

and mechanical characteristics of FeCo films could be tuned by adding Cr.

The thin films were sputtered from FeCo and FeCoCr material targets. The FeCo target

size was 15 cm in diameter, while a piece of Cr in foil form with dimension (5 mm x

5 mm x 1 mm) was placed on the top of FeCo target for the preparation of FeCoCr

films. These two targets were used to deposit films as described in parts (iii) and (iv).

Furthermore, to prepare films at different compositions of Cr, the Cr foil was cut into

four pieces with dimension for each piece was 2.5 mm x 2.5 mm x 1 mm. This was to

vary the Cr percentages, so that a number of Cr pieces can be placed on the top of the

FeCo. The sputtering pressure during film growth was kept similar for all films, with

a base pressure = 1.0 x 10−7 Torr and the Argon pressure = 4.8 x 10−3 Torr. All the

films were deposited at room temperature and the substrate kept stationary.

4.2.5 Thickness Calibration

For films which were deposited from different sources of targets, the thickness must be

calibrated by means of Atomic Force Microscope (AFM). This calibration was needed

because different materials have different growth deposition rates. Prior to film growth,

a blob of PMMA was put on the surface of the silicon substrate. Then, after the film

was deposited, the PMMA were washed away in acetone, to leave behind a small area

without film covering. The step height difference between these two areas on the silicon

substrate could be measured by Atomic Force Microscope (AFM). Three different areas

were scanned and measured to obtain more accuracy on the film thickness. The image

of the step height for representative FeCoCr is shown in Figure 4.5. The thickness

calibration of FeCoCr is plotted in Figure 4.6. It can be seen that the calibration of

FeCoCr did not intercept at the zero point and this was due to the Nordiko Sputter

system not having a thickness or growth rate monitor. Instead, the shutter had to be

opened and closed manually before and after film deposition. This may have led to some

error on the deposition time, hence a perfect calibration graph could not be achieved.

In this work, deposition time was adjusted to obtain a series of film thicknesses.
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4.3 Atomic Force Microscopy (AFM)

The Atomic Force Microscope (AFM) is one of the microscopy techniques based on the

interaction between a cantilever tip and the surface of sample, allowing surface images

of different ranges of material to be analyzed. There are three types of operation modes

which are contact, non-contact and tapping mode. Principally there are two forces

generated either repulsive or attractive depending on the distance between the surface

and cantilever tip. The cantilever is bent as a result of the forces between the tip and

the sample. When the tip and sample are separated by some distance, the attractive

force increases, while as the atom of the tip and the sample are brought closer to each

other the repulsive forces progressively increase weakens the attractive forces [152].

In this study, tapping mode or also known as intermittent mode was employed using

the AFM DimensionTM 3000 in order to measure the thickness and the surface rough-

ness, Ra and the root mean square roughness, Rms of the films. The cantilever tip was

mounted at the end of piezoelectric tube. The tip used was made of silicon, had a res-

onant frequency 300 kHz, spring constant = 26 N/m, and dimensions 160 µm x 40µm.

The back side of the tip was coated with aluminum to act as a mirror to reflect a laser

beam. Before measurement of the surface roughness or thickness, the laser and detector

alignment had to be adjusted. Good alignment was needed to ensure the cantilever

drive frequency could be tuned. The drive frequency determines the frequency at which

the cantilever oscillates near to the resonant frequency of the cantilever and must be

10 percent off the voltage amplitude. The drive frequency is very important to improve

the performance of scanning in the AFM tapping mode. The cantilever oscillated by

the piezoelectric tube at or near the cantilever resonant frequency. When the tip is in

non-contact with the surface, the cantilever will oscillate at a higher amplitude and its

magnitude will reduce once the tip makes a contact with the sample. The tip is de-

flected when it encounters the sample’s surface, as a consequence this deflection changes

the laser beam position in the photodetector and the signal from the photodetector is

rectified. In tapping mode, the RMS voltage is compared to a setpoint voltage by the

feedback system, as the RMS magnitude is proportional to the amount of cantilever

motion. The tip engagement requires the setpoint voltage to be smaller than the RMS

voltage. The schematic operation of AFM in tapping mode is depicted in Figure 4.7

[153].
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Figure 4.5: An image on difference in stepheight between FeCoCr film and
substrate to determine the film thickness.

Figure 4.6: Graph of thickness calibration of FeCoCr with varied deposition
time
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Figure 4.7: Schematic operation of AFM in tapping mode. Figure adapted from
[153]

4.4 Scanning Electron Microscope and Energy Dispersive

X-Ray (SEM-EDX)

A Scanning Electron Microscope is used to image and analyze the topography of a

wide ranges of bulk samples, based on the principles of electron acceleration through

a difference voltage, from 0.1 keV to as high as 50 keV. The electron beam is emitted

thermionically from the electron gun made of tungsten, then is focused usually by two

condensers. A double deflection coils deflect the beams in x and y axes which scans

the images in a raster across the specimen [154]. Basically, the interaction between

electron and different penetrations depth or interaction volume of matter will produce

different electron energies as illustrated in Figure 4.8. The image resolution in SEM is

determined by the characteristics of the interaction volume. The release of secondary

electron (SE) and Auger electron (AE) are from the interaction between the electron

beam and a thin section at the surface of specimen which is nanometer thick, thus this

provides the surface morphology of the specimen. For backscattered electrons (BSE),

it is used to distinguished the contrast of heavy elements i.e. those with large atomic

number, Z appears more brighter in the image.

While the Scanning Electron Microscope (SEM) is utilised to image the sample’s surface.
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It is based on the interaction of electron both elastic and inelastic with the sample, the

Energy Dispersive X-ray (EDX), which is usually integrated with SEM machine was

used to analyze the elemental composition. The elemental analysis by SEM-EDX is a

result of X-Ray production from the interaction between the electrons and sample. The

X-Ray can be generated by two process; either by the transitions of electron from a filled

state into the empty state (lower shell) with a characteristics X-ray is being released,

or from the deceleration of charged particles (X-ray continuum). To enable element

identification possible using the characteristic X-Ray emission line from M, K and L

series. Light elements, they emit X-Rays of the K series only, intermediate elements

emit K and L series X-rays, and high atomic number generate X-rays of L and M series.

In the case of Fe, Co, and Cr all these elements generate X-rays of the Kα and Lα energy

series [155].

In this study, two different types of SEM-EDX were used to identify the percentages

of each element of Fe, Co and Cr. Firstly, samples of FeCoCr fabricated at different

sputtering power were analyzed by using SEM Model Quanta FEG 650 equipped with

EDX Model X-Max, Oxford Instrument with applied high voltage 10 kV. Secondly,

Model BMS Tescan Vega3 LMU SEM with EDX Oxford Instrument in the Department of

Biomedical Science, The University of Sheffield was used to determine the compositions

of FeCoCr deposited at range percentages of Cr and a high voltage of 10.5 kV was

applied. To obtain the average compositions of each elements, scans were made on

several areas on the film’s surface. Prior to sample imaging, the sample was placed

into the chamber and the pressure of the chamber was brought down to lower vacuum

until 10−3 Pa. Because the FeCoCr film is a conductive material, no additional coating

process was necessary. The energy spectrum of materials which need to be identified

can be seen on the plot of the number of X-Ray (counts) as a function of energy (keV).

The normalization of elements was done to calculate the percentage of each identified

elements. The energy of Kα corresponds to elements of Cr, Fe and Co are lies at 5.41

keV, 6.4 keV and 6.93 keV, respectively [155].

4.5 X-Ray Diffraction (XRD)

X-rays are an electromagnetic radiation with a shorter wavelength can be diffracted

when they encountered with a crystal lattice. X-ray diffraction caused by a constructive
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Figure 4.8: Interaction processes of electron with sample. Figure adapted from
[154].

interference at specific angles. This phenomenon is known as X-ray diffraction (XRD).

Since the wavelength of X-Rays are comparable to the interatomic spacing, XRD is

widely used as non-destructive technique to characterize the structural properties of

different classes of materials; crystals, polycrystalline and amorphous. The intensities of

the diffracted X-Ray determines the sample’s structure [156, 157]. Diffraction occurrs

due to Bragg’s Law, i.e the incident X-Ray beams must be in phase with one another

and also to the diffracted beams. For instance as depicted in Figure 4.9, the diffracted

beam from the second plane must travel ABC farther than the diffracted beam from

the first crystal plane. For the third plane, the diffracted beam must travel at distance

DEF farther then the second plane. Therefore, the distance of ABC is equal to the

wavelength, λ and the distance DEF is equal to 2λ. The Bragg equation then results

[158]:

λ = 2dhkl.sinθ (4.8)

where dhkl is the crystallographic plane. The Glancing-Angle X-Ray Diffraction (GA-

XRD) instrument PANanalytical X’Pert Powder was used in this study to examine the

types of structure of FeCo and FeCoCr films. The advantage of using this kind of

geometry over the conventional one is the signal from the substrate can be minimized

such that the penetration of X-ray into the a material under investigation could be
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reduced. This results in an intense signal from the sample itself. By knowing the

compositions, film thickness and density of materials, one can determined a suitable

incident angle, ω. ω then can be calculated according to the following equation [159]:

I = I0 exp(−µz/sin(ω)) (4.9)

where µ is the absorption coefficient which depends on the composition and density

of that material, z is the distance from the surface, I0 is the intensity at the surface.

Typical values of ω used were between 0.5o and 1.0o, this angle was fixed during XRD

measurement [160]. While in the standard XRD configuration the incident angle is equal

to the angle of the detector, but with glancing angle geometry it is not the same. For

GA-XRD, the incident angle and the diffracted beam is varied, while the detector was

moved during the measurement. The XRD parameters applied during the measurement

were ω = 0.8o to 1.0o, step size =0.02, time per step = 5.00 s and the scan speed = 0.004

o/s. The wavelength, λ of X-Ray, Kα1 = 1.540598 Å, the voltage and the current of X-

ray source were 45 kV and 40mV, respectively. The lattice parameter with corresponds

to Bragg’s diffraction angle 2θ of the crystalline materials can be calculated by :

a =
λ
√
h2 + k2 + l2

2sinθ
(4.10)

Not limited to structure studies, this geometry of GA-XRD also offers a stress measure-

ment on the multilayer deposited films [160].

The value of the full width at half-maximum (FWHM) which determines the peak broad-

ening can be caused by the non-uniform strain. For sputtered thin films, normally

stresses are produced during deposition, which have either the tensile or compressive

stress [161]. The peak broadening is attributed by the particle (crystallite size) and can

be from the diffractometer itself known as instrumental broadening [157]. In this present

work, the FWHM from experimental data was analyzed by using Gaussian curve fitting

in the OriginPro 2018 Software. Figure 4.10 presents an example of Gaussian fitting for

FeCo at thickness 100 nm corresponding to BCC (110) peaks.
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Figure 4.9: Braggs Law on X-Ray diffraction. Figure adapted from
[158].

Figure 4.10: The FWHM curve fitting for the experimental data of FeCo
(100nm) using the Gaussian function, whereby w = FWHM; y0 = base; xc
= center; A = area.
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4.6 Transmission Electron Microscope (TEM)

Different to SEM, the electron beam in TEM is transmitted through a very thin layer of

material and produces electron diffraction. Similar to the XRD technique the diffraction

occurs only when the Bragg’s law is satisfied. TEM is a powerful method which not only

can examine the crystallinity of a specimen but also to detect the defects for a very tiny

volume of specimen 10 nm3. TEM allows either an image or diffraction pattern to be

formed in the viewing screen, depending on its lenses and aperture. For the imaging

mode the objective aperture is positioned in the back focal plane of the objective lens.

There are three types modes of imaging, which are bright-field (BF), dark-field (DF) and

high resolution (HR-TEM). In bright-field, a small aperture used to transmit only the

undiffracted beam, meanwhile DF imaging allows the diffracted electron to pass through

the small aperture. The schematic imaging of BF and DF are illustrated in Figure 4.11.

In BF and DF features are based on the amplitude contrast, while HR-TEM imaging

relies on the phase contrast of the electron waves. HRTEM is the powerful technique

to image the atomic structure of material [162]. Basically, TEM instruments can be

divided into three main parts [163]:

(a) the illumination system which consists of the electron gun that accelerates the

electrons from 40 to 200 kV, and two magnetic condenser lenses. These lenses will

controls the spot size and focus the electron beam onto the specimen. In the middle of

the lenses are condenser aperture which control the convergence angle;

(b) sample stage where the sample can be moved or kept it stationary. The sample

must be very thin enough (20 nm to 100 nm) so that electrons can be transmitted. The

sample is loaded on the stage through the airlock;

(c) the imaging systems which produces the diffraction pattern. It comprises of three

lenses which were objective lens, intermediate lens and projector lens.

A selected area electron diffraction (SAED) is usually used to image the diffraction

pattern of the small preferred area on the specimen. A SAED aperture can be inserted

to allow the electrons pass through the small area, to form diffraction pattern.

Two representatives of FeCoCr films from the power series (75 W and 150 W) were

selected and analyzed by Transmission Electron Microscope (TEM) with the objective
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Figure 4.11: (a) Directed beam is used to image bright-field and (b) Diffracted
beam which is away from optic axis is selected to form the dark-field image.
Figure taken from [163].

of checking the crystallinity of the deposited FeCoCr film by selected area electron

diffraction. This measurement was not conducted by the author herself, but instead

with assistance from Dr. Joanne Sharp (Postdoctoral Research Associate). Samples

were prepared via the the focused ion-beam (FIB) lift-out with the FIB preparation

work was carried out in an FEI Helios Nanolab G3 UC dual-beam FIB. During sample

preparation, platinum was deposited as a protective layer in order to prevent the film

(FeCoCr) from being destroyed by thinning process. The TEM measurements were

performed using a JEOL 2010F TEM at 200kV.

4.7 Magneto-Optical Kerr Effect (MOKE)

The Magneto-Optical Kerr Effect (MOKE) is a qualitative measurement technique that

is used for investigating the magnetization of ferromagnetic materials in-plane and out

of plane. By utilizing MOKE, one can easily study the magnetization of the magnetic

surface of thin films as well as nanostructures [164]. Additionally, this method is non-

destructive and works at room temperature [165].

The Kerr effect was first discovered in 19th century by John Kerr when he found that

the polarization state of the reflected light was changed when it interact with a magnetic
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Figure 4.12: Three different of MOKE configurations. Figure taken from
[168].

material with respect to the incident of light [166]. MOKE has three different configura-

tions namely transverse, longitudinal and polar as shown in Figure 4.12. For geometry

of polar and longitudinal have component of magnetisation parallel to the plane of inci-

dence, while transverse has the magnetisation perpendicular to the plane of incidence.

The light reflecting has two linear polarisations; s-polarisation refers to the electric field

perpendicular to the plane of incidence and p- polarisation defines as the electric field

which is parallel to the plane of incidence. Normally, a linear polarized when reflected

off the non-magnetic surface it retains its polarisation. But, a linear polarized light upon

reflected from magnetized sample can be changed by two ways; first, the polarisation

plane of reflected light is rotated with small angle, θK with respect to the incidence

light and second, the reflected light become elliptically polarised characterised by ηK .

An example of how Kerr rotation and ellipticity occurs when light reflected from the

magnetized sample in polar geometry of MOKE is illustrated in Figure 4.13.

In magnetic surface, oscillation of electrons experience a Lorentz force. As a result, an

additional component of electrical field, EK is produced which is out of phase with the

reflected parallel of component electric field. The superposition of these two components

gives rise to a magnetisation dependent rotation of polarisation. In both polar and

longitudinal geometries, the polarisation of the incidence light (s or p) being altered to

elliptically polarised with axis rotation upon reflected from magnetic surface. In the

transverse effect there is no change in polarisation of s-polarised as the electric field

and magnetisation being parallel. For p-polarised, there is no Kerr ellipticity, but the

amplitude of reflected light will be varied due to the EK is parallel to the plane of

incidence, also normal to the reflected light [167].
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Figure 4.13: Schematic of polar MOKE showing the reflected light being rotated
at angle, θK and elliptically polarised characterised by ηK . Figure taken from

[169].

To investigate the magnetisation switching of FeCo and FeCoCr films, two different types

of MOKE have been used at the Centre For Magnetics Research Lab, Department of

Material Science and Engineering, The University of Sheffield. They are :

(a) High Field MOKE - to characterize FeCo and FeCoCr films (different thickness) with

the magnetic field maximum of 240 kAm−1 and

(b) Low Field MOKE - to determine the hysteresis loops for FeCoCr films (different Cr

percentages). It is important to note that, due to the FeCoCr films (different at.% Cr )

having magnetic softness compared to FeCoCr films (different thickness), the Low Field

MOKE was used to determine its hysteresis loops. As the name implies, the magnetic

field is up to about 22.3 kAm−1, which its magnitude smaller compared to the High

Field MOKE.

The High Field MOKE used in this study has the transverse geometry and polariser

was set-up to produce mixed polarisation s and p. The s and p are refer to polarised

light which perpendicular and parallel to the plane of incidence, respectively [165]. The

magnetization, M of the film in this geometry is perpendicular to the plane of incidence

of the laser. The main components for the MOKE includes a laser diode He-Ne (λ= 635

nm and maximum power = 3mW), polariser, analyzer, photodetector and electromagnet.

The polariser was set to certain angle to increase the signal to noise ratio. It was found

that in order to obtain a symmetric hysteresis loops of FeCo and FeCoCr, the MOKE

worked best at the polarizer angle, θ = 122o and analyzer was set close to extinction in

the range of, 85o ≤ θ ≤ 120o. The light was then reflected from the magnetic surface

of sample, passed through the analyzer and then the intensity of light detected by a

photodetector. The output voltage of photodetector depends upon the angle between
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the analyzer and the plane of incidence [170]. To generate the magnetic field, a DC

current was supplied by a KEPCO Power Supply to the electromagnet. The Hall probe

was placed between two electromagnet poles near the sample stage and was connected to

the Gauss/Tesla meter so that magnetic field could be measured. The sample stage can

also be rotated, so that measurement of hysteresis loops were made at different angle

(0o to 360o) to study the anisotropy of the films.

The Low Field MOKE differs from the High Field MOKE as for the Low Field MOKE

has a longitudinal configuration with the addition of an optical lens used in this MOKE

set-up. The schematic diagram of Low Field MOKE is shown in Figure 4.14. The

components of MOKE are mounted on the optical table and the experiment performed

in the dark environment. The requirement of performing measurement in the conditions

is to prevent the reading of photodetector from being affected by the ambient light.

There are three optical lenses mounted, one is between the polariser and the sample, to

allow the laser light to be focused. The second lens is positioned at the front of sample

after laser has been reflected, and the last one is placed in between the analyzer and the

photodetector. The output signals from photodetector then is fed to analog-to-digital

I/O converter. The final output of voltage as a function of magnetic field is read using

a Data Acquisition (DAQ) board. The magnetisation loops is viewed on the computer

by programmable LabView Software.

4.8 Measurement of Magnetostriction by the Villari Effect

Different techniques have been used to measure the magnetostriction of samples as de-

scribed in Chapter 3. Measuring the magnetostriction of thin films, one needs to know

the mechanical properties of the substrate such the Young’s Modulus, Es and the Pois-

son’s ratio, νs. Theoretically, when the film is attached to the substrate and bent, the

in-plane strains occurs in x and y-directions :

εx =
σx
Es
− νsσy

Es
(4.11)

εy =
σy
Es
− νsσx

Es
(4.12)
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Figure 4.14: Schematic diagram of Low Field MOKE magnetometer.

In order to maintain the continuity in the film during bending, the strain in y-direction

should be 0; εy = 0. The stress in y-direction can be rewritten as:

σy = νsσx (4.13)

Replacing the stress, σy into equation 4.11, the strain, εx then can be expressed as:

εx = (1− ν2s )
σx
Es

(4.14)

The stress in x-direction thus becomes:

σx =
εxEs

(1− ν2s )
(4.15)

It should be noted that, the strain when the wafer bent is given as:

εx =
ts
2R

(4.16)
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where R = radius of the curvature and ts = film thickness. By combining equation 4.15

and 4.16, then the stress in x-component becomes:

σx =
tsEs

2R(1− ν2s )
(4.17)

For magnetic material having an uniaxial anisotropy, the anisotropy field, Hk are pro-

portional to the anisotropy constant, Ku:

Hk =
2Ku

µoMs
(4.18)

where Ms is saturation magnetisation. For magnetostrictive material, the anisotropy

constant is related to the stress which can be written as:

Kσ =
3

2
λsσ (4.19)

By substituting the Kσ with Ku into equation 4.18 , the anisotropy field of magnetostric-

tive material then can be expressed by:

Hk =
3λsσ

µoMs
(4.20)

This then lead to the determination of magnetostriction constant, λs by combining

equation 4.20 into equation 4.17 :

Hk =
3λstsEs

2µoMs(1− ν2s )R
(4.21)

In this current work, applying the above theory with those equation, the magnetostric-

tion of the films then were determined through the Villari Effect by means of MOKE

magnetometry. In Villari Effect measurement, stress was applied by bending the sam-

ples with three different bending radii of R = 500 mm, 400 mm and 300 mm, with the

bending tools of 300 mm having the largest curvature [99]. The schematic diagram for

the magnetostriction apparatus is depicted in Figure 4.15. At first, film was bent using

the lowest radius bending tools, R = 500 mm followed by the R= 400 mm and lastly with

R = 300 mm. The experiment needs to be conducted gently during the bending set up



Experimental Techniques 84

Figure 4.15: Magnetostriction measurement using different bending tools.

Figure 4.16: Magnetisation curves of the representative FeCoCr film after bent
using three different radii tools.

since the film can easily broken especially with the highest bending radius. The change

in the sample’s magnetisation curve was then observed by using the MOKE system.

The magnetisation curves obtained as a result of bending the film using three different

bending radii is shown in Figure 4.16.

Figure 4.17 presents an example of magnetization loops, for the upper part (positive

curve) due to film bent. Also shown in that figure is how the anisotropy field, Hk due to

stress was determined by the straight line method. The determination of Hk also done

for each bend radius, both the positive and negative parts of the loop. Accordingly, a

linear graph of Hk with respect to the inverse bending radius 1/R was plotted and fitted
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Figure 4.17: Magnetization curves upon the stress application using three dif-
ferent bending tools. It showing the determination of Hk at the positive part of
magnetization switching.

to define its gradient, (dHk/d(1/R)), as given in Figure 4.18. The magnetostriction

constant can then be calculated as given in equation 4.21 which has been described

in the literature [6, 82, 99, 171]. By inserting the value of gradient into the following

equation:

λs =
dHk

d(1/R)
× 2µ0Ms(1− v2s)

3tsEs
(4.22)

where R = radius curvature of bending tools (in meter); µ0Ms = saturation induction

(in Tesla); vs = Poisson’s ratio (0.28 for silicon substrate); ts = substrate’s thickness

(380 µm) and Es = Young’s Modulus of substrate (1.69 x 1011 Pa).



Experimental Techniques 86

Figure 4.18: The fitted linear graph of anisotropy field, Hk as a function of
inverse bending radii,1/R. H+

k and H−k are anisotropy measured at upper part
and lower part of hysteresis loop, respectively.

4.9 Measurement of Damping Properties by Vector Net-

work Analyzer and Ferromagnetic Resonance (VNA-

FMR)

Vector Network Analyzer Model Rhode & Schwarz ZVB 20 and Ferromagnetic Reso-

nance (FMR) was used to study the microwave properties of soft magnetic films. The

important parameter to be defined were the damping constant, α, saturation magneti-

zation, Ms and the anisotropy field, Hk [123, 126, 172]. The VNA system was equipped

with two ports (Port 1 and Port 2) which operated in the range of radio frequencies from

10 MHz to 20 GHz. The schematic of two-port S-parameters is given in Figure 4.19.

There are two geometries of measurement; transmission and reflection by which the S-

scattering parameters (Smn) can be determined either at static magnetic field while the

frequency is swept or, vice versa. The subscripts m and n refer to the receiver port and

the source port, respectively. For instance, transmission used both Port 1 and Port 2

and therefore, the S21 parameter. It measures the output from Port 2 with respect to

the RF entering device under test (DUT) from Port 1. The S-parameter of S11 is defined
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Figure 4.19: Scattering parameters for VNA with two-ports.

as the ratio between the reflection signal out from the DUT (Port 1) and the incident

wave into DUT (Port 1). The other parameters, S22 and S12 also can be obtained. All

those parameters can thus be expressed by:

S11 =
b1
a1

; (a2 = 0) (4.23)

S21 =
b2
a1

; (a2 = 0) (4.24)

S12 =
b1
a2

; (a1 = 0) (4.25)

S22 =
b2
a2

; (a1 = 0) (4.26)

where a1 and a2 refer to the wave entering the DUT and b1 and b2 represent the wave

leaving the DUT.

For the purpose of this study, the geometry of reflection S11 in the field domain was

chosen. To set up the measurement for this reflection geometry, co-planar waveguide

was connected to the VNA at the Port 1. The device under test (DUT) was mounted

faced down on the top of co-planar waveguide (CPW). The CPW was positioned in the

center between of electromagnet. The sample was placed with the easy axis parallel to

the field. Frequencies from 3 GHz to 12 GHz were applied with maximum field 1000 Oe.

For determination of saturation of magnetization, Ms and anisotropy field, Hk the plot
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Figure 4.20: Experimental data which fitted to (a) Kittle equation and (b) FMR
linewidth in obtaining the Ms, Hk and α.

of resonance frequency against the field was fitted according the Kittel’s formula [173]

which can be written as:

fFMR =
γ

2π

√
[H + µBHk][H + µBMs + µBHk] (4.27)

where fFMR is resonance frequency, γ is gyromagnetic ratio, H is external magnetic

field, µB is the Bohr magnetron and Ms is saturation magnetization. This measurement

also allow us to obtain the linear dependency between the α and FMR linewidth as

expressed by the Equation 2.16 in Chapter 2. For instance, by fitting the linear plot

from the linewidth in terms of field as a function of frequency, then the value of damping

constant, α can be extracted. The graphs of experimental data for FeCoCr film that

have been fitted are presented in Figure 4.20.

4.10 Measurement of Saturation Magnetisation by SQUID-

VSM Technique

Determining the saturation magnetisation by measuring the magnetic moment is not

possible using the MOKE technique. This parameter can be measured by using the

Superconducting Quantum Interference Device (SQUID) system. A SQUID principally

detects the magnetic flux changes of a moving the sample in a set of pickup coils. The

SQUID Model MPMS 3 that used in this study has a superconducting Niobium-Titanium
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Figure 4.21: The components of SQUID MPMS 3 system. Figure taken from
[174].

(NbTi) solenoid magnet in combination with a Vibrating Sample Magnetometer (VSM).

As its name suggests, it vibrates the sample sinusoidally and uses a lock-in amplifier to

measure the response of the sample to an applied magnetic field. The system employs a

DC scan; scan up and down at constant speed, measuring the magnetic flux in supercon-

ducting loop as a function of sample position. At the start of the measurement, sample

positioned at the center of the pickup coils [174]. The set-up of the SQUID-VSM system

is illustrated in Figure 4.21 which has two main parts, the upper and the lower cabinet.

The upper contains the computer and module bay housing (modular electronics). The

lower part consists of the dewar which holds the liquid helium inside. The liquid helium

is required to cooling the superconducting solenoid. The sample transport is located on

the the top of the dewar.

Sample preparation involves mounting, loading and centering sample position which are

need to be conducted before measurement can be run. The sample was inserted into

a capsule and securely placed in the straw. To ensure the sample was in the correct

position, the straw should be placed aligned with the zero point indicator. This can be

done by placing the sample parallel with the marker on the mounting station, as shown

in Figure 4.22. The position of sample must be in between 66 ± 3mm from the zero

point. Then the sample was inserted into the sample holder (rod) and loaded into the

chamber. After that, the position of sample was centered within the detection coils by
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Figure 4.22: Sample position on the mounting station.

scanning the sample offset. The distance from the bottom end of the sample holder to

the sample location is defined as the sample offset and is usually about 66 mm. Before

single measurement or sequences were initiated, the chamber was evacuated down to

about 7 mTorr and filled with He gas. In this study, the M(H) loops of films with set

of Cr compositions were measured by applying magnetic field until 1 Tesla at room

temperature (300 K).

4.11 Measurement of Mechanical properties by Nanoiden-

tation

The mechanical properties of FeCo and FeCoCr thin films have been studied by the

nanoindentation technique allowing for the extraction of two important parameters

which are the reduced elastic modulus, Er and the hardness, H. As described in Chap-

ter 2, the Young’s Modulus of FeCoCr films can be calculated once the Er has been

determined.

4.11.1 System Calibration

In order to achieve high accuracy in the nanoindentation data of the specimen, these

three calibrations steps are need to be performed prior to the nanoindentation testing:

(a) Transducer calibration:

The transducer calibration must be performed, as the probe is installed in the transducer.
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The centre plate of the transducer where the probe is attached ,is moves as the transducer

is driven to the sample, and it is also connected to the spring. Thus, the movement of

the center plate can cause a different value on the electrostatic constant force. Also, the

electrostatic constant force can vary due to temperature and humidity. For this reason,

the indentation axis calibration on the electrostatic constant and plate spacing must be

conducted on a daily basis to avoid any errors that might affect the indentation test

results. This calibration was performed in the air, meaning that there is a gap between

the probe and the sample stage.

(b) Optic-probe tip offset calibration:

After the indentation axis calibration has been carried out, the calibration of the optic-

probe tip offset needs to be performed if either transducer, nanoidentation tip or any

optical camera system has been removed or changed. This tip to optic calibration is

performed to record the distances in the X, Y, and Z-axis between the center of the

optical focal plane and the probe (tip) and the area of interest on the film sample can

be optically focused. This calibration requires a transducer with a nanoindentation tip

be installed on the system and a standard sample of polycarbonate was mounted on the

sample and the H-pattern indenter was made first before the nanoindentation can be

done on the thin film sample. A standard sample of polycarbonate has the mechanical

properties of hardness, H = 0.18 GPa, reduced elastic modulus, Er = 3.10 GPa, Young’s

Modulus, E = 2.7 GPa and Poisson’s ratio, ν = 0.37. During this calibration, the tip

was bring down to about 2 mm gap distance of the sample surface without crashing the

tip into the sample.

(c) Probe calibration

Another most crucial calibration that had to be performed is the indenter tip calibra-

tion, as the area of the tip will changes when performing the test. Tip used in this

measurement was Berkovich geometry. A tip was calibrated by a series of indentations

onto a material where the elastic modulus is known; usually a fused quartz sample is

used (Er = 69.6 GPa ; H = 9.25 GPa and EY = 72 GPa) to determine the area function.

From the calibration, the graph of the calculated area function, A against the contact

depth, hc, was then fitted according to Equation 2.32.
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Figure 4.23: Figure showing the position of the sample mounted on the stage
along with the polycarbonate sample on the TI 950 TriboIndenter Hysitron.
The nanoindentation was firstly performed onto the polycarbonate before the
nanoindentation is conducted on the thin film.

4.11.2 Sample Mounting

The specimen was mounted onto a metal disk by using an adhesive (super-glue) is

vital to ensure that the sample is firmly attached to reduce the system compliance. The

indentation tests in this study were conducted by using a TI 950 TriboIndenter Hysitron

with a Berkovich indenter tip, the system used as depicted in Figure 4.23. To prevent

the transducer or the probe from being damaged during calibration, the test specimen

which has short height (in this case the FeCoCr thin films) was mounted on the stage at

bottom of the transducer side, while the standard sample of polycarbonate (taller than

the thin films) was placed underneath the side of the optical column.

A series of nanoindentation were then performed with a partial unload consisting of three

segments: 5 seconds for loading, 5 seconds hold at the load maximum and 5 seconds

for unloading. The load-displacement curve could then be used to obtain the reduced

elastic modulus and hardness of the films.



Chapter 5

Characterisation of FeCo and

FeCoCr films under different

sputtering conditions

5.1 Introduction

The main purpose of this chapter is to present characterisation of the effect of growth

conditions on the structural, compositions and magnetic properties of FeCo and FeCoCr

thin film. The effect of applying a magnetic field during the growth of FeCo for different

thickness is presented in the first section. In the case of FeCoCr films, two different

series of FeCoCr films were prepared with respect to their thickness and sputtering

power. Since one of the motivations of this study is to produce soft amorphous film by

adding Cr, the structural properties of FeCoCr deposited at the similar conditions with

FeCo were investigated by XRD and further confirmed by TEM. This then allows a valid

comparison between the structure of pure FeCo and FeCoCr films. All the films were

characterized by XRD,TEM, AFM, EDX, MOKE Magnetometry and Villari techniques,

as detailed in this chapter.
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5.2 Structural Properties of FeCo

As clarified in Chapter 4, FeCo with different thicknesses were deposited based on two

growth conditions; in the presence of a magnetic field and with no field. All the films

were grown at the same sputtering power: 75 W and pressure : 4.8 mTorr. Figure 5.1

compares the XRD patterns between the FeCo films. The intensity of XRD peaks of

those films (applied field) increased with film thickness. It is interesting to note that the

XRD peaks for films grown under magnetic field showed more texture than the samples

with no applied field. No other peak was detected and only a single peak was observed at

2θ = 44.96o (50nm); 44.86o (70nm); 44.89o (100nm) and 44.95o (120nm). Those peaks

can be indexed as crystal lattice of body-centered cubic BCC (110). The BCC peaks

for FeCo found in this study had values matched to those published in the literatures,

2θ ≈ 45o [76, 175].

Conversely for the 50 nm film in the absence of a magnetic field, the peak exhibited

the weakest XRD intensity at 2θ ≈ 35o . This could be associated to a Si peak as the

X-Ray may penetrates to the Si substrate. This peak is also identical with the reported

diffraction angle of the oxidized Si peak in the FeCoB film prepared at room temperature

[176]. Unexpectedly, for 70nm the peak is more intense but had shifted to 2θ = 41.82o,

different from the 2θ for sample 70 nm with applied field. An error in sample height

adjustment could be the reason why the peak was shifted. To confirm the position of

the peak, the measurement was repeated on a different sample at the same thickness

(70 nm), nonetheless a peak at similar position still was detected. This is most likely

from the nature of the film itself for instance, the existence of a uniform strain within

70nm film. However it can be seen that the peaks became more intense as the thickness

increases up to 100 nm and 120 nm. The peaks were similar to the sputtered samples

with applied field, but shifted slightly to lower values of 2θ = 44.71o (100nm) and 2θ =

44.75o (120nm). This suggests that peak is associated with the structure of the film, as

it is visible for all films apart from 50nm.

Table 5.1 compares the calculated lattice parameters and the FWHM values that were

fitted by using Gaussian peak functions with respect to BCC peaks in the FeCo for both

set of films and FeCoCr at the higher sputtering power. The errors in FWHM were taken

from the Gaussian fitted data. The lattice parameters from these two different growth

conditions have significant differences in their lattice constants. For films with applied
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Figure 5.1: XRD profiles of FeCo with and without magnetic field during depo-
sition for different film thicknesses.

field, they showed that the lattice constant of FeCo tends to approach the bulk constant,

ao = 2.855 Å[23]. The difference in lattice constant may be due to strain in the film. The

standard errors for lattice parameter were calculated based on the difference between

the bulk and calculated value and the errors also given in Table 5.1. It showed that the

film at 100 nm with no applied field had larger FWHM (2.143o) than films at the same

thickness deposited with applied field, which may be attributed by the inhomogeneous

strain within the film. By using the relationship of ε = (a - ao)/ao, where ε = film

strain; a = calculated lattice constant ; and ao = lattice constant of FeCo (bulk) taken

from literature [23], therefore the strain in the film can be estimated. For instance, by

comparing the strain of FeCo films at thickness 100 nm, the calculated strain for the

films grown with applied field was smaller, ε = -0.0011 ± 3x10−6 than the FeCo with

no field, ε = 0.0028 ± 7x10−6. Based one these value, one film growth was under tensile

and the other under compression. This suggests that a small compressive stress within

the FeCo films at thickness 100 nm grown in the absence of applied field was generated

during sputtering. It also shows that the growth within a magnetic field changes the

internal homogenous and inhomogeneous stresses within the film.
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Table 5.1: Lattice parameters and FWHM values with respect to BCC peaks
in FeCo and FeCoCr films.

Sample Growth Parameter Lattice Parameter (Å) FWHM (degree)

FeCo - 50 nm applied field, 75 Watt 2.848 ± 0.007 0.720 ± 0.011
FeCo - 70 nm applied field, 75 Watt 2.854 ± 0.007 2.573 ± 0.063
FeCo - 100 nm applied field, 75 Watt 2.852 ± 0.007 1.461 ± 0.014
FeCo - 120 nm applied field, 75 Watt 2.849 ± 0.007 1.078 ± 0.009
FeCo - 100 nm no field, 75 Watt 2.863 ± 0.007 2.143 ± 0.042
FeCo - 120 nm no field, 75 Watt 2.861 ± 0.002 1.219 ± 0.014

FeCoCr - 100 nm field, 125 Watt 2.891 ± 0.001 3.104 ± 0.038
FeCoCr - 100 nm field, 150 Watt 2.884 ± 0.001 1.774 ± 0.026

5.3 Structural Properties of FeCoCr

Since the FeCo films fabricated with a magnetic field have shown stronger XRD intensi-

ties than samples with no field, the XRD measurements were also conducted to evaluate

the structure of FeCoCr films grown in the presence of magnetic field. The films varied

in thickness between 56 nm and 165 nm but similar Cr compositions (at.% 14) as grown

with similar sputtering power of 75 W (details in Table 5.2). The XRD profiles for the

thickness series of FeCoCr are presented in Figure 5.2. All films show a broad peak

around 2θ = 44o, representing amorphous structure. The 56nm film shows the lowest

signal to noise ratio (SNR) with an indistinct peak at position 2θ = 36o. This is due to

the Si peak; similar to the FeCo films sputtered without field. Also, a indistinct peak

at around 2θ ≈ 42o is also seen at this thickness. This is possible due to the short

deposition time, such that the nucleated atoms did not have enough time to coalesce

and form a crystalline structure. Nevertheless, the XRD intensity was improved when

the thickness was increased to 80 nm, but a hump peak can still be seen at around 2θ

= 44o. This peak position has close resemblance to the XRD patterns of FeCo-based

films in the thickness range from 70 nm to 450 nm, previously studied in [124]. All

these FeCoCr films have amorphous structure irrespective of the thickness. Clearly, the

structure of FeCo (50:50) films have changed from polycrystalline to amorphous at thick-

nesses greater than 50nm by adding Cr. XRD pattern of the 100nm FeCo deposited with

the same growth parameters is also given in Figure 5.2 as comparison. The discrepancy

between XRD patterns of FeCo and FeCoCr could be explained by the effect of lattice

expansion. Lattice expansion may occur as a result of the Cr atom accuppying the sites

of Fe and Co atoms. In addition, the Cr atom has radius larger than Co and Fe [177].

Also the peak broadening can be contributed by the non-uniform strain. Thus it can be
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Figure 5.2: XRD profiles of FeCoCr as function of thickness at the same Cr
concentration at.% 14 grown in magnetic field. Shown in plot also is the FeCo
at 100nm grown with magnetic field, for a structure comparison.

assumed that strain within the films may be created during the deposition of FeCoCr in

the sputtering chamber.

To enable us to study the effect of sputtering power on the structural properties, the

FeCoCr films were fabricated at a fixed thickness of 100nm while varying the sputtering

power from 75 W to 150 W. The reason why the samples were not deposited at a higher

power more than 150 W was due to the fact that the films experienced delamination

issue above this power. Therefore in this chapter, the effect of sputtering power are

described for sample grown until the maximum power of 150 W.

Figure 5.3 displays the XRD profiles for FeCoCr films grown from 75 W to 150 W. It

can be seen that the films grown at lower powers (75W and 100W) have broader peaks,

indicating an amorphous structure. The peaks become narrower at the same diffraction

angle around 2θ = 44o as the sputtering power increases above 100 W. Surprisingly,

another peak with lower intensity at 2θ = 81.61o for films at 125 W and 150 W appears.

Those peaks were indexed as BCC corresponding to the (211) crystal plane. This implies

that the structure has become more polycrystalline at higher powers. The reason for this

could be the higher power, gives a higher deposition rate, hence more sputtered atom
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Figure 5.3: XRD profiles of FeCoCr as function of sputtering power grown at
thickness 100nm deposited with magnetic field.

are moving around with a higher energy, so when they reach the substrate, this improves

the grain growth of the film. At lower power however, the atom scattering events are

higher, as a consequence there are fewer atoms to be deposited onto the substrate. The

calculated lattice parameter and FWHM for 100 W and 150 W corresponding to BCC

(110) at 2θ = 44o are included in Table 5.1. The FWHM was found to be higher for

the 100 nm film grown at 125 W (FWHM = 3.104o) than the FHWM of FeCoCr film

at 150 W (1.774o). This is probably due to an increase in the crystallinity of the film

and a reduction in the inhomogenous strain. Different phases have been observed for

films fabricated at different sputtering power which might be attributed to different

compositions of Chromium within the film. To validate this assumption, EDX analysis

was performed in order to examine the Cr composition. This analysis will be given in

the next section as well as the TEM measurement to confirm the phase of FeCoCr for

selected films (75 W and 150 W).
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5.4 Compositional and Structural Studies by SEM- EDX

and TEM

To examine the percentage elements of Fe, Co and Cr, a Scanning Electron Microscope

(SEM) equipped with Energy Dispersive X-Ray (EDX) technique was used for films

deposited with varied sputtering power. Accordingly, justification can be made on why

the structure of the film has changed to polycrystalline as the sputtering power increased

to 125 W.

Table 5.2 compares the percentages of the three elements Fe, Co and Cr for differ-

ent applied sputtering power. Fixed thickness (100 ± 5 nm) and sputtering pressure

(4.8mTorr) was applied for all films, which were deposited at room temperature. The

standard errors in the table were taken from the EDX measurement at different areas

for each film. As expected, the percentages of Fe and Co in films deposited at higher

power (125 W and 150 W) were higher than the 75 W and 100 W films. As a result,

it was found that the structure properties of 125 W and 150 W films revealed more

texture, as discussed in XRD analysis section. Meanwhile, for films at lower powers (75

W and 100 W) the Cr compositions is more dominant, i.e for the 75 W film the Cr was

nearly double (at.% 14.3) that of Cr in the 150 W film (at.% 7.7). This suggests the

amorphous structure of the 75 W film as well as the 100 W film (refer to Figure 5.3)

was a result of the larger amount of Cr. The Cr contents in 75 W film however, has a

large standard error and this reflects that Cr atoms were not deposited uniformly onto

the substrate, again due to the low power giving the deposited atoms has lower energy.

To confirm the amorphous and the polycrystalline structures, TEM measurements were

carried out on the 75 W and 150 W films. The differences between the films grown at

75W and 150W can be seen clearly in the TEM analysis images. To ensure that the

FeCoCr film was correctly identified, the imaged areas were analyzed by electron energy-

dispersive X-ray spectroscopy (EDX) which integrated with TEM . Figure 5.4 shows

bright field TEM images of the (a) 75 W and (b) 150 W films. The 75 W FeCoCr film

shows smooth contrast with no features except for a small number of dark spots towards

the edge that are due to beam damaged from the spot EDX analysis. Figure 5.4(c) shows

the magnified image of 150 W in the dark field (DF) mode to visualize the grain spotted

in Figure 5.4(b). It showed that the 150 W film appears to have columnar grains with
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Table 5.2: The atomic percentages of Fe, Co and Cr for various sputtering
power.

Sputtering Power (Watt) Fe at.% Co at.% Cr at.%

75 40.8 ± 4.3 44.9 ± 2.8 14.3 ± 7.0
100 43.5 ± 0.4 43.9 ± 0.3 12.6 ± 0.2
125 43.8 ± 0.4 45.3 ± 0.3 10.9 ± 0.2
150 45.1 ± 0.3 47.2 ± 0.4 7.7 ± 0.1

vertical edges. The Si in these images was the silicon substrate while the part marked Pt

was the platinum acts as a protective layer. In these images the growth direction of Pt

is upwards and perpendicular to the interface with the silicon. From the TEM analysis,

the film thicknesses were measured. It was confirmed that the thickness for 75 W film

was 110 nm thick, whilst the 150 W film was 103 nm thick, with an uncertainty of 5nm

due to the unevenness of the platinum growth. These film thicknesses were almost the

same thickness measured by the AFM. Selected area electron diffraction (SAED) images

were conducted and the respective patterns for 75 W and 150 W films are presented in

Figure 5.5. The amorphous structure of the 75 W film with the diffuse rings was imaged.

Interestingly, for 150 W the diffraction pattern shows rings with small diffraction spots

can be seen in the image. This finding supports the amorphous nature of 75 W film and

polycrystalline structure of 150 W film which were obtained from XRD analysis.

5.5 Morphology Studies of FeCoCr by AFM

A published study has reported that surface roughness is one of the factors that can affect

the magnetization reversal of thin films [178]. To understand if the surface roughness

might have contributed in changing the magnetization of FeCoCr and to determine

whether surface roughness of FeCoCr was affected by film thickness and sputtering

power, the film’s surface were examined by Atomic Force Microscopy (AFM). Figure 5.6a

and Figure 5.6b provide the graph of film roughness as a function of thickness with

similar sputtering power of 75 W and varied sputtering power at similar thickness; 100

nm, respectively. From the graph, it can be seen clearly that film thickness does not

have a significant affect on the roughness Ra, as their values are similar. It revealed

that the FeCoCr films have smooth surface with Ra in the range between 0.3 nm and

0.5 nm. The images also indicate the amorphous structure as no features of grains

(AFM micrographs are not provided). Although the Ra as a function of sputtering
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Figure 5.4: Bright field images of FeCoCr films deposited at sputtering power
(a) 75 W (b) 150 W (c) dark field image of FeCoCr film at 150 W showing
columnar structure.

power exhibited a monotonic increase from 75 W to 125 W, their values are within the

error bars. Thus, varying the sputtering power did not change the surface roughness of

film. Similarly to the study done by [179], they also found the insignificant effect on

sputtering power to the roughness of FeCo-based films. The error bars represent the

standard error of different areas measured on each sample. It also identified that the

root-mean square roughness, Rms of FeCoCr films was not influenced by the power as

their difference were not significant as well. The representative images of FeCoCr films

grown with sputtering powers by using data scale: 10 nm ; scan size 2µm ×2µm are given

in Figure 5.7. Some of the areas on the film’s surface were found to be contaminated,
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Figure 5.5: SAED images of FeCoCr films sputtered at power (a) 75 W (b) 150
W.

thus the images with defects were identified. These image defects made the standard

error higher. The Rms values for the FeCoCr films were 0.562 ± 0.100 nm (75 W),

0.532 ± 0.001 nm (100 W), 0.517 ± 0.010 nm (125 W) and 0.502 ± 0.002 nm (150

W). Figure 5.8 displays an example of roughness analysis from the AFM image of the

FeCoCr film with thickness 100nm for film deposited at power of 125 W. From the

AFM examination, neither thickness nor sputtering power affects the surface roughness

of FeCoCr. It can be inferred that the surface roughness would not responsible for

any differences on magnetization switching of FeCoCr grown under different sputtering

paramaters. Further investigation on magnetic characteristics will be discussed in the

next section.

5.6 Studies on Magnetic Properties

Following the microstructural characterizations, MOKE measurements were used to in-

vestigate the difference in magnetic properties between the FeCoCr and pure FeCo films.

The magnetic properties of FeCo for films thickness from 70 nm to 120 nm (with and

no applied field) will be characterized and analyzed first. Then, followed by the mag-

netic characterization of FeCoCr films with series of thicknesses (56 nm to 165 nm).

Lastly, the characterization of films for different sputtering power will be described. To

study the magnetic properties, the coercive field (Hc), saturation field (Hs) or anisotropy
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Figure 5.6: Surface roughness of FeCoCr (a) as a function of film thicknesses
(fixed sputtering power 75 W) and (b) as a function of sputtering power (con-
stant thickness 100 nm).

Figure 5.7: AFM micrographs of 100 nm thick FeCoCr films grown with sput-
tering power (a) 75 W (b) 100 W (c) 125 W and (d) 150 W in the presence of
magnetic field. Data scale: 10nm; Scan size 2µm× 2µm.
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Figure 5.8: Roughness analysis with scan size 2µm × 2µm of 100 nm thick at
125 W sputtering power. The image also shows the presence of particles due to
contamination on the film surface.

field (Hk) and normalised magnetic remanence (Mr/Ms) are the paramount parameters

determined from MOKE measurement.

5.6.1 Magnetic Properties of FeCo

The normalised magnetization with respect to FeCo (applied field) and FeCo (no field)

are given in respective Figure 5.9 and Figure 5.10. It is noticeable that the magnetization

loops of these two types fabrication conditions show different loop shapes. The hysteresis

loops for thicker films (100 nm and 120nm) grown with no field have shown a wider loops

than films grown under magnetic field. From the normalised graph, the values of Hc, Hs

and Mr/Ms can be deduced directly. To see the difference on their magnetic values, the

graph of the coercive field and saturation field for these categories of films as function

of thickness are plotted in Figure 5.11 and Figure 5.12, respectively. They clearly shows

that Hc and Hs increase with film thickness with both 70 nm films (applied field and no

field) the Hc was below 5 kAm−1. The Hc for thicker films with applied field are lower

than the films grown in an absence of a magnetic field. For instance, the 100 nm film
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(applied field) has Hc = 9.2 ± 0.7 kAm−1 which is lower than film with no field Hc =

13.8 ± 0.5 kAm−1. It also showed that, the Hc for 120 nm film with no field 17.2 ± 0.7

kAm−1 is nearly double the Hc of the same film thickness sputtered with a field (9.8 ±

0.3 kAm−1). Similarly, the 100 nm and 120 nm films deposited in presence of magnetic

field yields smaller saturation fields, Hs than the films deposited in the absence of a

magnetic field. The Hs for 100 nm and 120 nm (applied field) are 35.5 ± 0.7 kAm−1

and 79.2 ± 3.4 kAm−1, respectively. Meanwhile, a larger field was needed to saturate

films grown without field as the Hs = 64 ± 3.5 kAm−1 for 100 nm and Hs = 106 ±

1.1 kAm−1 for 120 nm film. This is proves that, by applying a magnetic field during

film fabrication can facilitate a softer magnetic films, thus reducing the field required to

saturate the magnetic moments.

To investigate the magnetic anisotropy for all films, the MOKE measurement were car-

ried out at different angles from 0o to 360o at 30o intervals. Then, the remanence ratio

Mr/Ms was determined from the normalised graph. The Mr/Ms as a function of angle

were plotted as a polar graph and presented in Figure 5.13. The 70 nm and 100 nm

films grown with magnetic field had a very weak anisotropy (not well-defined anisotropy

shape), while the polar shape for 120 nm (applied field) resembles the polar shape of

the 120 nm film (no field). Apparently, FeCo films are magnetically isotropic for both

film groups. These findings are supported by the evidence from previous studies on the

isotropic behaviour of Fe50Co50. Their films deposited at thickness 10 nm 6 t 6 100

nm at elevated temperatures (300 K and 600 K) [171] and FeCo (30 nm) [180] grown at

room temperature were also found to be isotropic. From the polar remanence analysis,

it can be assumed that the application of a magnetic field during the sputtering process

was not sufficient enough to induce magnetic anisotropy into FeCo. The 70 nm films

from both film sets have no substantial difference in their Hs and Hc. Growing the

FeCo thicker than 100 nm in the presence of magnetic field allow the coercive and the

saturation fields to be reduced.

5.6.2 Magnetic Properties of FeCoCr films

As the magnetic properties of FeCo were described previously, this study aims to fur-

ther investigates and to understand whether the addition of Chromium can tailor the

properties of FeCo or, if adding Cr insignificantly affects the magnetic as well as the
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Figure 5.9: Normalised magnetization measured at easy axis of FeCo films sput-
tered with applied field (120 kAm−1) at different thicknesses.

Figure 5.10: Normalised magnetization measured at easy axis of FeCo films
sputtered without applied field at different thicknesses.
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Figure 5.11: The average of coercive field of FeCo sputtered under magnetic field
and no field with the shown error bars represent the standard error calculated
from three different samples for each film thickness.

Figure 5.12: The average of saturation field of FeCo sputtered under magnetic
field and no field with the shown error bars indicate the standard error calculated
from three different samples for each film thickness.
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Figure 5.13: Angular dependence of remanence ratio, Mr/Ms of two different
set of FeCo films grown with no magnetic field (a) 70 nm (b) 100 nm (c) 120
nm and with magnetic field (d) 70 nm (e) 100 nm (f) 120 nm.
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Figure 5.14: The average of coercive field and anisotropy field of FeCoCr as
function of thickness (sputtering power 75 W). The error bars represent the
standard errors calculated from three different samples.

magnetostrictive properties of FeCo. Figure 5.14 and Figure 5.15 demonstrate the de-

pendence of coercive, Hc, and anisotropy field, Hk, with film thicknesses and sputtering

power. It is important to note that the value of the anisotropy fields of FeCoCr in this

study were determined at the saturation point taken from along the hard axes, mean-

while the saturation field, Hs as given in previous section on FeCo was taken from the

saturation point along the easy axis. From the given figure (Figure 5.14), the anisotropy

field Hk was slightly reduced from 15 kAm−1 to 12 kAm−1 (125 nm) when the thickness

is above 100 nm. The Hk for 165 nm film was similar to the 125 nm film. The Hc was

found to decrease with thickness up to 100 nm, then almost remained constant as thick-

ness increased up to 165 nm. The coercive field was about 3.22 ± 0.22 kAm−1 for 56 nm

and reduced by half to 1.48 ± 0.11 kAm−1 at thickness 100 nm. The results of magnetic

properties of FeCoCr were found contrary to FeCo film as previously discussed whereby

the coercive and saturation/anisotropy fields of FeCo increased with film thicknesses.

Figure 5.16 compares the normalised magnetization loops of FeCo and FeCoCr at t =

100 nm. It clearly shows that the addition of Cr changed the magnetic properties of

FeCo such that, the Hc for FeCoCr (1.48 ± 0.11 kAm−1) was a factor of 6 lower than

the Hc of FeCo (Hc = 9.26 ± 0.07 kAm−1). One possible reason for the difference in
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Figure 5.15: The average coercive field of FeCoCr films as a function of sput-
tering power. Also shown the anisotropy field of films sputtered from 75 W to
125 W (grown under magnetic field at the same film thickness of 100 nm). The
error bars indicate the standard error calculated from three different samples.

the coercive field of FeCo larger is due to the grain size, as the FeCo film was found

to have a texture phase, with a grain size much larger than the amorphous nature of

the FeCoCr film with no grains. It had been found elsewhere that as-deposited FeCo

films have shown higher coercivity attributed by domain wall pinning at larger grain

boundaries, thus increasing the coercive field [180].

It may be worth comparing the values of Hc and Hk of FeCoCr with those found by

earlier research on the addition of boron into FeCo [181]. They found that for FeCoB at

thickness 100 nm grown by Magnetron Sputtering, the Hk was 30.33 kAm−1, while the

Hc was 3.98 kAm−1, larger than the values of FeCoCr. Rather than adding boron to

reduce and induce disorder structure, the results found in this present study supports

the hypothesis that Cr addition also could lower the anisotropy and coercive fields.

In contrast to film thickness, the coercive and anisotropy field were found to increase

with sputtering power to 125 W, as presented in Figure 5.15. The value for Hc and Hk

gradually increased for powers between 75 W to 125 W but then increased noticeably

to Hc = 6.56 ± 0.69 kAm−1. As there is no anisotropy was observed for the sample

at high power, thus the saturation field, Hs for the film at 150 W (measured at hard
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Figure 5.16: Comparison of normalised magnetization between FeCo and Fe-
CoCr (t= 100nm) grown at similar sputtering conditions.

axis) was 33.31 ± 0.89 kAm−1, which was double the value of the anisotropy field of

sample grown at 75 W (Hk = 14.71 ± 0.26 kAm−1). The increment in both coercive and

anisotropy fields may have arisen from the change from amorphous to polycrystalline

structure as described in the previous section on XRD analysis. It can thus be suggested

that, Cr addition can change the structure of FeCo to amorphous, hence tailoring its

magnetic property to be softner with lower coercive and anisotropy fields. It is shown

by increasing the sputtering power to 150 W, the soft magnetic property were degraded

compared to the lower powers. The easy and hard axes loops of representative film

thickness is given in Figure 5.17 and for sputtering power the easy and hard axes loops

are shown in Figure 5.18.

The angular dependence of the normalised remanence to saturation magnetization,

Mr/Ms for different thicknesses of FeCoCr is shown in Figure 5.19. Despite growing

the FeCo films under magnetic field (120 kAm−1) in our sputtering system, the field

was not enough to induce anisotropy as the films were isotropic in the plane of the

film, but the FeCoCr films showed different behaviour, as they had uniaxial anisotropy

(Figure 5.19). The strong magnetic anisotropy in amorphous FeCoCr films may be in-

fluenced by two reasons. Firstly, the application of a magnetic field (120 kAm−1) during

deposition clearly was able to induced the anisotropy into FeCoCr films. Secondly, the
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Figure 5.17: Normalised magnetization on easy and hard axes for series of
thickness FeCoCr (a) 56 nm (b) 80 nm (c) 100 nm (d) 125 nm and (e) 165 nm
grown at sputtering power 75 W.
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Figure 5.18: Plots of easy and hard axes for FeCoCr at different sputtering
power (a) 75 Watt, (b) 100 Watt (c) 125 Watt (d) 150 Watt at fixed thickness
100 nm.

.

magnetic anisotropy for amorphous material can be explained by the random anisotropy

model (RAM) [18, 49, 50]. In this theory, the exchange interaction was dominant such

that the correlation length, d is much smaller compared to the ferromagnetic exchange

length, Lex. As given in the Chapter 2 the typical value of the exchange length for Fe-

based was 20 nm to 40 nm [35]. As consequence the local magnetocrystalline anisotropy

was averaged out due to the short-range order in amorphous films [182]. Thus it can

be expected that magnetic anisotropy for FeCoCr films also has contribution from the

local random anisotropy due to the disorder structural [182]. Figure 5.20 compares the

difference in polar graphs for films grown at sputtering 75 W and 150 W. It revealed

that increasing the sputtering power to 150 W led to the degradation of anisotropy as it

can be seen that the anisotropy is weaker than the film at the lowest power. This most
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Figure 5.19: Angular dependence of FeCoCr at varied thickness (a) 56 nm (b)
80 nm (c) 100 nm (d) 125 nm and (e) 165 nm.

Figure 5.20: Comparison of angular dependence of Mr/Ms between films grown
at sputtering power of (a) 75 W and (b) 150 W.
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likely to the structure of film at highest power was different to the film grown at lowest

power as described in Section 5.3. Therefore, the optimize sputtering power for FeCoCr

films to have a strong magnetic anisotropy with low coercivity and anisotropy fields was

at 75 W.

5.7 Magnetostriction Studies on FeCo and FeCoCr

In this section, an investigation into the magnetostrictive properties of the two differ-

ent FeCo structure (FeCo with texture structure and FeCoCr films in amorphous) was

carried out. The total effective magnetostriction constant, λs was determined by Vil-

lari effect through film bending using an Equation 4.22 as given in details in Chapter 4.

That equation includes the saturation magnetisation of the film, therefore the saturation

induction (µ0Ms) of FeCo was taken as 2.4 T from the literature [23]. The saturation in-

duction of FeCoCr was measured by using a VSM and it was found to be lower which was

0.96 T, due to existence of Cr, which is antiferromagnetic, hence reduced the magneti-

sation of those films. Figure 5.21 depicts the magnetostriction constant as a function of

FeCoCr thickness. It was determined that λs for FeCoCr ranged from 22ppm to 28ppm

for film thickness up to 100nm. While the 100nm film having the magnetostriction

(λs= 28 ± 5ppm), 56nm film having a λs = 22 ± 3ppm. However, it can be said that

the magnetostriction constants of FeCoCr films were independent of film thickness, as

all the values were within error of each other. This means that the interfacial/surface

magnetostriction constant does not strongly influence the total effective magnetostric-

tion constant of the films. The same plot also (Figure 5.21) shows the magnetostriction

constants for FeCo films. The λs of FeCo were observed to reduce with thickness. The

results of the FeCoCr films contradict the previous findings on the dependency of the

total effective magnetostriction on film thickness as proposed by Szymczak [183]. The

model was based on Neel’s model ( λs = λb + λs/i/t), where λb = magnetostriction

of bulk, λs/i = magnetostriction due to surface or interface contribution to the magne-

tostriction and t = film thickness. Notwithstanding, the λs for 100 nm (FeCo), was 26

± 6 ppm, which this figure insignificantly different to λs for 100nm FeCoCr (λs = 28 ±

5 ppm). Film for 70 nm FeCo film had magnetostriction, (λs = 35 ± 5 ppm) which was

lower from the value of FeCo films (λs ≈ 50 ppm) reported by [105]. They measured

the λs for the same compositions of FeCo deposited onto sodium glass films by using
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Figure 5.21: Comparison of magnetostriction constant, λs between FeCo and
FeCoCr as function of film thickness at fixed sputtering power 75 W. The data
point and error bars represent the average of λs from a number of measurements
on the same sample, respectively.

cantilever method. The value of λs determined from the present study are also far below

the reported bulk value of FeCoCr due to the compositions of Co and Cr being different

[28] where this paper reported the λs = 61 ppm at composition of 30 wt.% Cr and 15

wt.% Co. This also may be explained by the fact that the local atomic arrangement

between thin film and bulk are different [184], leading to the different magnetoelastic

behaviour, as the FeCoCr film exhibited the amorphous structure with the atoms being

randomly oriented.

Figure 5.22 reveals the magnetostriction constant of the films grown at different powers.

While the magnetostriction of FeCoCr films demonstrated the independency upon thick-

ness, by contrast the magnetostriction decreased as the sputtering power increased. The

film grown at 75 W exhibited the highest magnetostriction (λs = 28 ± 5 ppm). When

the power increased to 100 W, λs reduced to 18 ± 6 ppm then at 150W considerably

dropped to λs = 6 ± 1 ppm, which is nearly five times lower than the 75W film. One

plausible reason attributed to the higher magnetostriction at lower power (75 W) is be-

cause of the internal stress may occur during sputtering process. The higher the stress,

the higher the elastic properties, hence the magnetostriction. Thus it can be concluded
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Figure 5.22: Magnetostriction constant, λs of FeCoCr against sputtering power
with each film has thickness 100 nm. The data point and error bars represent
the average of λs and the standard error of a number of measurements on the
same sample, respectively.

that the disorder structural of 75 W had higher magnetostriction due to a larger internal

stress than the 150 W with polycrystalline structure.

5.7.1 Summary

To summarize, the characterization of FeCo and FeCoCr films grown by varying growth

conditions have been described and discussed. For FeCo films the application of a mag-

netic field during growth affected the coercive and saturation fields but not considerably

significant to induce anisotropy in these films. Depositing film in the absence of magnetic

field made the films harder, hence the coercive and saturation fields increased in com-

parison to the FeCo films grown under magnetic field. All FeCoCr films with different

thicknesses were found to be amorphous and magnetically soft. On the other hand, in-

creasing the sputtering power above 100 W changed the structure to polycrystalline with

two peaks of body-centered cubic (BCC) phase at 2θ ≈ 450 and 2θ ≈ 810. The structural

order obtained in XRD agrees with the TEM analysis. The element percentages of Cr in

FeCo decreased with sputtering power. The changes in surface roughness of films were

insignificant regardless of thickness and sputtering power. Although the addition of Cr
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have not shown huge affects on the magnetostriction constant compared to FeCo films

over the film thickness, it did significantly affects the coercive and anisotropy fields by

reducing them. Contrarily, increasing sputtering power reduced the magnetostriction

constant by five times. The induced magnetic anisotropy in soft magnetic amorphous

FeCoCr films gives promising results, which could be exploited in magnetic sensors and

spintronic applications. The outcomes from the characterization of FeCo and FeCoCr

films in this present study have contributed to the current literature, as the feasibility

to achieve soft amorphous magnetostrictive of FeCoCr films with lower anisotropy field

while still maintaining higher magnetostriction, λs = 26 ppm has been achieved.



Chapter 6

Structural, Magnetostrictive and

Magnetic Damping Properties of

Soft FeCoCr Thin Films

6.1 Introduction

As given in preceding chapter, soft amorphous FeCo films have been successfully achieved

by doping with Cr. This Chapter extends the investigation on how much Cr concen-

trations can be added into FeCo to achieve the ideal magnetostrictive properties with

high saturation magnetostriction (> 20 ppm) and lower Hc (< 10 kAm−1). Other than

structural and magnetostrictive properties, one further feature worth studying is the

magnetic damping of soft magnetic materials. It has been found that, the development

of MagMEMS sensors and microwave spintronics devices have become a driving force

to expand experimental works and studies on the magnetostrictive and high frequencies

properties of soft amorphous thin films notably, Fe-based amorphous materials. To min-

imize the power consumption in spin devices such as in magnetic random access memory

(MRAM), small damping values are absolutely necessary [12]. The characteristics of soft

magnetic film having large magnetostriction, at the same time possessing small resonant

linewidth and low damping have become topics of interest for tunable microwave mag-

netoelectric devices. For instance, Lou et.al [185] investigated the magnetostriction and

microwave properties of FeGaB thin films. The FeGaB films were sputtered from two
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different targets of FeGa and boron, which the B compositions were varied by adjusting

the gun power of the Boron target. They found for FeGa films at the composition of

at.% 12 of B, the magnetostriction constant was enhanced by a factor of 3 (70 ppm)

from the value of pure FeGa. Their investigation on the FMR linewidth with B contents

have found that the FMR linewidth dropped from 700 Oe to 20 Oe with an increase

of B compositions. Liu et.al [186] have reported thickness dependence on the damping

constant of FeCoB. They found that the damping constant dropped from α = 0.008 (t=

10nm) to 0.001 (t= 1nm) with decreasing film thickness. Another study by Parkes et.al

[12] claimed that their Galfenol films (Fe81Ga19) grown on GaAs substrate via molecule

beam epitaxy had magnetostriction constants as large as bulk single crystal, which they

obtained (3/2)λ100 = 3.95x10−4 with low magnetic damping (α = 0.017). Recently, the

addition of C from 2% to 16% into FeGa was studied to determine its effect on the mag-

netostriction, microstructure and microwave properties [128]. The analysis showed that

the magnetostriction constant of FeGaC reached a peaked with λ ≈ 70ppm at about

10% of C and dropped dramatically to 23 ppm when C was further increased. The

Gilbert damping constants of FeGaC were reduced with the C contents with minimum

value of 0.0027.

The effects of dopants on the magnetic properties of FeCo films have been widely ex-

plored, with most reported work focusing on the effect of thickness and compositions of

FeCo thin films alloyed with B or C [42, 123, 124, 126]. To the best of the author’s knowl-

edge there is no report yet on investigating the effect of Cr doping on especially on its

effects on both the magnetostrictive and magnetic damping properties of FeCoCr films.

Generally Cr has been used as an underlayer to achieve a good adhesion between film

and substrate. Therefore in this chapter, particular attention has been paid to the effect

of the Cr dopants on the structural, magnetic, magnetostrictive and magnetic damping

of FeCoCr films. It would be expected that by incorporation of Cr into the FeCo thin

films, the soft amorphous of FeCoCr thin films can be produced which would exhibit a

high saturation magnetostriction constant (λs > 20 ppm), low anisotropy field (Hk < 15

kAm−1 and small magnetic damping (α ≤ 0.01). The structure and magnetic proper-

ties of the films were characterized by XRD, MOKE and SQUID-VSM (see Chapter 4).

The composition of Cr was examined by Energy Dispersive X-Ray Spectroscopy (EDX).

The magnetostriction constant, λ with different compositions was measured by Villari

technique. The anisotropy field,Hk, saturation magnetisation, Ms and Gilbert damping
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constant, α were also determined by using a Vector Network Analyzer Ferromagnetic

Resonance (VNA-FMR) measurement.

6.2 Sample Fabrication

FeCoCr films with a range of Cr compositions were deposited by using RF Magnetron

Sputtering technique in which the Cr compositions were controlled by using different

number of Cr foil targets as described in section 4.2.4. The Cr targets which had 99.99%

purity and were mounted on top of the 15 cm diameter FeCo target. A maximum

of four pieces of Cr target were used with each having size of 2.5 mm x 2.5 mm x

1 mm. Accordingly, four groups of samples with different compositions of Cr were

fabricated on silicon substrates. Samples were then labeled and denoted as C1, C2, C3

and C4 for further characterization analysis based on the number of foil pieces being

used. For example C1 refers to the sample grown when one piece of Cr placed on

FeCo target and etc. The sputtering parameters such as power, pressure and target-

substrate distance were kept constant for all films, the optimized sputtering power 75

W used, the working pressure 4.8 x 10−3 Torr and the target-substrate distance 6 cm .

The films were deposited under the presence of an in-plane magnetic field (22 kAm−1)

at room temperature, while deposition time was maintained such that the thickness

for all samples were the same in order to make valid comparison between range of

FeCoCr concentrations. Film thicknesses were examined and confirmed by Atomic Force

Microscopy to be t= 65.1 ± 0.3 nm.

6.3 Compositions Analysis by EDX

To characterise how the concentration of Cr varied across the deposited films, Energy

Dispersive X-Ray spectroscopy (EDX) was used for compositional analysis. Figure 6.1

presents a graph of elemental composition analysis. It is shows that the Co and Fe

compositions were found to decrease with the increase in the number of Cr targets. The

Cr percentages were found to vary from at.% 2.6 to at.% 9.6. The concentrations of

Fe ranging between at.% 43 and at.% 45, whilst the Co were found in the ranged of

at.% 47 to at.% 52. The composition of FeCo as a control sample, which initially was

assumed to be 50:50, shows higher Co percentages (at.% 52.8) compared to Fe content
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Figure 6.1: Plot of element concentrations determined in fabricated sample
based on number of Cr target used.

Table 6.1: Concentrations level of Fe, Co and Cr in atomic percentage (at.%)
determined by EDX Spectroscopy.

Sample Fe at.% Co at.% Cr at.%

C1 45.7 ± 0.1 51.6 ± 0.1 2.6 ± 0.1
C2 45.0 ± 0.1 49.4 ± 0.1 5.60 ± 0.03
C3 44.1 ± 0.1 48.7 ± 0.2 7.2 ± 0.1
C4 43.1 ± 0.2 47.2 ± 0.1 9.60 ± 0.03

Control sample 47.2 ± 0.1 52.8 ± 0.1 -

(at.% 47.2). Table 6.1 summarizes the concentrations of the respective Fe, Co and Cr

for each set of films.

6.4 Structural Analysis by XRD

Figure 6.2 displays the XRD profiles of the as-deposited FeCoCr films grown on Si

substrate with different Cr compositions. It is clearly observed that broad peaks were

measured at 2θ = 44.70, implying an amorphous nature of FeCoCr with no other in-

tense peaks due to a crystalline phase. This outcome was found contradict to the

previous study [30] who examined a textured BCC (110) at 2θ = 450 in their films

(Fe54Co46)1−xCrx with the Cr concentration from 0 to 13% and film thickness 100 nm
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grown by magnetron sputtering. An intense Bragg diffraction with textured structure

was also determined by Wang et.al [29] on the XRD profiles of FeCoCr films sput-

tered with higher Cr target power up to 100 W. The structure discrepancy found in

this present study with those literature seems possible to be explained by the different

thicknesses and sputtering parameters. The film thickness of FeCoCr from the reported

studies were thicker (250 nm) compared to our film, where the thickness was only 65

nm. As the film becomes thicker, there is a higher diffraction volume [187] therefore,

the diffraction intensity is likely to increase with thickness, which leads to the formation

of intense peaks, hence the BCC phase was observed in the study [29]. In addition,

sputtering power is one of the factor which decisively influence the deposition rate, thus

when a film is prepared at higher Cr power a textured phase film, such as those in the

literature are possible to grow. This is also observed in the film growth at 150 W in

Chapter 5, which films had (110) texture phase. Meanwhile in this study, the sputtering

parameters were maintained at 75 W thus, all as-deposited films were amorphous in

nature. As one of the motivation of this study is to determine the possibility of pro-

ducing amorphous structure, it can be deduced that by adding Cr as low as at.% 2.6

Cr, the amorphous structure was successfully achieved. The Cr seems to disrupt the

polycrystalline structure of FeCo at low power (75 W).

6.5 Magnetic Properties of FeCoCr films

Magnetic characterization of FeCoCr thin films with different Cr concentrations have

been studied by two different methods. First, qualitative measurement where the magne-

tization of magnetic sample at the surface level were analyzed by a MOKE magnetome-

ter. Second, quantitative measurement by SQUID-VSM which measures the magnetic

moment. Through this measurement a calculation of saturation magnetization, Ms can

be made by knowing the volume of the films.

6.5.1 Magnetic Properties by MOKE

The influence of Cr concentrations on the magnetization hysteresis loops of FeCoCr

measured on a MOKE magnetometer are shown in Figure 6.3(a)-(d). It is apparent

from the figure that, the uniaxial anisotropy of the FeCoCr films can be determined.
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Figure 6.2: The XRD diffraction pattern of films at varied Cr percentages with
thickness of samples, t = 65 nm.

The loops measured along the easy axis are indicated by a black line, while the loops

measured along the hard axis is shown by a red line. It is clearly reveals that FeCoCr

films have rectangular shaped loops measured along the easy axis as opposed to the

hard axis which small coercivity of films and magnetically uniaxial, regardless of Cr

concentrations. All the hysteresis loops are shown as normalised magnetisation, M/Ms.

To further investigate the magnetic anisotropy, measurement of films at different angle

were performed by rotating the sample from 00 to 3600. The remanence ratio (Mr/Ms)

as a function of angle rotation is plotted as a polar graph, as shown in Figure 6.4. It

clearly showed that when sample was rotated from 00 to 900, the magnetization involves

the domain wall motion. The squareness of Mr/Ms ≈ 1 is noticeable when the angle

rotation was 900 as presented in Figure 6.3.

It is well known that for crystalline materials the magnetic anisotropy is mainly at-

tributed to the magnetocrystalline anisotropy due to origins of spin-orbit coupling, which

is the interaction between the magnetic moment and the crystalline lattice [36]. How-

ever, even in amorphous materials uniaxial anisotropies can be induced by an application

of a magnetic field during the fabrication process [37]. Previous studies related the in-

duced anisotropy based on Néel’s pair-ordering anisotropy (POA) [53] as well as the
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Figure 6.3: Normalised magnetization at easy and hard axes for representative
FeCoCr film at varied Cr compositions.

Random Anisotropy Model (RAM). The existence of magnetic anisotropy in amorphous

ferromagnetic materials according to POA are caused by the difference in the number of

like and unlike nearest-neighbor distances for the in-plane and out-of-plane directions.

This model has been widely used in explaining the origin of the induced uniaxial mag-

netic anisotropy particularly in amorphous transition metals-metalloid (TM-M) based

magnetic thin films, for example FeCo-B [182, 188, 189]. A well defined uniaxial mag-

netic anisotropy induced in amorphous FeCoCr films was observed in all concentrations

caused by an applied field during film growth, which leads to the directional order on

the number of Fe-Fe, Co-Co and Cr-Cr neighbors atoms aligned with the magnetic field.

By contrast, the FeCo films also grown in a presence of magnetic field, but with larger

coercivity were found to be magnetically isotropic as discussed previously in Chapter 5.

Although the magnetic anisotropy in FeCoCr at varied compositions was clearly induced

by the magnetic field during fabrication, one could not rule out any other possible mech-

anism which causes anisotropy in magnetic films. Another mechanism which possibly

contributed to the magnetic anisotropy in these films is from internal stresses. In the
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Figure 6.4: Angular dependence of remanence ratio, Mr/Ms of FeCoCr varying
Cr concentrations showing a strong uniaxial anisotropy.

case of this present work, the magnetic anisotropy may also be caused by the internal

stresses within the films due to the magnetoelastic properties of FeCo itself, since the

FeCo has a high magnetostriction constant. It has been reported that for films grown

by magnetron sputtering process, the growth induced-stresses may be developed [190],

normally the compressive stress as a result of gas incorporation with substrate bias and

self implantation [191].

The dependence of the coercive field, Hc and saturation field, Hs as a function of Cr

percentages is plotted in Figure 6.5. The graph shows that there is a sharp drop in the Hc

and Hs as Cr concentration increased to 5.6% before it remains steady upon increasing

the concentration up to 9.6%. FeCoCr films at 2.6% had the highest Hc and Hs, which

are 173 ± 5 Am−1 and 255 ± 2 Am−1, respectively. This may be ascribed to the highest

amounts of Fe and Co in those sample (C1) as determined by EDX. The higher coercivity

for FeCo films (discussed in Chapter 5) are mainly from the large magnetocrystalline

anisotropy and the grain size effect [23, 27], but since the FeCoCr films were very soft
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and had an amorphous structure, so have no grain size, the coercive field found to be

larger for the film at.2.6% was probably attributed by the large anisotropy due to higher

proportions of Fe and Co in that film. In the Cr compositions range between 5.6% and

9.6% , the value of Hc seems to remain constant at about 140 Am−1. In similar manner,

the Hs did not changed within this compositions range as it was found to be around 180

Am−1. The shown error bars in both measured Hc and Hs fields were determined along

easy axes for different samples from each group of film.

On the other hand, the anisotropy field, Hk of films was determined along the hard

axis. The Hk with respect to the Cr concentration is illustrated in Figure 6.6. It can

be seen that the anisotropy field markedly reduced when Cr percentage increased to

at.%7.2. It is also interesting to note that the measured Hk for Cr content at.2.6%

was double (6000 Am−1) the value of Hk at.9.6% (≈ 2700 Am−1). Therefore it can be

suggested that by increasing the amount of Cr up to at.9.6% it is possible to reduce

the anisotropy field of the amorphous FeCoCr films. Since these films exhibited the

uniaxial anisotropy, thus it enable us to estimate the anisotropy constant, KU of the

amorphous FeCoCr films according to the equation, KU = µ0MsHk/2, [35] where the

Ms is the saturation magnetization measured by VSM. The estimation of KU enable in

supporting the assumption on the highest Hk in sample C1 (at.2.6%) presumably due

to the larger magnetic anisotropy energy. The anisotropy constant will be discussed in

the following subsection.

6.5.2 Magnetic Properties by SQUID-VSM

Saturation magnetisation of the films at different Cr compositions was further studied

using a SQUID-VSM. As the FeCoCr films are soft magnetic materials, an applied

magnetic field of maximum 1 T was sufficient to saturate the films. The hysteresis

(M-H) curves for each sample for the different Cr concentrations measured at room

temperature are presented in Figure 6.7. The saturation magnetisation was measured

for different films for each concentration, and an average of Ms determined. As expected,

the magnetization of the FeCoCr films decreases with Cr concentrations, as a result of

Cr being an antiferromagnetic material. It can be seen clearly that the films with the

lowest Cr (at.%2.6) had the highest saturation magnetisation, Ms = 1042 ± 26 kAm−1,

followed by the at.% 5.6 Cr sample (Ms = 859 ± 3 kAm−1). For the at.%7.2 Cr sample
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Figure 6.5: The dependence of the average of coercive and saturation fields
of FeCoCr against Cr compositions with the error bars represent the standard
error of three different samples.

the Ms = 742 ± 11 kAm−1, which is slightly higher than the Ms of the at.%9.6 Cr

sample (Ms = 726 ± 5 kAm−1) though both groups of films exhibit almost the same

Ms within the standard error. The obtained value of Ms allow the estimation of the

anisotropy constant by using the relation of KU = µ0MsHk/2, where µ0Ms is saturation

induction in Tesla. Therefore, the KU was calculated and the values for all samples are

presented in Table 6.2.

Figure 6.8 presents the saturation magnetisation and the anisotropy constants as a

function of Cr compositions. It shows that there is a decrease in KU with increasing the

Cr compositions. At the lowest Cr (2.6%) the KU was found to be higher (3930 Jm−3)

than the KU at the highest Cr concentration at.% 9.6 (1269 Jm−3). These results

reflect those in previously reported work [192] which also found that increasing of Cr

content from 1% to 5% decreased the KU from 2550 (at.1% Cr) to 2100 Jm−3 (at.5%

Cr) for Fe73.5−xCrxSi13.5B9Nb3Cu1 films, which have been subjected to stress-induced

annealing at 5200C and 150 MPa for 2 hours. The FeCoCr films in this study, however,
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Figure 6.6: The average of anisotropy field, Hk of FeCoCr films as a function
of Cr concentration determined from hard axis loops measured on the MOKE
magnetometer with the error bars indicate measurement of three different sam-
ples.

Table 6.2: The magnetic parameters of FeCoCr at varied compositions deter-
mined by MOKE and SQUID-VSM.

Sample Hc (A/m) Hk (A/m) Ms (kA/m) KU (103J/m3)

2.6 at.% 173 ± 5 6001 ± 310 1042 ± 26 3.930 ± 1.184
5.6 at.% 142 ± 4 4937 ± 273 859 ± 3 2.665 ± 0.156
7.2 at.% 138 ± 3 2938 ± 183 742 ± 11 1.366 ± 0.104
9.6 at.% 137 ± 2 2790 ± 80 726 ± 5 1.269 ± 0.045

had a slightly higher KU than those in the literature, notably compositions around

at.2% Cr. The KU calculated from this study implies that introducing the Cr into FeCo

films can reduce the anisotropy energy. Therefore, the assumption made previously on

decreasing the coercive and anisotropy fields with increasing Cr concentrations due to

the reduction in anisotropy energy is supported. Additionally, films with Cr at. 7.2%

and at.9.6% show nearly the same magnitude of the Hc and Hk as both films have similar

anisotropy constants, hence anisotropy energies.
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Figure 6.7: The magnetisation (M-H) curves of FeCoCr at varied composition
measured at room temperature.

Figure 6.8: The average saturation magnetisation of FeCoCr measured by the
SQUID-VSM and error bars indicate the standard error of three different sam-
ples. Also shown in the graph the calculated value of the anisotropy constant,
Ku and the error bars as a function of Cr concentrations.
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6.6 Magnetostriction Analysis

To answer the research question on how much Cr concentrations that can be added

into FeCo films to achieve a high magnetostriction constant (λs > 20 ppm), the magne-

tostrictive properties of films were measured by using the Villari technique (see section

4.8). The dependence of λs on the Cr compositions is presented in Figure 6.9. It is de-

termined that when the Cr concentrations increase, the λs decreases sharply by almost

a factor of three from 39 ± 3 ppm (at.% 2.6 Cr) to 14 ± 2 ppm (at.% 7.2). However,

the λs remains unchanged upon increasing the Cr amount of at.% 9.6 as the λs = 13±

3 ppm, which is nearly the same with the film at.% 7.2 Cr. The observed decrease in

the magnetostriction constant with increasing the Cr compositions may be ascribed by

a reduction in the Fe and Co concentrations. Previous work reported that the FeCo at

composition near 50:50 grown on the glass substrate had a magnetostriction ≈ 50 ppm

[105]. This reported value is higher than the λs determined in our films, though the level

amount of Cr added into the FeCo was only at 2.6%. It means that the incorporation of

Cr atoms into the FeCo system reduced the magnetoelastic properties and change the

internal stresses within the films. Also, it has been suggested in the literature [128, 185]

that the higher magnetostriction constant at a small concentration of an additive el-

ement can be associated with the atomic pairs, for instance, the atomic pairs of B-B

or Ga-Ga in FeGaB, or C-C in FeGaC. At higher concentrations of additive elements,

it is believed that the atomic pairs form clusters, such that the magnetostriction tends

to level off with further increasing the elements concentrations [193]. This behavior

is observed in the studied FeCoCr films, as the magnetostriction constants of FeCoCr

determined decreased up to 7.2% Cr, and then was constant within the error for the

further increase up to 9.6% Cr.

This study determines that films with the lowest Cr concentrations (Fe45.7Co51.6Cr2.6),

demonstrate the highest magnetostriction constant compared to those films with higher

Cr but less Fe and Co. A previous study on the magnetostriction in Fe-Co-Cr bulk

alloys, reported that while decreasing the Fe (15≤ Fe ≤ 35) and increasing the Co (15≤

Co ≤ 25) concentrations but maintaining the Cr concentration at.% 50, the λs of these

alloys were found to decrease from 21 ppm to 8 ppm [28]. Based on our findings, any

further increase in the Cr concentrations will have no significant effect to enhance the

λs of FeCo films, instead it likely to reduce the λs lower than 13 ppm. Therefore it can
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Figure 6.9: The dependence of the average magnetostriction constant, λs on the
Cr percentages with the error bars represent a different number of measurements
on the same samples.

be inferred that to maintain a higher magnetostriction constant in FeCo films from this

study, a lower concentrations of Cr need to be added which was about at.2%, any more

than this concentration, significantly reduces the λs.

6.7 Ferromagnetic Resonance Analysis by VNA-FMR

The characteristic of FeCoCr films with varied Cr concentrations have further been stud-

ied in the high-frequency range by using the VNA-FMR technique (see Section 4.9) to

develop a fundamental understanding of the magnetic damping of soft magnetic FeCoCr

films. For this purpose, the one-port reflection, S11 configuration in field domain was

set-up and the raw data of one of representative sample obtained from S11 parame-

ter is shown in Figure 6.10. The data together with fits to the real part of response

(Figure 6.10a) and imaginary part of response (Figure 6.10b) related to the dynamic

susceptibility of the sample [194]. This allows to determine the centre of the peak which

gives the resonance frequency to derive the Kittel’s curve. Also, the width of the peak

is related to the damping with the frequency. Figure 6.11 represents an example of a
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Figure 6.10: Ferromagnetic spectra from reflection data, S11 of the representa-
tive sample of the FeCo at.2.6% Cr. The raw data with the fits to (a) real part
of response and (b) imaginary part of response. The data then fitted to extract
the resonant frequency and the linewidth.

Kittel’s curves in the FMR frequency range up to 10GHz for the different Cr concen-

trations, which then enable us to define the parameters of Hk and Ms. In Figure 6.11,

the experimental data (shown as square symbol) are well fitted to the Kittel’s equation

(see equation 4.27). Figure 6.12 presents the Hk as a function of the Cr concentrations.

The figure reveals that a steady decline in the magnitude of Hk as the Cr concentrations

increases from 2.6% to 7.6%. Hk for these concentrations reduced from 3700 Am−1 to

about 2700 Am−1. Hk seems to be constant for Cr between 7.2% and 9.6%. It is ap-

parent that the Hk for at. 2.6% Cr, particularly measured by the VNA-FMR technique,

is two orders of magnitude lower than the value of Hk determined by MOKE (refer to

Figure 6.6). The explanation for this discrepancy is from the method of data fitting has

been used, which the VNA-FMR method yields a (3700 ± 19 Am−1), compared by the

Hk the MOKE method as the Hk for the MOKE was obtained by extrapolation from

the linear part of graph along the hard axis (6001 ± 310 Am−1). Despite this, both

techniques have shown the same behavior in measuring the anisotropy fields of FeCoCr

films, such that the Hk reduces with increasing the Cr content.

As the VNA-FMR measurement also allows the determination of the saturation magneti-

sation, therefore the measured values of Ms between VSM and VNA-FMR are presented

in Figure 6.13. Similar to the anisotropy field, the saturation magnetisation, Ms, also

found to reduce when the composition increase to 7.2%, but the Ms did not change much

at. 9.6% Cr when measured by VSM and VNA-FMR. Both techniques measured the
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Figure 6.11: The curves of FMR frequency (S11) fitted by Kittel’s formula in
obtaining the Hk and Ms at varied Cr concentration (a) 2.6% (b) 5.6% (c) 7.2%
(d) 9.6% Cr compositions.

highest Ms for the Cr composition of 2.6% where from VSM the Ms = 1042 ± 26 kAm−1

and from VNA-FMR the Ms = 1440 ± 3 kAm−1. For the Cr at 5.6% sample, the Ms

measured from VNA-FMR was found to be 1350 ± 3 kAm−1, which was higher than

the value obtained from the VSM, Ms = 859 ± 3 kAm−1. On the other hand, the Ms

of the Cr at 7.2% and 9.6% samples had a slight difference between them. For example,

the Ms for Cr at.7.2% and at.9.6% measured from VSM were 742 ± 11 kAm−1 and 726

± 5 kAm−1, respectively. While, from VNA-FMR, the Ms = 1250 ± 4 kAm−1 for Cr

at 7.2% films and 1270 ± 1 kAm−1 for Cr at 9.6% films, these values are larger than

those measured by the VSM. A full understanding of the difference of the saturation

magnetisation and the anisotropy field values obtained between these two techniques,

however would required further study.

Since magnetic damping, α is a crucial parameter that controls the dynamic behaviors

of magnetic switching in the high-frequency range; further analysis has been conducted

to determine the damping of the FeCoCr films. Generally, the measured FMR linewidth
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Figure 6.12: The average of anisotropy field, Hk determined from VNA-FMR
fitting line as a function of Cr concentrations. The error bars shows standard
error determined from three different samples.

Figure 6.13: Saturation magnetization of FeCoCr films as a function of Cr con-
centration measured by two different techniques; VNA-FMR (blue) and SQUID-
VSM (red).The error bars represent the standard errors measured from three
different samples.
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arises from intrinsic linewidth contribution, which is related to Gilbert damping con-

stant: ∆H = 4παf
γ [43, 44, 195]. From this equation, it allows the extraction of α by

fitting the graph of the FMR linewidth. The slope on the linear graph determines the

α, as the FMR linewidth, ∆H is proportional to the frequency, f . An example of ∆H

data, which has been fitted, is presented in Figure 6.14. It is shown that there is a linear

relationship with frequency. However, it has also been observed that our experimental

data has intercept with the linewidth axis, which means there is an additional contri-

bution to the FMR linewidth in FeCoCr films apart from the intrinsic Gilbert factor,

as according to Equation 2.16 in section 2.3. It has been described in the published

study [39] that the inhomogeneity is a result of local structure defects caused by impu-

rities, inhomogeneous of the sample surface, film thickness and strain due to the lattice

mismatch. Also, the inhomogeneity may be linked to the variation in local anisotropy

field and magnetization [47, 48, 196]. The presence of in-plane uniaxial anisotropy can

also be the reason for the inhomogeneity [197], and this is in good agreement with a

well-defined uniaxial anisotropy exhibited in the FeCoCr films (refer Figure 6.4).

To ensure the damping constant of the FeCoCr films is reliable, the measurement was

repeated three times on different samples for each Cr composition, as shown in Fig-

ure 6.15. The shown error bars in each point were determined from the fitting on FMR

linewidth. Accordingly, the dependencies of the average α on the Cr compositions were

calculated and plotted in Figure 6.16. It was found that the damping constant increases

non-linearly with an increase of Cr concentrations. Cr at.% 2.6 sample had the lowest

α = 0.0065, which then increase to 0.0074 (Cr at.% 5.6). The damping value reached a

maximum at α = 0.0100 for the Cr at.7.2% film before dropping slightly by 0.002 when

the concentration is increased up to 9.6%. In contrast, previous studies on the pure

FeCo (52:48) [125] had found a larger magnetic damping of α = 0.109. Interestingly, in

this study, a smaller damping constant of FeCo when doping with 2.6% Cr measured

which was two times lower than the reported damping constant of pure FeCo. The dis-

crepancies in the magnitude of the damping constant could be due to the fact that there

is a difference in the crystal structure between these two systems (FeCoCr and pure

FeCo), suggesting that the crystal structure affects the magnetic damping as reported

in the previous study [198]. Recently, it has been reported that the ultra-low magnetic

damping was found for FeCo at nearly composition 75:25 the damping constant was

about 0.0021 as due to the unique band structure of the CoFe systems [121]. It has also
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Figure 6.14: The fitted FMR linewidth for samples at varies Cr concentration
showing the dependencies on the frequency (a) 2.6%, (b) 5.6%, (c) 7.2% and
(d) 9.6%.

been suggested that doping with other elements increases the damping [39]. In our case

increasing the Cr concentration up to 7.2% did increase the damping constant. This

can be attributed to an extrinsic effect, as a result of the doping element breaking the

symmetry of the FeCo crystal system, which then may create a centre for two-magnon

scattering mechanisms [199]. In comparison, a more recent study [122] found a lower

magnetic damping constant for FeCo without doping with another element, but instead,

they annealed the films at 5300C. They obtained α ≈ 0.004 at composition of 28% of Co

[122], which is slightly lower than the damping constant (α= 0.006) of our as-deposited

FeCoCr film. Their films were grown with the seed layer Ta(3nm)/Cu(3nm)/Fe1−xCox

(10nm)/Cu(3nm)Ta(3nm). The study deduced that annealing could play a role in low-

ering the damping constant of thin films caused by the enhancement of the crystallinity

and magnetic homogeneity [200]. The magnetic damping as a function of the reciprocal

thickness has been studied and showed an increase in damping with t−1, due to the sur-

face contribution dominating the bulk value [39]. Studies of the thickness dependence
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Figure 6.15: The repeatable measurement of FMR linewidth fitting allowing the
extraction of the damping constant, α of C1 = 2.6%, C2 = 5.6%, C3 = 7.2%
and C4 = 9.6%. The point represent a single measurement and the error bars
indicate the standard error from each fitting.

of Permalloy and FeCo-based thin films grown onto a non-magnetic capping layer (for

example, Pt and Pd) showed an increase the magnetic damping due to the heavy metal

used and it has been reported to be linked with the spin angular momentum pumped

into the non-magnetic layer [201, 202].

Thus, further study to be considered is the thickness dependence of magnetic damping

on FeCoCr films. It should be noted that the measurement for thickness dependence of

FeCoCr on magnetic damping were performed only to the films at thickness of 56 nm,

80 nm and 100 nm grown in the presence of magnetic field (120 kAm−1) with sputtering

power of 75 Watt but without any capping layer. These samples are different with those

batch of films as presented in Figure 6.16. See Chapter 4 section 4.2.4(iii) and 4.2.4(v)

for the lists of films batches grown in this study. An increase in magnetic damping

with the film thickness of the Fe41Co45Cr14 grown with magnetic field (120 kAm−1) was

observed as presented in Figure 6.17. The lowest magnetic damping was 0.012 for sample

at 50 nm. For film at 100 nm had a highest magnetic damping which was 0.023. The

magnetic damping found in this study for thickness 50 nm and 100 nm are comparable

with the magnetic damping reported on FeCo (50:50) at nearly the same thickness [127].

The value of magnetic damping of FeCo (50:50) with thickness 50 nm and 110 nm in
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Figure 6.16: The dependence of the average damping constant, αave on the Cr
concentrations of films with a similar thicknesses, 65 nm with the data point
and the error bars represent the average value of damping and standard errors
from three different samples, respectively.

those study were found to be 0.015 and 0.018, respectively.

6.8 Comparison between FeCoCr and other Soft Magnetic

Materials

As the FeCoCr films in this study have shown soft magnetic behaviour, it is therefore

interesting to compare the properties of these FeCoCr films to several other soft mag-

netic thin films that have been previously studied. Two of the most important soft

magnetic properties are a high saturation magnetisation and a small coercive field, Hc.

Figure 6.18 presents a selection of soft magnetic thin film materials reported in the lit-

erature [29, 89, 91, 171, 185, 203–207] including the bulk value of FeCo and Permalloy

[23]. The plot compares the coercivity, Hc and saturation induction, µ0Ms values for

each material. In this plot, bulk Permalloy Ni78.5Fe21.5 becomes a reference as its very

soft properties, having the lowest coercive field, Hc = 4 Am−1 in comparison to the bulk

FeCo. Nevertheless, the bulk Permalloy had a lower saturation induction than the bulk

FeCo. As described in Chapter 5 on the characterisation of FeCo thin films which were
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Figure 6.17: Damping parameter, α as a function of Fe41Co45Cr14 film thickness
grown with magnetic field at sputtering power of 75 W. The error bars shows
the standard error determined from the fitting.

grown using the sputtering technique, the as-deposited FeCo films (70 nm) had a larger

Hc ≈ 4 kAm−1 (not shown in the plot) which was higher compared to FeCo bulk Hc =

150 Am−1 (denoted by **). The huge difference between these two samples is due to

the fact that the difference in the magnetic properties of thin film is greatly influenced

by the method of fabrication. Also, it is observed that our as-deposited FeCo film had a

larger grain size, indicated by a narrower width XRD peaks (refer to Figure 5.1), which

contributes to the higher Hc. Despite the large coercive field found in FeCo films, they

show a remarkable reduction in coercivity when doping with Cr. By comparing the Hc

of FeCoCr films which were investigated in this study with other soft materials, it was

found that the FeCoCr films sputtered with varied Cr concentrations have a smaller Hc

in the range between 100 and 200 Am−1 than the other materials such as FeCoCrN,

FeCoAlO, FeCoO, FeCoB and FeCoNi, as shown in the plot. The Hc of FeCoCr thin

films were in the middle of the Hc values of bulk Permalloy and FeCo. The saturation

induction of FeCoCr films obtained were lower and comparable to the reported value on

the saturation induction of Permalloy and FeGaB. It is shown that the soft amorphous

FeCoCr thin films with combination of low saturation induction, low coercive field (Hc

200 Am−1), magnetic damping, α as low as 0.0065, and the magnetostriction constant,

λ as high as 39 ppm have shown remarkable properties. Thus, the FeCoCr films are
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Figure 6.18: Ranges of soft magnetic thin films reported in the literature
with the saturation induction, µ0Ms and the coercivity, Hc. The plot also
presenting the magnitude of saturation magnetisation of Permendur (FeCo),
Permalloy (NiFe) and Fe49Co49V2 in bulk (shown by ** symbols) and the mea-
sured FeCoCr thin films with varied Cr concentration presented in this study
[29,71,89,91,186,204-209].

promising candidate to be used in MagMEMS spin waves devices or possibly in spin-

tronic devices that require those combination of soft magnetic properties including a low

magnetic damping.

6.9 Summary

The structure study on FeCoCr films at different Cr concentrations have shown a sim-

ilar amorphous structure regardless of Cr concentrations as opposed to the magnetic

properties where the coercive and saturation fields were found to decrease when the

compositions increased to 5.6% Cr. The measurement of anisotropy field, Hk with two

different methods, namely VSM and VNA-FMR have shown interesting trends where

this parameter reduced significantly with Cr compositions up to 9.6% Cr. It was also
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obtained that the Cr substitutions reduced the saturation magnetisation with the high-

est saturation magnetization for both films at 2.6% Cr, Ms = 1042 kAm−1 as measured

by SQUID-VSM and Ms = 1440 kAm−1 from VNA-FMR. Nevertheless, increasing the

Cr concentrations reduced the magnetostriction constant. The film at 2.6% Cr had the

highest λs = 39 ppm with also had lowest magnetic damping, α = 0.0065 measured in

high frequency by FMR measurement. By comparing the FeCoCr films with other soft

magnetic materials with respect to theirs’ coercive field and saturation inductions, it can

be concluded that our FeCoCr films are softer than the majority of soft amorphous film

published in previous studies (i.e FeCoB, FeCoAlO, FeCoNi, FeCoCrN). Additionally

FeCoCr films had a lower magnetic damping thus would be interesting as material in

MagMEMs, spinwave applications and spintronic devices applications.



Chapter 7

The Mechanical Properties of

FeCo and FeCoCr thin films using

the Nanoindentation Technique

7.1 Introduction

The development of soft magnetic materials with excellent mechanical properties (high

hardness and yield strength), which can also operate at both room and elevated tem-

peratures, are required but without sacrificing their magnetic properties. From previous

work, the magnetic properties were often degraded (saturation magnetisation reduced

while the coercivity increased) when the mechanical properties of FeCo were improved.

It is reported that for binary FeCo alloys which are brittle at room temperature, alloying

with other metals i.e vanadium can improve the mechanical properties to suit specific

applications [207]. Soft magnetic materials with low coercivity and excellent mechanical

strength would be advantageous for embedding in strain sensors due to their miniature

size [131].

While conventional microindentation is suitable for investigating the mechanical behav-

ior of materials on the micrometer-scale thickness range, the nanoindentation method

has proven to be the best technique to probe the elastic-plastic behaviour of nanoscale

materials. Mechanical properties such as hardness, elastic modulus and elastic recovery

of the specimen under test can be extracted directly from this technique. Nevertheless,

143
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an error in calculating these mechanical parameters is associated with the contact area

between the tip indenter and the specimen under test. Several factors can influence the

actual contact area. One of the significant factors is a contribution from the substrate

which occurs if the sample is very thin. The commonly used indentation depth is limited

to less than 10 percent of the film thickness to avoid the measurement of the substrate

[64]. However, this rule of thumb is not always practicable, as it depends on the nature

of the sample. In a reported study, for instance, about 20% of the Al-Ti film thickness

was used to avoid the surface roughness and the pile-up effect instead of 10% of film

thickness to minimize the uncertainties in their hardness data [208].

Surface roughness is also believed to affect the precision of the indentation data. When

an indentation is made on a rougher surface compared to a smoother surface, it results

in different contact areas, hence different penetration depth occur even under the same

load [209]. Another factor that causes an error in defining the hardness is the events

of sink-in and pile-up. According to Saha and Nix [133] soft films tend to have pile-up

when deposited on a hard substrate, leading to an underestimate of the contact area of

the indenter. On the other hand, the contact area is overestimated when the event of a

sink-in occurs for hard material deposited on a soft substrate.

A number of studies have been undertaken to investigate the mechanical properties

of a wide range of materials not only the bulk alloys, but also thin films and nanowire

samples [208, 210, 211]. Mechanical characterization of amorphous magnetostrictive thin

films in the nanoscale range, has not been widely studied. As these films are integrated

into MagMEMs sensors, studying the mechanical properties is of crucial importance

to understand their fundamental features. Thereby, this chapter aims to develop an

understanding of the mechanical properties of amorphous magnetostrictive FeCoCr films

and also polycrystalline FeCo thick films by investigating the mechanical properties at

different thicknesses greater than 400 nm. Hardness, Young’s modulus, elastic recovery

and yield strength were investigated and are described in this chapter. The effect of Cr

concentrations into FeCo has also been studied to determine whether the addition of Cr

had a significant impact on the mechanical behavior of the FeCo films. Another reason to

study the mechanical properties of FeCo and FeCoCr was to provide further information

on the Young’s Modulus of these films, which has not been investigated yet. As given in

Chapter 4, the determination of the magnetostriction constant, λs of thin films by Villari

method only takes into the account of the Young’s modulus of the Si substrate. For the
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cantilever technique the Young’s modulus of the film is also required. This is a popular

technique used to measure the magnetostriction constant of thin films, but assumes

the film’s Young’s modulus is the same as the bulk. [54]. Hence from studying the

mechanical properties of FeCoCr thin films through nanoindentation technique allows the

determination of magnetostriction constants precisely in future studies. It will also help

to determine how accurate the cantilever technique is to measuring the magnetostriction

constants.

7.2 Sample Preparation of Thick Films

To probe the elastic and plastic properties of FeCo and FeCoCr films and to avoid the

effect of the substrate, the film thickness should be thicker than the radius of the tip.

Hence two different sets of thick films with thickness more than 400 nm were fabricated

onto Si substrate using RF Magnetron Sputtering. All the sputtering parameters used

to fabricate the thick films were kept the same, i.e the sputtering power and the argon

pressure were 75 Watt and 4.8 mTorr, respectively. Three sets of FeCo films were

deposited with different deposition time to vary the thickness. The measured thickness

were found to be 431 nm, 603 nm, and 758 nm. For a second set of films, FeCoCr films

with different Cr compositions grown with the same deposition time. It was found that

the measured thickness for films for at.%2.6 Cr was 604 nm, 590 nm (for at.%5.6 Cr),

600 nm (for at.%7.2 Cr) and 601 nm (for at.%9.6 Cr). The film thickness and the surface

roughness of the films were examined using an Atomic Force Microscopy (AFM).

7.3 Nanoindentation Measurement

The nanoindentation test were first performed on a Si substrate to provide a reference

for the measurement of the films. The hardness and reduced modulus of the substrate

and the films were extracted by performing the nanoindentation test using the TI 950

Triboindenter Hysitron. The Berkovich tip used in this study had a radius of 120 nm,

included angle, φ = 142.30, Young’s Modulus, EY = 1140 GPa and Poisson’s ratio, ν

= 0.07. Instead of using one cycle single indentation, the measurement was performed

with 25 cycles. A partial unload profile was chosen, meaning that the maximum load

was increased in each cycle. This partial unload profile had three segments, which are 5
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Figure 7.1: Graph of force versus displacement on the FeCo films at different
thickness that involved 25 cycles of indenter with maximum of force, 13000µN
was applied.

seconds for loading, 5 seconds hold at the load maximum and 5 seconds for unloading.

A series of indentations were made on each sample through 3 µm x 3 µm arrays with

an indent distance of 50 µm. The maximum load applied was 13000 µN. From this

measurement, the parameters such as contact stiffness, S, projected contact area, A and

maximum load, Pmax were obtained from the load-displacement curve. The data for the

unloading curve then were fitted based on the method developed by Oliver and Pharr,

leading to the extraction of the hardness, Hr and the reduced modulus, Er data (see

section 2.7). Figure 7.1 shows an example of the measured curve of applied force versus

displacement for 25 cycles, for FeCo films with different thicknesses.

7.4 Mechanical properties of Si substrate

Nanoindentation was first conducted on a bare Si substrate, which was 360 µm thick.

It was necessary to do the indentation test on the Si substrate to ensure that, when

analyzing the mechanical properties of thin film samples with thickness less than 1µm,

there was no contribution from the substrate. This ensured that the calculation of the

mechanical properties of the thick films are reliable. The hardness as a function of
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penetration depth, hc for the Silicon substrate is plotted in Figure 7.2. It is clearly seen

that there is a pronounced increase in hardness at the lower penetration depths between

7 nm and 20 nm. The increase in the hardness at smaller depth is usually associated

with the radius of the indenter tip. The hardness value becomes irregular when the

contact depth approaches nearly the 1/3 of the radius tip. The radius of the Berkovich

tip used in this study is 120 nm.

It is also possible that, tip rounding also contributed to the sudden increase in the

hardness at the lower depth. It is generally accepted that the Berkovich tip does not

have a perfectly sharp tip. As the tip penetrates the sample, a constant value of the

hardness should be observed. In the case of silicon, however, the constant hardness value

can only be observed for the contact depth ranging from 20 nm to 40 nm. After this

range, the hardness is seen to increase gradually with increasing depth. Nevertheless, the

increment in the hardness is still in the range of the error bars, therefore the hardness

of the Si in this study was calculated from the displacement between 20 nm to 140

nm. The measured hardness of the Si was found to be 16 ± 1 GPa, which is higher

than those reported in the literature of 12.75 GPa [133]. Unlike to the hardness, the

measured reduced modulus, Er seemed to be constant even at a smaller contact depth.

This parameter was determined from Equation 2.33 as described in Chapter 2. The plot

of Er with penetration depth for Si is presented in Figure 7.3. The average value of Er

was 165 ± 2 GPa. The calculated value of Young’s Modulus for Si substrate will be

given and compared with the FeCo films in the following section.

7.5 Mechanical properties of FeCo thin films

The effect of film thickness on the mechanical properties of FeCo films was investigated

with 18 indentations being made at different locations on each film. To illustrate this

impact, the result from the hardness of FeCo films as a function of displacement depth

for three different thicknesses (431 nm, 603 nm, and 758 nm) is shown in Figure 7.4.

The hardness of the Si is also included in the plot. It was determined that the hardness

increased abruptly up to 20 nm depth, as similar as observed in the Si hardness due

to contact depth being comparable to the tip radius. It is interesting to note that the

hardness value reached a plateau between 20 nm to 110 nm contact depth for all FeCo

film thicknesses. Beyond this depth, the hardness of the 431 nm films increased slightly
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Figure 7.2: Graph of the average hardness, Hr as a function of displacement
for the Si substrate with thickness 360 µm with the error bars are the standard
errors from a series of nanoindentation. An abrupt increase in hardness at low
penetration depth is observed.

Figure 7.3: Graph of the average reduced modulus of elasticity, Er of Si sub-
strate as a function of contact depth with the error bars are the standard errors
from a series of nanoindentation.



The Mechanical Properties of FeCo and FeCoCr thin films using the Nanoindentation
Technique 149

with depth, while for the 603 nm and 758 nm films, it appears to decrease with increasing

depth.

Nonetheless, these changes in hardness are still in the range of the hardness uncertainties

and do not have a significant effect on the average value of the hardness data for each

sample. Interestingly, the plot shows that the hardness improved with increasing film

thickness. For example, for the 758 nm film has the highest hardness of 15.1 ± 0.4 GPa,

followed by the 603 nm film, which a hardness of 14.8 ± 0.2 GPa. The lowest hardness

of 12.7 ± 0.4 GPa was found at the smallest thickness, 431 nm. It is worth comparing

the hardness of the FeCo films determined in this study with the FeCo films that have

been reported in a previous study [131]. They deposited thicker films of FeCo (thickness

2µm and 7µm) onto Si substrate by using magnetron sputtering with the Ar pressure

between 0.04 and 0.2 Pa. The study found that the hardness of their films were 5.5 GPa

(2µm) and 5.4 GPa (7µm). These values are a factor of 2 smaller than the hardness of

the FeCo films determined in this current study. This is interesting that, the hardness of

FeCo films in this study, which were fabricated onto a similar substrate have exhibited

remarkable different in mechanical properties. From the graph of hardness (Figure 7.4)

also clearly showed that there is no influence from the substrate on the hardness data

for all samples. Generally, the substrate effect is observed when there is a continuous

increase in the hardness as the penetration depth increases. The error bars shown in the

plot represent the standard errors calculated from the series of nanoindentations data.

The graph of reduced modulus of elasticity, Er for the FeCo films as a function of contact

depth is presented in Figure 7.5. While the values of the hardness of FeCo films increased

with thickness, the Er was measured to be constant with the thickness, mainly at the

lower thickness. For example, the Er for the 431nm and 603 nm films are the same, 180

± 4 GPa and 181 ± 2 GPa, respectively. The value was reduced to 172 ± 2 GPa as the

thickness increased to 758 nm. The reduced modulus for the FeCo, however was found

to be higher than the Er for the Si substrate.

The value of the reduced modulus then is used to define the Young’s modulus of the

film, Ef . By taking the value of the Poisson ratio of the FeCo film as 0.27 [212] and

mechanical parameters of the Berkovich indenter (supplied by Bruker) to be; Young’s

Modulus, Ei = 1140 GPa and Poisson ratio, ν = 0.07, the Young’s Modulus of the FeCo

thin films can be estimated according to Equation 2.33. A comparison of the Young’s
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Figure 7.4: The average hardness, Hr against the displacement, hc of FeCo at
thickness 431 nm, 603 nm and 758 nm. The graph also presenting the aver-
age hardness for Si substrate at thickness 360 µm.The error bars in each plot
represent the standard errors from a series of nanoindentation.

Modulus of Si and FeCo thin films is presented in Figure 7.6. Similarly to the trend

observed in the reduced modulus, the Young’s modulus of the thicker films, 758 nm was

slightly lower (159 ± 2 GPa) than the thinner films, where the EY of the 431 nm was

166 ± 2 GPa and the 603 nm film was 167 ± 1 GPa. These values are comparable to

the EY of FeCo/Si (165 GPa) in the literature [131]. For Si substrate, the EY obtained

was 155 ± 2 GPa, which is lower than the EY of Si (172 GPa) published in this previous

study [133].

7.6 Mechanical properties of FeCoCr thin films

Nanoindentation testing was performed on the four sets of films with different Cr con-

centrations to investigate the effect of Cr on the mechanical properties of FeCo films.

The result of the hardness of the FeCoCr films are shown in Figure 7.7. For the initial

penetration depth below 40 nm, the hardness dropped sharply, contrary to the hardness

found in the FeCo films at the same range of penetration depth. It was found that the

hardness of FeCoCr films was in the range of 12 GPa to 13 GPa, which varied slightly

different over the Cr concentrations range. This indicates that the substitution of Cr
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Figure 7.5: Plot of the average reduced modulus of elasticity, Er of the different
thicknesses of FeCo and the average reduced modulus of Si substrate as a func-
tion of displacement.The error bars in each plot represent the standard errors
from a series of nanoindentation.

Figure 7.6: Plot of Young’s modulus, EY calculated from the measured of re-
duced modulus showing that the magnitude of EY have less influenced on film
thickness.
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Figure 7.7: The average hardness, Hr as function of displacement for FeCoCr
at varies Cr concentrations at.2.6% (604 nm), at.5.6% (590 nm), at.7.2% (600
nm),and at.9.6% (601 nm) from a series of nanoindentation.

atoms into FeCo did not significantly improve the hardness of FeCo, although the Cr was

added up to at.9.6%. It is also interesting to note that, however, the Er of FeCoCr films

increased with Cr concentrations, although the Er of FeCoCr is still lower compared to

the Er of FeCo films. As shown in Figure 7.8, the Er of the at.2.6% Cr film, was found

to be lower than those films at higher Cr concentrations, notably between penetration

depth from 40 nm to 190 nm. By comparing the average Er between these films, the Er

of films at.2.6% Cr film was 150 GPa ± 1 GPa, and smaller than the films at highest

concentration (at.9.6% Cr), where the Er = 170 ± 1 GPa.

Figure 7.9 shows the graph of the average of Young’s Modulus, EY of FeCoCr films

from a series of nanoindentations. As the determination of EY is related to the reduced

modulus, Er, hence the EY as functions of Cr concentrations show similar tendency

with the Er plot, whereby the EY are constant for contact depths between 40 nm and

190 nm, except for at.2.6% Cr films. The plot clearly shows that EY of the at.2.6% Cr

film decreased gradually with increasing penetration depth, giving the lowest average

value of EY = 144 ± 1 GPa. As the Cr concentrations increased to at.5.6% and up to

at.9.6% Cr, the average EY were nearly the same at about 156 to 157 GPa, for all Cr

concentrations.
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Figure 7.8: The average reduced modulus of elasticity, Er as function of dis-
placement for FeCoCr at varies Cr concentrations at.2.6% (604 nm), at.5.6%
(590 nm), at.7.2% (600 nm),and at.9.6% (601 nm) from a series of nanoinden-
tation.

Figure 7.9: Young’s modulus, EY of FeCoCr films at varied Cr concentrations
as a function of tip displacement.
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Table 7.1: The mechanical parameters of FeCo and Si at different thickness
determined from the nanoidentation with Er: reduced modulus of elasticity;
Hr: hardness; EY : Young’s modulus.

Sample Er(GPa) Hr(GPa) EY (GPa)

Si (380 µm) 165 ± 2 16 ± 1 155 ± 2
FeCo (431 nm) 180 ± 4 12.7 ± 0.4 166 ± 2
FeCo (603 nm) 181 ± 2 14.8 ± 0.2 167 ± 1
FeCo (758 nm) 172 ± 2 15.1 ± 0.4 159 ± 2
Cr at.% 2.6 (604 nm) 150 ± 1 13.3 ± 0.2 144 ± 1
Cr at.% 5.6 (590 nm) 169 ± 1 13.5 ± 0.2 157 ± 1
Cr at.% 7.2 (600 nm) 169 ± 1 12.2 ± 0.1 156 ± 1
Cr at.% 9.6 (601 nm) 170 ± 1 13.2 ± 0.2 157 ± 1

The measured mechanical parameters of Si, FeCo, and FeCoCr films are compared in

Table 7.1. It is noticeable that the average hardness and the Young’s Modulus of FeCo

films obtained were higher than the FeCoCr films, suggesting that the addition of Cr

into FeCo has changed the elastic property of the FeCo. One plausible reason for the

degradation in the hardness and the Young’s Modulus when Cr is added into the FeCo

system likely attributed to the different microstructure between these films. This is

supported by the AFM images as illustrated in Figure 7.10. The representative of

FeCoCr film at the highest Cr concentration (at.9.6%) with a thickness of 601 nm has

a smooth surface and no grains were observed (Figure 7.10d), though the film thickness

is comparable to the thickness of the FeCo film (Figure 7.10b).

In contrast, for the FeCo films, the grains became more significant with increasing the

film thickness, such that the crystallinity of the FeCo improved. The surface rough-

ness also increased with increasing the film thickness, such that 758 nm films had the

largest surface roughness (Ra=1.68 ± 0.04 nm). On the other hand, the FeCoCr film

has a smooth roughness of Ra=0.48 ± 0.01 nm. To further study whether these differ-

ent groups of films have different structures, XRD measurement was performed on the

selected thickness of FeCo and FeCoCr films. As shown in Figure 7.11 it was observed

that the FeCo thick film (758nm) showed a sharper and higher intensity for a peak at

2θ = 450 compared to the FeCoCr at.9.6% film a broad peak at the same diffraction

angle. Thus, it can be implied that the surface roughness and the grains have influenced

the mechanical behavior of the FeCo thin films such that the increase in hardness and

reduction in Young’s modulus with FeCo thickness are due to the different films’ mor-

phology and structure. Also, the Cr substitution degraded the mechanical properties of

the FeCo films as the morphology and compositions had changed.
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Figure 7.10: AFM images on the surface roughness demonstrating different
microstructure between FeCo and FeCoCr films. Scan size 5µm x 5µm.

Figure 7.11: XRD profiles showing different structure between selected thick of
FeCo and FeCoCr films.
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Table 7.2: The calculated of elastic recovery, he from the difference between
the parameter of the contact depth at the maximum load, hmax and the final
contact depth, hf taken from the part of an unloading curve.

Sample Elastic Recovery, he(nm)

FeCo 431 nm 103.3 ± 0.4
FeCo 603 nm 92.7 ± 0.2
FeCo 758 nm 101.2 ± 0.2

Cr at.% 2.6 604 nm 112.2 ± 0.5
Cr at.% 5.6 590 nm 100.3 ± 0.2
Cr at.% 7.2 600 nm 106.0 ± 0.5
Cr at.% 9.6 601 nm 95.3 ± 0.2

7.7 Elastic recovery of FeCo and FeCoCr films

The elastic recovery, he of the FeCo and FeCoCr thick films were investigated by calcu-

lating a difference between the indentation depth at maximum, hmax and the final depth,

hf at part of unloading in a load-displacement curve. The elastic recovery is defined

as the ability of a material to return to its original shape when the load is removed.

Figure 7.12 presents the average elastic recovery as a function of the Cr concentrations.

The average value of this parameter was calculated on a series of indentations, similar

to the analysis done on the hardness and the reduced modulus. It is observed from the

figure that the elastic recovery of FeCoCr films reduced with increasing the Cr concen-

trations to 5.6%. The highest he of 112.2 ± 0.4 nm was observed in Cr at.2.6%. It then

dropped to 100.3 ± 0.1 nm as the Cr increases to at.5.6%. By increasing the amount of

Cr up to at.7.2%, the elastic recovery of FeCoCr was increased slightly to 106.1 ± 0.5

nm. The lowest amount of elastic recovery was observed for a sample at the highest Cr

concentration, 9.6% Cr with the he of 95.3 ± 0.2 nm. To compare the amount of elastic

recovery between the FeCo and FeCoCr films, the he as a function of FeCo thickness

and the FeCoCr films is given in Table 7.2. For the 603 nm thick FeCo film which is

comparable to the thickness of the FeCoCr films, the elastic recovery of FeCo was ob-

tained to be 92.7 ± 0.2 nm, lower than the FeCoCr films. The difference between FeCo

and FeCoCr in the same thickness is also observed in the load-displacement curves in

Figure 7.13. In addition, for the thicker 758 nm of FeCo film, the he of this film was still

found to be lower (101.2 ± 0.2 nm) than the FeCoCr films, suggesting that the FeCoCr

thick films are more easily deformed than the FeCo films.
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Figure 7.12: The average of elastic recovery, he of FeCoCr films as a function
of Cr concentration .

Figure 7.13: Comparison of a load-displacement curves between the FeCo (603
nm) and FeCoCr at.%9.6 (601 nm) films presenting that the elastic recovery, he
of FeCoCr is slightly higher than the FeCo film. The he is calculated from the
difference between the maximum displacement, hmax and the final depth, hf .
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7.8 Analysis of the Material Effect

It is well known that when the indenter tip makes contact into an elastic material, surface

deformation may occur, either as sink-in or pile-up around the indenter. Depending on

the strain hardening of the specimen, the pile-up event is more pronounced for non-

strain hardening material (metal) with a large value of the ratio between the Young’s

modulus and yield strength, E/σY , while sink-in tends to happen for a material with a

low value of E/σY [213]. On the other hand, both events also can be associated with a

measurable parameter from the load-displacement curve, i.e the ratio of hf/hmax. Pile-

up is more significant when hf/hmax is close to 1 and sink-in occurs when hf/hmax < 0.7.

These material effects can also influence the determination of the contact area, hence the

measurement of the real hardness and modulus of the specimen. It has been reported

that an underestimated of the contact area can be as much as 60% due to a large pile-up

phenomena, which results in an overestimation of the hardness and modulus properties

[214]. For this reason, it is important to study the pile-up or sink-in behaviour on the

tested materials.

To examine whether the FeCo and FeCoCr films have undergone either these effects,

AFM images were taken after the indentations had been performed. It should be noted

for this analysis, a Triboscope Nanodindentation equipped with AFM was used, which

is different from the TI 950 Triboindenter Hysitron used to measure the hardness and

reduced modulus. The reason for using the Triboscope with AFM rather than using

Scanning Probe Microscopy (SPM) on the TI 950 Triboindenter is because the AFM

gives a better image of the pile-up or sink-in events. A similar Berkovich tip has been

used with a load applied at a maximum of 13 mN, a total of 25 cycles with loading,

holding and unloading at 5 seconds for each segment was carried out. To distinguish the

material effect between the FeCo and FeCoCr films, the measurement was performed on

selected samples only which were the FeCo film at thickness 758 nm and the FeCoCr

films with the lowest and highest concentrations; at.%2.6 Cr and at.%9.6 Cr samples.

Figure 7.14 displays a cross-sectional analysis and the 3D images of the four indentations

which were performed on the 758 nm FeCo film. From the 3D image, there were no sink-

in events observed. Nonetheless, a small pile-up occurred on the one side of indenter.

The pile-up is measured by the height of the pile-up relative to the surface which does
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Figure 7.14: The images of a cross-section analysis (on the bottom) and 3D view
(on the top-right) showing a small pile-up has occurred on FeCo film thickness
758 nm after indentation with load of 13 mN. Data scale is 200 nm with the
scan size of 19 µm x 19 µm.

not experience any deformation by the indenter. The shown red marker on the cross-

section analysis measured the pile-up on the FeCo film, and found the height to be

about 13.21 nm. The images of the indentation on the sample of FeCoCr at.% 2.6 film

are schematically shown in Figure 7.15. It is apparent that a significant variation of

pile-up happens around the three sides of the triangle indenter tip in the FeCoCr films,

as demonstrated in the 3D image. The cross-section analysis measured the amount of

pile-up on the three different locations of the indenter represented by the green, black

and red lines. It was found that the vertical distance of the pile-up on the films at.%

2.6 was between 18.65 nm and 25.58 nm.

Similarly, the material pile-up is clearly visible for the at.% 9.6 Cr film, with a measured

height varying from 15.27 nm to 24.41 nm as shown in Figure 7.16. From the material

pile-up analysis, this indicates that the material pile-up is considerably larger on the

soft amorphous FeCoCr compared to the FeCo films. This is supported by the reported
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Figure 7.15: The images of a cross-section analysis (on the bottom) and 3D
view (on the top-right) showing a significant pile-up has occurred on FeCoCr
film at.% 2.6 Cr after indentation with load of 13 mN. Data scale is 200 nm
with the scan size of 19 µm x 19 µm.

studies that a soft material deposited on the hard substrate tends to experience with

the pile-up effect [133]. Another study has also suggested that thin films deposited on

a hard substrate have a larger pile-up compare to the bulk sample. The mechanism of

the pile-up can be explained by the dislocation movement being reduced as they are

confined near the surface. As a result, more cross slip on the slip plane occurs close to

the indenter, hence forming the pile-up. The amount of pile-up depends on how far the

dislocations move into the material [215].

As the Oliver and Pharr method has been used to calculate the hardness and Young’s

modulus, which does not take into account the pile-up effect, this implies that the pre-

sented value of the hardness and Young’s modulus for the FeCoCr films in the preceding

section probably higher than the actual value due to the effect of pile-up which have

been visualized from AFM measurement. According to Bolshakov and Pharr [214], de-

pending on the amount of the pile-up effect, the value of hardness and Young’s Modulus
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Figure 7.16: The images of a cross-section analysis (on the bottom) and 3D
view (on the top-right) showing a significant pile-up has occurred on FeCoCr
film at.% 9.6 Cr after indentation with load of 13 mN. Data scale is 200 nm
with the scan size of 19 µm x 19 µm.

can be overestimated up to 60% and 16%, respectively.

7.9 Yield Strength of FeCo and FeCoCr films

Another important parameter that is also of interest to extend the knowledge on the

mechanical behavior of FeCoCr thick films is the yield strength, σy. The yield strength

determines the amount of stress than can be applied to the material before it is de-

formed from elastic to plastic behaviour. To obtain the yield strength of the sample,

a microindentation test was performed by the NanoTest Vantage equipment. In the

microindentation, a spherical tip with a radius of 19 µm was used, which is different

from the Berkovich tip used in nanoindentation test. The major advantage of using the

spherical tips over the sharper tip (Berkovich) in this measurement is the spherical tip
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Figure 7.17: The plot of strain-stress curves of FeCo and FeCoCr determined
from a representative of indentation.

allows one to determine the response of material from initial elasticity to initial plasticity

regions, then until post-yield at a finite plastic strain [216].

A load of 100 mN was applied for 30 cycles for a series of indentation performed on several

areas of interest for each film. The microindentation was performed using a spherical

indentation. The load and displacement curve data were subsequently analyzed based

on the Field and Swain measurement [217]. The data was then converted into a stress

and strain plot. From the plot, the σy point can be determined directly. Examples of the

stress and strain curves determined from this measurement are presented in Figure 7.17.

It should be noted that the shown curves are a representative of the stress-strain curves

determined from the series indentations for each sample. Based on the determined stress-

strain curves as shown in Figure 7.17, the changing from elastic to plastic deformation

occurred at the average flow stress between 0.020 and 0.024. It has been generally

accepted that, the 0.2% offset is a method, which is commonly applied to estimate

the σy0.2 that corresponds to the plastic strain at 0.002 [218]. As the obtained stress-

strain plots of the FeCo and FeCoCr films in this current study do not show a perfect
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Figure 7.18: The representative of stress-strain curve of FeCoCr film at.% 9.6
Cr from microindentation using spherical tip (19 µm) with load applied of 100
mN. In the plot showing an estimation of a yield point by a linear fit of elastic
region as shown in inserted graph.

stress-strain curve like in tensile measurement, therefore it is difficult to define a point

at which the elastic behaviour changes to the plastic deformation by using the 0.2%

offset method. Therefore, the σy of the sample was taken at the point at which a linear

part associated to the elasticity properties started to change to the plastic deformation,

where the arc shape was being observed. A method of a linear fit in elastic region was

applied to estimate the yield strength of the films. An example of one of a stress-strain

curves obtained using a linear fit method of on how the yield strength was estimated is

presented in Figure 7.18.

Figure 7.19 compares the yield strength, σy between the FeCo and FeCoCr samples.

The error bars in the plot represents the standard error calculated from a series of

indentation for each sample. It is shown that the FeCo film had a σy = 828 ± 75 MPa.

For the addition of Cr into FeCo, it is clearly seen that the yield strength, σy decreases

initially from 821 ± 58 MPa (sample at.%2.6 Cr) to 770 ± 46 MPa as the concentrations

increases to at.% 5.6 Cr. Then, the σy is considerably enhanced to the value of 1014 ±
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Figure 7.19: The graph of average yield strength, σy measured from strain-stress
curves.

45 MPa for at.%9.6 Cr film. A maximum σy was observed at a concentration of at.%9.6

Cr indicated that there was an optimum Cr content can lead to the enhancement of σy.

By comparing this value which was higher than the σy of FeCo sample it can therefore be

suggested that incorporating the Cr atoms into FeCo can strengthen the FeCo sample.

It is due to the fact that impurities atoms can hinder the movement of the dislocation.

Additionally, the FeCoCr films have an amorphous structure with no grains, such that

the atomic disorder causes discontinuity of any further dislocations motion. According

to the Hall-Petch effect on grain-size strengthening, the yield strength increases with

the reduction of the grain size [219].

A large σy of 1830 MPa has been reported previously on the FeCo films deposited on Si

substrate [131]. The significant difference for the σy compared to our FeCo films grown

also onto Si can be explained by the different sample thicknesses. In that published

study, the thickness of FeCo films was 2000 nm, nearly three times larger than the film

thickness in this current study. While in those reported study, they estimated the yield

strength using the method developed by Giannakopoulos and Suresh [220] by utilizing
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the hardness data obtained from the nanoindentation technique, instead of measuring

them directly from the stress-strain plot.

7.10 Summary

The determination of mechanical properties of FeCo and FeCoCr thicker films has been

successfully studied by the nanoindentation technique. Several important parameters

have been determined including the hardness, reduced modulus, Young Modulus, elastic

recovery, and the yield strength. Analysis of the hardness of FeCo films at different

thickness have shown an increase in the hardness with the film thickness with the highest

value of 15 GPa at thickness 758 nm. The Cr addition into FeCo, however, decreases the

hardness to as low as 12 GPa for sample at.% 7.2 Cr. The Young’s modulus of FeCo was

also found to be higher EY = 167 GPa than the FeCoCr for sample at nearly the same

thickness (≈ 600 nm). The EY of FeCoCr films were determined to be in the range of

144 GPa to 157 GPa. The load-displacement curves have also shown that the FeCoCr

films tend to be more elastic compared to the FeCo as the calculated elastic recovery

of FeCoCr sample was larger than the FeCo when the film thickness between them is

comparable. Analysis of material effect from AFM and cross-sectional revealed the pile-

up events occurred in the soft FeCoCr films, but those effect did not significantly occur

for FeCo films. The pile-up effect may affect the calculation of the hardness and the

modulus of the FeCoCr as it related to the determination of tip of contact area, which

the value of hardness and the modulus of FeCoCr have been deviated from the expecting

results. Interestingly, the yield strength obtained directly from the stress-strain curve

found that Cr substitutions slightly enhanced the yield strength with the maximum σy

achieved at 1014 MPa for sample at.%9.6 Cr compared to a σy of 828 MPa for the

FeCo. This study then suggests that although the addition of Cr reduced the hardness

and Young’s modulus of the FeCo films, the yield strength of the FeCo films has been

improved with adding a certain level of Cr concentrations, such that the Cr atoms are

responsible to hamper the motion of dislocations in the soft amorphous FeCoCr films.



Chapter 8

Conclusion and Future Work

8.1 Conclusions

An investigation and characterization of the new soft amorphous material FeCoCr in

thin films has been studied and demonstrated in this thesis. The FeCo thin films and

FeCo doping with Cr have been successfully grown by RF Sputtering with different

sputtering parameters including the sputtering power, thickness, and composition. The

films’ properties of structure, composition, magnetic response, magnetostriction, mag-

netic damping and mechanical response, have been investigated using various charac-

terization techniques and the findings were described previously in three main result

chapters (Chapter 5, Chapter 6 and Chapter 7). Summary of the thesis are drawn

based on the following questions which have been addressed in Chapter 1:

a) Do the growth conditions, for instance, the application of a magnetic field

during fabrication, sputtering power, film thickness, have a significant effect

on the structural and magnetostriction constant of the FeCo and FeCoCr

films?

b) Can Cr reduce the coercive and anisotropy fields, hence improve the soft

magnetostrictive properties of the FeCo films?

c) How much percentages of Cr that can be added into FeCo to achieve the

ideal soft magnetic properties; Hc < 10 kAm−1, Hk < 15 kAm−1, λs > 20 ppm

and magnetic damping constant α ≤ 0.0100 of FeCoCr films?

166
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d) Does the addition of Cr improve the mechanical properties such as the

hardness, Young’s Modulus and the yield strength, σy of the FeCo films?

Chapter 5 showed that the structure of FeCo films, was influenced by an applied magnetic

field during fabrication using RF Sputtering. In the presence of an applied field, it can

be seen a single diffraction peak represents the BCC (110) of FeCo (2θ ≈ 450). This peak

is more intense for films compared to diffraction peak of the films fabricated without an

applied field. For FeCoCr films sputtered at different sputtering power from 75 W to

150 W, it was determined for the sputtered films at higher power 125 W and 150 W, the

structure of FeCoCr films significantly changed from amorphous to polycrystalline. Two

diffraction angles were detected at 2θ ≈ 450 and 810 for the films at these sputtering

power. This was also confirmed by SAED images from TEM analysis, where an image of

the film at the highest power (150 W) showed rings with small diffraction spots, while at

lowest power 75 W only a diffuse ring was imaged. It was shown that by growing films at

higher sputtering powers i.e in this study more than 100 W, the structure changed from

amorphous to polycrystalline in the FeCoCr films. But changing the film thickness does

not influence the structure of films for both FeCo and FeCoCr films, even though the

FeCoCr films thickness was increased up to 165 nm. Study of the surface roughness of

FeCoCr films by Atomic Force Microscopy demonstrated they were amorphous with no

grains being observed regardless of film thickness. Neither film thickness nor sputtering

power affected the surface roughness of FeCoCr films. Hence, the surface roughness was

not the reason why the magnetisation changed in FeCoCr thin films despite other studies

having reported the role of surface roughness effect on tuning the film’s magnetisation.

Magnetic anisotropy was observed in the amorphous FeCoCr films, which was induced

from the application of a magnetic field during deposition. Apart from that, the

anisotropy for amorphous FeCoCr films can also have contributions from local random

anisotropy as the local magnetocrystalline anisotropy is averaged out in most amor-

phous materials. The measured Hc and Hk of FeCoCr films using MOKE technique

were found to be reduced with film thicknesses, in contrast to the FeCo films where

their magnetic parameters increased with thickness. The coercive field of FeCoCr films,

Hc = 1.48 kAm−1 was a factor of 6 lower than the Hc of FeCo, Hc = 9.26 kAm−1. The

lowest Hk of FeCoCr was found to be 12 kAm−1. The purpose of adding Cr into the

FeCo was to achieve an amorphous structure and to reduce the Hc and Hk since the Fe-

CoCr thin film has not been studied comprehensively compared to the other amorphous
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material (i.e FeCoB, FeGaB). Therefore, in this study, the FeCo films with different

percentage of Cr were successfully grown with an optimized sputtering power 75 W and

Argon pressure was 4.8 mTorr. It has been demonstrated that the FeCoCr films had an

amorphous structure and is magnetically softer than FeCo films. Despite increasing the

Cr compositions from at.2.6% Cr to at.9.6% Cr, the film structure does not change as

the FeCoCr are still found to be amorphous. It was found that the anisotropy field Hk

both measured along hard axes by MOKE and VNA-FMR techniques decreased with Cr

compositions. Interestingly, both techniques demonstrated the lowest Hk for Cr at.9.6%

films which were nearly the same Hk ≈ 2.7 kAm−1. The coercive field obtained also

reduced with increasing Cr to at.5.6% before it remain constant Hc ≈ 0.14 kAm−1 when

Cr increased up to at.9.6%. The value of saturation magnetization, Ms as function of

Cr concentrations measured from SQUID dropped from 1042 to 726 kAm−1. The Ms

was subsequently used to estimate the anisotropy constants KU . It was implied that

introducing Cr into FeCo decreased anisotropy energy from 3.930 to 1.269 kJm−3, which

is in an agreement with the reduction of Hc and Hk with Cr concentrations.

The damping parameters, α measured on the VNA-FMR were reproducible and well-

fitted with the Kittle’s equation. The lowest damping constants were obtained for films

at.2.6% Cr α = 0.0065. Nonetheless increasing the Cr concentrations increased the

damping constant to a maximum 0.0100 for films at.7.2% Cr. The damping was asso-

ciated with the sample inhomogeneity, also the presence of the uniaxial anisotropy was

observed. Comparison between the FeCoCr films with other soft magnetic materials also

has been presented in this thesis. The FeCoCr films in this study have demonstrated

magnetically soft properties (Hc < 200 Am−1) compared to some amorphous films re-

ported in previous studies (i.e FeCoB, FeCoAlO, FeCoNi, FeCoCrN). The magnetic

damping data of soft amorphous FeCoCr thin films presented in this thesis contributes

to the fundamental study of the damping constants reported for other soft magnetic

materials. From these finding this material may be the subject of interest in spintronic

device application as the FeCoCr films have demonstrated not only soft properties but

also lower magnetic damping.

For the magnetostriction study using the Villari technique it was found that increasing

thickness of the FeCo film reduced the magnetostriction constant, while the magne-

tostriction constants of FeCoCr films were independent of film thickness. It was sug-

gested that the interfacial magnetostriction constant does not strongly influence the
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overall magnetostriction constant of the FeCoCr films. A comparison was also made

between the λs of the FeCo and FeCoCr films at a similar thickness, 100 nm. It was

shown that both films group have no significant difference in magnetostriction constant;

λFeCoCr = 28 ppm and λFeCo = 26 ppm. However, the sputtering power had demon-

strated a substantial effect on the magnetostriction constants, λs for films deposited at

same thickness, 100 nm. The λs was considerably reduced with the increased sputtering

power. For films sputtered at highest power, 150 W had the lowest constant, λs = 6 ppm

which was six times lower than films sputtered at lowest power, 75 W (λs = 28 ppm).

The structural difference between the FeCoCr films at the lowest power (disordered) and

the highest power (polycrystalline) of FeCoCr thin films was identified as the factor that

caused the reduction of magnetostriction constant upon increasing sputtering power.

The λs of films grown with varying Cr concentrations also have been described, as for

an increase in Cr the λs dropped from 39 ppm (Cr at.2.6%) to 13 ppm (Cr at.9.6%).

Therefore, from the investigation on the effect of Cr concentrations on magnetostriction

constant, it can be inferred that to sustain the λs with the lowest magnetic damping a

lower Cr concentration at.2.6% was sufficient to be added into FeCo. Although at this

concentration the value of coercive field, Hc was found to be the highest, nonetheless

the value was not too far from the Hc of other Cr concentrations and still magnetically

soft (< 200 Am−1).

The other most significant finding from this study is measuring the mechanical properties

(hardness, Young’s Modulus and Yield strength) of the FeCo films (> 400 nm) and the

FeCoCr films (> 600 nm) by employing the nanoindentation technique. It has been

shown that while the hardness of FeCo increased with thickness, the hardness of FeCoCr

reduced upon increasing Cr compositions to at.7.2% (H = 12 GPa). The maximum

hardness of FeCo was 15 GPa for sample of thickness 758 nm. The calculated Young’s

Modulus of FeCo films (EY = 167 GPa) was found to be higher than FeCoCr films (EY

= 157 GPa) for the same thickness (≈ 600 nm). The significant difference on the H and

EY between the FeCo and FeCoCr films was described by an observation of different

material effects that occurred within these samples. The AFM and cross-sectional studies

revealed that the a pile-up event occurred in the FeCoCr films which suggested a lower

hardness value determined compared to the FeCo films. It was interesting, however, the

Yield strength, σy of FeCo films improved with Cr substitutions at.% 9.6 with the σy of

FeCoCr was found to be 1014 MPa, compared to a σy of 828 MPa for the FeCo films.
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From the mechanical studies, it has shown that even though the Cr substitutions into

FeCo films do not have significant impact on improving the hardness and the Young’s

Modulus, nevertheless, the Cr did enhance the Yield strength of FeCo which it had

reported issues with the brittleness of the FeCo materials. This study provide that at

certain level of Cr concentrations into FeCo films causes the dislocations motion to be

hindered in the soft amorphous magnetic materials.

Considering the fabrication parameters which employed in this research, it can be con-

cluded that the optimised fabrication of the FeCoCr was the film deposited at the sput-

tering power of 75 W in the presence of a magnetic field. These conditions then result

in the amorphous structure of the FeCoCr films with the lowest anisotropy and coercive

fields. The highest magnetostriction constant was also determined at this lowest power.

Although this optimum sputtering power condition improved the samples’ magnetic

properties by reducing the anisotropy and coercive fields, increasing the Cr concen-

trations from at.2.6% to at.9.6% at fixed power 75 W, however, did not significantly

enhance both the magnetostriction constant and the magnetic damping of the FeCoCr

films. The optimum Cr concentration which can be added into the FeCo to maintain the

highest magnetostriction (39 ppm), was found to be 2.6 %, which at this concentration

also gives the lowest magnetic damping (α = 0.0065). Despite that, increasing the Cr

concentration helps to strengthen the soft amorphous FeCoCr films’ mechanical prop-

erties. Finally, controlling the sputtering power and adding a certain percentage of Cr

was feasible to achieve the soft amorphous properties of the FeCoCr magnetostrictive

thin films.

8.2 Future Works

Considerably more future work needs to be carried out to acquire a full understanding

on the role of growth parameters and Cr substitutions on the soft magnetostrictive

FeCoCr thin films. For example, other than effect of sputtering power and film thickness,

one of the most significant impact of thin film properties is investigating the effect of

sputtering pressure on the FeCoCr thin films. However, due to the limitation of the

existing sputtering deposition system that has been used in this project, the effect of

pressure on the structure, magnetic and magnetostrictive FeCoCr films were unable to

be performed. The structural studies by XRD have demonstrated broader peaks of
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amorphous FeCoCr was linked to an inhomogeneous strain within the films. Therefore,

measurement of the film strains directly by using XRD technique is required for future

works to obtain the level of strains within the FeCoCr films.

This work also can be extended to provide a comprehensive study on the role of Cr

substitutions to the Hc, Hk and λs for wide ranges of Cr concentrations i.e until at.%30

Cr. Study the magnetic damping with wide range of thickness (5 nm ≤ t ≤ 100 nm)

would be interesting to explore the thickness dependence on mechanism of magnetic

damping in FeCoCr films. As the data of mechanical properties; Young’s Modulus and

the Yield strength, particularly the FeCoCr thin films have not been published until to

date, by investigating these parameters for wide range of thickness more than 2 µm in

the future research would be useful to provide more understanding and information on

the mechanical behaviour of this soft amorphous magnetic materials.
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[202] A Ruiz-Calaforra, T. Brächer, V. Lauer, P. Pirro, B. Heinz, M. Geilen, A. V.

Chumak, A. Conca, B. Leven, and Hillebrands. B. The role of the non-magnetic

material in spin pumping and magnetization dynamics in nife and cofeb multilayer

systems. Journal of Applied Physics, 117:163901, 2015.

[203] T. Osaka, M. Takai, K. Hayashi, K. Ohashi, M. Saito, and K. Yamada. A soft

magnetic conife film with high saturation magnetic flux density and low coercivity.

Nature, 392:796–798, 1998.

[204] N. D. Ha, M. H. Phan, and C.O. Kim. Influences of rapid annealing and substrate

temperature on the magnetic properties of Co-Fe-V films. Journal of Applied

Physics, 99(8):10–13, 2006.

[205] S. Ohnuma, H. Fujimori, T. Masumoto, X. Y. Xiong, D. H. Ping, and K. Hono.

FeCo-Zr-O nanogranular soft-magnetic thin films with a high magnetic flux den-

sity. Applied Physics Letters, 82(6):946–948, 2003.

[206] K.I Arai and K. Ishiyama. Recent developments of new soft magnetic materials.

Journal of Magnetism and Magnetic Materials, 133:233–237, 1994.



Bibliography 192

[207] R.S. Sundar and S.C Deevi. Influence of alloying elements on the mechanical

properties of FeCo–V alloys. Intermetallics, 12:921–927, 2004.

[208] S.M. Han, Shah. R., R. Banarjee, G.B. Viswanathan, B.M. Clement, and W.D.

Nix. Combinatorial studies of mechanical properties of ti–al thin films using

nanoindentation. Acta Materialia, 53(7):2059–2067, 2005.

[209] S. Hadjiyiannis G. Skordaris K.D. Bouzakis, N. Michailidis and G. Erkens. The

effect of specimen roughness and indenter tip geometry on the determination ac-

curacy of thin hard coatings stress–strain laws by nanoindentation. Materials

Characterization, 49:149–156, 2003.

[210] D.Chicota, M.Yetna N’Jocka, E.S.Puchi-Cabrera, A. Iost, M.H.Staia, G.Louis,

G.Bouscarrat, and R.Aumaitre. A contact area function for berkovich nanoinden-

tation: Application to hardness determination of a tihfcn thin film. Thin Solid

Films, 558:259–266, 2014.

[211] G.Feng, W.D. Nix, Y. Yoon, and C. J. Lee. A study of the mechanical properties

of nanowires using nanoindentation. Journal of Applied Physics, 99:074304, 2006.

[212] R. Gaillac, P. Pullumbi, and F.X Coudert. Elate: an open-source online application

for analysis and visualization of elastic tensors. Journal of Physics: Condensed

Matter, 28(27):275201, 2016.

[213] Anthony C. Fischer-Cripps. Nanoindentation [electronic resource] 3rd ed. Me-

chanical engineering series (Berlin, Germany). Springer, 2011.

[214] A. Bolshakova and G. M. Pharr. Influences of pileup on the measurement of

mechanical properties by load and depth sensing indentation techniques. Journal

of Material Research, 13:1049–1058, 1998.

[215] N. Moharrami and S. J. Bull. A comparison of nanoindentation pile-up in bulk-

materials and thin films. Thin Solid Films, 512:189–199, 2014.

[216] S.R. Kalidindi and S. Phatak. Determination of the effective zero-point and the

extraction of spherical nanoindentation stress-strain curves. Acta Materialia, 56:

3523–3532, 2008.



Bibliography 193

[217] J.S. Field and M.V. Swain. Determining the mechanical properties of small vol-

umes of material from submicrometer spherical indentation. Journal of Material

Research, 10(19):101–112, 1995.

[218] M. Beghini, L. Bertini, and V. Fntanari. Evaluation of the stress–strain curve of

metallic materials by spherical indentation. International Journal of Solids and

Structures, 43(7):2441–2459, 2006.

[219] X.D. Liu, M. Nagumo, and M. Umemoto. The hall-petch relationship in nanocrys-

talline material. Materials Transactions JIM, 38:1033–1039, 1997.

[220] A. E. Giannakopoulos and S. Suresh. Determination of elastoplastic properties by

instrumented sharp nanoindentation. Scripta Materialia, 40:1191–1198, 1999.


	Abstract
	Acknowledgements
	Conferences and Publications
	List of Figures
	List of Tables
	Symbols
	Abbreviations
	1 Introduction
	1.1 Soft Magnetostrictive Materials
	1.2 Thesis Outline

	2 Theoretical Background
	2.1 Classification of Magnetic Materials
	2.1.1 Temperature Dependence of Magnetic Materials

	2.2 Magnetization Process and Magnetic Energies
	2.2.1 Magnetostatic Energy
	2.2.2 Magnetocrystalline Energy
	2.2.3 Exchange Energy
	2.2.4 Magnetoelastic Energy
	2.2.5 Zeeman Energy

	2.3 Magnetization Damping
	2.4 Magnetic Anisotropy for Amorphous Materials
	2.5 Induced Anisotropy
	2.5.1 Magnetic Annealing
	2.5.2 Roll Anisotropy
	2.5.3 Stress Annealing

	2.6 Magnetostriction Principle
	2.6.1 Magnetostriction for Different Materials
	2.6.2 Surface Magnetostriction

	2.7 Theory on Nanoidentation for Measuring the Mechanical Properties

	3 Literature Review
	3.1 Structural, Magnetic and Magnetostrictive of FeCo
	3.1.1 Effect of Fe and Co Compositions
	3.1.2 Effect of Annealing
	3.1.3 Effect of underlayer/multilayers films
	3.1.4 Effect of Additives

	3.2 Magnetostrictive materials of Fe-X based (X=Tb,Dy,Ga)
	3.3 Measurement Techniques of Magnetostriction
	3.3.1 Direct Measurement
	3.3.1.1 Strain Gauge Technique
	3.3.1.2 Capacitance Method

	3.3.2 Indirect Measurement
	3.3.2.1 Cantilever Deflection Method
	3.3.2.2 Strain-Modulated Ferromagnetic Resonance (SMFMR)


	3.4 Ferromagnetic Resonance studies on FeCo-based thin films
	3.5 Mechanical Properties of FeCo-based Films

	4 Experimental Techniques
	4.1 Film Fabrication
	4.1.1 Sputtering Principle

	4.2 Thin Film Growth and Film Stress
	4.2.1 Modes of Film Growth and Microstructure
	4.2.2 Stress in Thin Film
	4.2.3 Deposition of Films by Nordiko Sputter System
	4.2.4 Substrate Preparation and Thin Film Deposition
	4.2.5 Thickness Calibration

	4.3 Atomic Force Microscopy (AFM)
	4.4 Scanning Electron Microscope and Energy Dispersive X-Ray (SEM-EDX)
	4.5 X-Ray Diffraction (XRD)
	4.6 Transmission Electron Microscope (TEM)
	4.7 Magneto-Optical Kerr Effect (MOKE)
	4.8 Measurement of Magnetostriction by the Villari Effect
	4.9 Measurement of Damping Properties by Vector Network Analyzer and Ferromagnetic Resonance (VNA-FMR)
	4.10 Measurement of Saturation Magnetisation by SQUID-VSM Technique
	4.11 Measurement of Mechanical properties by Nanoidentation
	4.11.1 System Calibration
	4.11.2 Sample Mounting


	5 Characterisation of FeCo and FeCoCr films under different sputtering conditions
	5.1 Introduction
	5.2 Structural Properties of FeCo
	5.3 Structural Properties of FeCoCr
	5.4 Compositional and Structural Studies by SEM- EDX and TEM
	5.5 Morphology Studies of FeCoCr by AFM
	5.6 Studies on Magnetic Properties
	5.6.1 Magnetic Properties of FeCo
	5.6.2 Magnetic Properties of FeCoCr films

	5.7 Magnetostriction Studies on FeCo and FeCoCr
	5.7.1 Summary


	6 Structural, Magnetostrictive and Magnetic Damping Properties of Soft FeCoCr Thin Films 
	6.1 Introduction
	6.2 Sample Fabrication
	6.3 Compositions Analysis by EDX
	6.4 Structural Analysis by XRD
	6.5 Magnetic Properties of FeCoCr films
	6.5.1 Magnetic Properties by MOKE
	6.5.2 Magnetic Properties by SQUID-VSM

	6.6 Magnetostriction Analysis
	6.7 Ferromagnetic Resonance Analysis by VNA-FMR
	6.8 Comparison between FeCoCr and other Soft Magnetic Materials
	6.9 Summary

	7 The Mechanical Properties of FeCo and FeCoCr thin films using the Nanoindentation Technique
	7.1 Introduction
	7.2 Sample Preparation of Thick Films
	7.3 Nanoindentation Measurement
	7.4 Mechanical properties of Si substrate
	7.5 Mechanical properties of FeCo thin films
	7.6 Mechanical properties of FeCoCr thin films
	7.7 Elastic recovery of FeCo and FeCoCr films
	7.8 Analysis of the Material Effect
	7.9 Yield Strength of FeCo and FeCoCr films
	7.10 Summary

	8 Conclusion and Future Work
	8.1 Conclusions
	8.2 Future Works

	Bibliography

