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Abstract

The rare earth elements neodymium, samarium, terbium and dysprosium are predominantly
mined in China (>95%) there wild prices fluctuations in 2011 as a result of Chinese govern-
ment policies undermined confidence in the security of rare earth supplies. There is a need for
a new magnet with little or no rare earth to fill the magnet gap between ferrite and Nd-Fe-B,
to be used for intermediate energy applications. In this thesis, a novel magnet aimed at inter-
mediate energy applications is investigated (100 < (BH )max < 200 kJ/m?). Two approaches
are used in order to fill this gap which are (1) atomic substitutions in known uniaxial materi-
als with high Curie temperature with a view to reducing materiel’s cost or improving process
ability (2) finding a new compounds from Heusler family.

Chapter 1 is an introduction focused on the evolution of magnets over the centuries and
the intrinsic and extrinsic requirements for a new gap magnet. The requirements are high
saturation magnetization (Ms), Curie temperature (7¢), anisotropy constant (K) , coercivity
(H.), demagnetizing/stray field (Hy) and maximum energy product ((BH)max) - All these
terms are explained in detail. Chapter 2 is about experimental procedures which are used in
this thesis which are mechanical alloying, ball milling, X-ray diffraction, advance microscopy
(SEM and TEM), SQUID magnetometry and Mossbauer spectroscopy.

In Chapter 3, Fe-doped La(Cos_Fey) and Lay(Co7.xFex) with 0 < x <1 were prepared by
ball milling. LaCos and La,Co7 are good candidate as La is surplus and substitution of iron
for cobalt on 3g site would increase the saturation magnetization while it will decrease its
price. In order to achieve the optimum grain size for a high coercivity the ball to powder ratio
was varied. Powder samples were annealed from 700 to 950°C for 1 to 10 minutes under high
vacuum in order to find the magnetically optimum condition. The crystallographic, magnetic
and microstructure properties of bulk and of powders of these compounds were investigated
in detail. Further the °’Fe Mossbauer spectrum is also analyzed for LaCo4Fe;.

Chapter 4 is about the optimization of the magnetic properties of nanostructured Y-Co-Fe
alloys for use as permanent magnets. First, the magnetic and crystallographic properties were
analyzed for samples which were rapid thermal annealed under argon (800°C and 1050°C for
1-5 min) . Later, the magnetic hysteresis of ball-milled YCos_4Fex powder with 0 < x < 0.5
was optimized by controlling the temperature and time for rapid annealing under vacuum (800
and 850°C for 2-3 min) and argon (800°C only 1-3 min). The magnetic properties were inves-
tigated for these powders which were embedded in epoxy, with some of these aligned under 5
T. The microstructure and crystalographic properties were investigated as well. Several ball-

milled YCo4 gFeg > powders were prepared in order to investigate the reproduciblity. Some



batches were used to press solid sample with or without the presence of magnetic field and
with pre- or post-vacuum annealing procedure. Moreover, polymer bonded and directional
solidified YCo4 gFe(, were investigated.

A high-throughput approach with computational screening has the potential to identify
those alloys that have a sufficiently high magnetocrystalline anisotropy, which show tetragonal
distortion and meet the criterion of being sufficiently low-cost for permanent magnet applica-
tions. In Chapter 5, thirteen new candidate magnetic Heusler alloys areCo,MnTi, Fe,CuGa,
NipyFeGa, Mn,PtPd, Mn;PtCo,Mn;,PtV, Rh,VSn, Rh;FeSn, Fe;MoSi, Co,NiSi, Mn;CoCr,
Fe,CoB and Mn;PtRh which were identified by Prof. Sanvito’s group. All these alloys have
been prepared in order to investigate new possible rare-earth-free magnetic materials, which
have a uniaxial crystal structure and anisotropy. In this chapter the results of the ab-initio
calculations and magnetic and crystallographic characterization of these alloys are compared
with the experimental results.

Chapter 6 is about the Mn-Ga based alloys which are currently of the focus of two intercon-
nected topics in magnetism; permanent magnets and spintronics. In particular, MngGas is an
interesting binary compound which often appears as a secondary phase that can significantly
influence the formation and magnetic properties of the main MnGa or Mn3zGa, with tetrago-
nal L1¢ phase. In this chapter, the structural and magnetic properties of the binary MngGas
compound are investigated experimentally and by using density functional theory for the first
time. Ab- initio calculations are performed by Dr. Z. Gercsi. The magnetic and structural
properties of binary MngGas were investigated under different annealing conditions in an ef-
fort to obtain the 07,0, and o3 phases which were defined in a revised Mn-Ga phase diagram
based on differential scanning calorimetry.

Finally, in chapter 7, the results were summarized and future work is described.
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Glossary

Anisotropic: A material having a preferential direction of magnetic orientation, oriented.
Annealing: Heating the material uniformly; the time and temperatures required in the process
are set.

Coercivity: The reverse field needed to reduce the magnetization to zero.

Curie temperature: The temperature where the long range order of the magnetic moments
vanishes.

Demagnetizing field:H-field, arises due to normal component of magnetization, has opposite
direction to the magnetization.

Energy product: The area of the largest rectangle that can be inscribed under the normal curve.
Product maximally attainable with a material made out of flux density B and field strength H.
Isotropic: A material having identical values of magnetic property in all directions.
Magnetization: Magnetic dipole moment per unit volume of material.

Quenching: Shock cooling by immersing in ice water or in atmosphere.

Remanence: Magnetization remains when the applied field is restored to zero.

SEM: Scanning electron microscopy.

Sintered magnet: A compacted powder which is subjected to a heat treat operation where the
full density and magnetic orientation is achieved.

Soak: Heating an alloy, to a temperature not far below its melting temperature and holding it
there for a long time to eliminate segregation that occurred on solidification.

Stray field: Equivalence of demagnetizing field in surrounding volume of a magnet.

SQUID: Superconducting quantum interference device.

TEM: Transmission electron microscopy.

Working point: Where the load line intersects the B:H loop or the magnet subject only its
demagnetizing field.
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Chapter

Introduction

Our true mentor in life is science.

M. K. Atatiirk

1.1 A brief introduction to magnetism

Magnetism and quantum mechanics are inseparable because it is not possible to create a
magnetic moment in thermal equilibrium in a classical system, even under a magnetic field.
The magnetic moment m is the elementary quantity of solid-state magnetism. Intrinsic mag-
netic moments of a free atom are associated with the spin of each electron and with the elec-
tron’s orbital motion around the nucleus. There is also a change in the orbital moment induced
by an applied magnetic field. The first two effects give paramagnetic contributions to the mag-
netization, and the third gives a diamagnetic contribution. Para- and dia-magnetism are mostly
weak contributions to magnetism. Paramagnetism is the case where the individual atomic mo-
ments Uy, are randomly oriented and they don’t interact each other. In this case ) i, =0 in
zero field. These uncoupled magnetic moment can be aligned under the applied field depend-
ing on thermal agitation. This weak field-induced magnetization behavior defines a paramag-
net. However, diamagnetism is not a matter of aligning preexisting atomic magnetic moments
but it is rather an electronic response to B. According to Lenz’s law when an electrical circuit
is changed, an induced (diamagnetic) current is set up in such a direction as to oppose the flux
change. The magnitude of the dimensionless susceptibility is ==10~% — 10~ (ST units) and it
is positive for paramagnetic and negative for diamagnetic materials. Susceptibility is given by

Eq. 1.1;
_ HoM

5 (1.1)

14



1.1. A brief introduction to magnetism 15

where B is the macroscopic magnetic field intensity.

Alternatively, the atomic dipoles may couple to each other and align so Y i, 7 0 even in the
absence of an applied field. These ordered magnetic configurations are called ferro-, antiferro-
or ferrimagnetic. The spontaneous magnetization of a ferromagnet is the result of alignment of
the magnetic moments of individual atoms. In an antiferromagnet, the atomic moments form
two equivalent but oppositely oriented magnetic sublattice with Mg = 0. A ferrimagnet has a
non-zero spontaneous magnetization Mg due to the imperfect compensation of the inequivalent
sublattices (i.e M4 # Mp). Most of the useful magnetic oxides are ferrimagnets. All magnet-
ically ordered materials are characterized by a long-range ordering atomic moments, even in
the absence of an external field. This order vanishes above an ordering temperature called the
Curie temperature 7¢ in a ferromagnet, where the spontaneous magnetization vanishes and the

material becomes paramagnetic. Above T¢, susceptibility defines in Eq 1.2;

(1.2)

where C is Curie constant and its value of order 1 K. Sixteen elements are ferromagnetic, but
only four of them are still magnetically ordered at room temperature (Fe, Co, Ni, Gd) [1-5].
Permanent magnets have the remarkable ability to create a magnetic field with no continual
electric current or energy cost. Once magnetized, the material retains its magnetic state al-
most indefinitely! Lodestone is the permanent magnet that can be found in nature. It is rich in
magnetite (FezO4) and the stones were naturally magnetized by the huge electric currents in
lightning strikes. It has been well known from the ancient times [1]. Steel needles have been
used for a thousand years and their fabrication is described by Shen Kua around 1088. Before
1951, inexpensive steel permanent magnets could be made only in awkward shapes such as
needles, bars and horseshoes in order to avoid self-demagnetization. Horseshoes were popu-
larized by Daniel Bernouilli after 1743, and bar magnets were manufactured commercially by
Gowind Knight from 1744 [1, 6]. With the discovery of electromagnetism in the early 19th
century by Ampere and the formalism of Maxwell’s equations, the link between mechanical
work and electromagnetism was set up and sophisticated electric motors and generators based
on electromagnets were produced by the end of the 1800s [7]. In the first half of the 1900s,
most permanent magnets were Fe-based alloys such as FeCo [8,9]. In the mid 20th century,
Alnico nanostructured Fe-Co alloy in a AI-Ni matrix became the standard permanent magnets
in industry with superior properties compared with previously available steel magnets [10,11].
Here, FeCo needles with demagnetizing factor (Sec. 1.3) .4 = 0, embedded in a NiAl matix,

are obtained by thermal treatement in a magnetic field.
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A breakthrough occured at Phillips in 1951 with the discovery of ferrimagnetic hexagonal
ferrites. Ferrite has a larger magnetocrystalline anisotropy and coercivity H, than the previous
permanent magnets and it even exceeds its spontanoues magnetization Mg (H, > M;). This
meant that the shape barrier is broken! Breaking the shape barrier gave free rein to the imagi-
nation of magnetic circuit designers [12, 13]. Nowadays, about one million tons of SrFe;>,O19
and related hexagonal ferrites are produced every year [6].

A purpose of a magnet is to store magnetostatic energy and create as much flux as possible in
the surrounding area. The ideal magnetic material exhibiting an M(H) loop that has the form of
a square, can be made in any desired shape without demagnetizing itself (Fig. 1.1). Permanent
magnets require the presence of large coercive forces and in turn requires the presence of
magnetocrystalline anisotropy. The larger anisotropies can be obtained by rare-earth-base
materials, where this property originates from a combination of the crystal-field interaction of
the 4f electrons with the electrostatic charge of the surrounding ions and the relatively strong
spin-orbit interaction of the 4f electrons [14]. Another significant breakthrough came in the
1960s with the discovery of rare-earth permanent magnets in several rare-earth-cobalt (R-Co)
intermetallic RCos type compounds [10, 15]. SmCos has the CaCus structure which exhibits
high uniaxial anisotropy (K| = 17.2 MJ/m?) and M, = 860 kA/m [6,16]. It was relatively easy
to fabricate magnets from this material with H. > M;. Energy product is calculated from the
area of the largest rectangle that can be inscribed under the normal curve as is shown in Fig.
1.1 and it is the figure of merit for a permanent magnet. It can be achivied up to 230 kJ/m? for
SmCos [6].

Rare-earth permanent magnets are a remarkable success story. Since the discovery of
Nd;Fe4B-based magnets in 1984 [17], production has grown to 80 — 100 kt/year as the mag-
nets first revolutionized the design of the voice-coil actuators and spindle motors used in hard
disc drives, and have been adopted for numerous other applications where magnets having
high energy products are required. The best experimental value is 470 kJ/m>® compared to
the 512 kJ/m? theoretical limit [17, 18]. The alloy is largely composed of iron, which is very
cheap and has a large ferromagnetic moment, with a relatively small amount of an abundant
light rare earth (Nd) to boost the magnetization and provide much of the anisotropy. On the
other hand, it has two drawbacks; the low Curie temperature of 588 K and the relatively small

value of magnetic hardness parameter k¥ = 1.54 which is given by Eq. 1.3 where K is anis-

K = /Kt a2 (1.3)

Since, the Curie temperature of sintered Nd,Fe 4B is only 588 K, (315°C), cobalt and heavy-

toropy constant.

rare-earth (HRE) substitution (for example, dysprosium (Dy) or terbium (Tb)) are used to pro-
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Figure 1.1: Ideal hysteresis loops for a permanent magnet: (a) an M(H) loop and (b) a B(H) loop [12].

vide magnet stability at the elevated operating temperatures of 100 — 200°C for application in
the rapidly-developing renewable energy sector, where the motors for electric vehicles and the
generators in wind turbines require strong magnets with the ability to operate at temperatures
well over 100°C. Demand for Nd-Fe-B based magnets is approximately 60% of the total ac-
cording to the estimated breakdown of the world market for permanent magnets in 2010 [12].
Currently, the rare earth elements neodymium, dysprosium and terbium are predominantly
mined in China (>95%). Exports are being restricted as a result of an expanding domestic
market and a policy of relocating magnet manufacturing to China, thereby multiplying the
costs of raw materials for magnet manufacturers in Europe. In accordance with EU objec-
tives, it is important to remove, or greatly reduce, the need for heavy rare earths in permanent
magnets [19]. The aim is to develop a new material for oriented, dense magnets with proper-
ties intermediate between sintered ferrite and sintered Nd — Fe — B. There is a huge potential
market opportunity for a new material with a suitable combination of coercivity (H.), Curie
temperature (7¢) and remanence (B;), which could fill the gap between Nd — Fe — B and ferrite

magnets and it will be discussed in section 1.10.
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H (A m-)

Figure 1.2: The hysteresis loop of ferromagnet where saturation magnetization is intrinsic and remanence and
coercivity are extrinsic properties [1]

1.2 The ferromagnetic hysteresis loop

The essential characteristic of any ferromagnetic material is the irreversible nonlinear re-
sponse of magnetization M to an applied magnetic field H. Magnetization is the magnetic
dipole moment per unit volume of material (A/m in SI units). The applied field serves to
reveal the spontaneous ferromagnetic order that already exists on the scale of microscopic do-
mains. These domain structures are illustrated schematically on the hysteresis loop of Fig. 1.2
for the unmagnetized state at the origin, the saturated state where M = Mg, the remanent state
in zero field where M = M; and the state at H = H., the coercive field where M changes sign.

Saturation magnetization (M), Curie temperature (7¢), anisotropy constant (K) are intrinsic
properties which are due to the atomic and crystal structure and magnetic domain microstruc-
ture. Coercivity (H.), demagnetizing field (Hy) and maximum energy product ((BH )max) are
extrinsic properties of a permanent magnet and they depend on sample shape, surface rough-
ness, microscopic defects and thermal history. In order to understand these properties, first
these concepts will be investigated: Demagnetizing field, spin- orbit coupling, crystal field,

localized and delocalized magnetism and exchange interaction [1].

1.3 Demagnetizing field, Hqy

The H-field is the known magnetic field strength and the relation with magnetic flux density

in free space is;
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B = uoH (1.4)

In a material medium, the curl of B is related to the total current density according to

Ampere’s law and is defined;

V X B = lo(je +im) (1.5)

where j. is the conduction current in electrical circuits and j,, is the Amperian magnetization
current associated with the magnetized medium and it can not be measured experimentaly.
This current is related to the intrinsic spin of the electron and is defined by the curl of the

magnetization, M in the equation 1.6.

Jn=V xM (1.6)
In order to retain Ampere’s law in useful form, H-field is defined as,

-2 _u (1.7)
Uo '

and Eq. 1.8 is deduced from Eq. 1.6 and Eq. 1.7.

V x H=j, (1.8)

Any magnet can produce an H-field in the space around it, which is called the stray field
or within its own volume which is called the demagnetizing field, H;. In free space M =
0 so B = upH from eq. 1.7 where B and H are indistinguishable apart from the constant
Uy which equals 47x10~7 Tm/A. H and M have same units which are A/m and magnetic
flux density B has unit T (1 Oe = 80 A/m). H-field arises due to the normal component of
magnetization on external or internal surfaces (V.M# 0) which creates a magnetic charge
density or poles, which are conservative (VxH =0, o, =M-&). Inside the magnet, B-field
and H-field are oppositely directed as illustrated in Fig. 1.3. According to Gauss’s law, the
B-field is divergenceless V. B = 0 which means there are no magnetic monopoles so the B -
field should have a continous closed loop and create stray field in surrounding volume [1, 20].

Up to the mid 20th century, inexpensive permanent magnets were made in awkward shapes

such as needles, bars and horseshoes to avoid self-demagnetization. The reason for this is the
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Figure 1.3: B and H fields are produced by a uniformly magnetized of material with magnetization M. The
relation is shown for point 'P’. The demagnetizing field is illustrated [21].

’ Shape \ Direction \ N ‘
Long needle | // to axis | L toaxis | 0 | 1/2
Thin film | /toaxis | Ltoaxis | 0| 1
Sphere Any direction 1/3

Table 1.1: Demagnetizing factors for simple shapes [1]

demagnetizing field Hq. The relation between H; and M in a magnet is given by Eq 1.9
H;=—- /M (1.9)

for a uniformly-magnetized ellipsoid with magnetization M where .4 is the demagnetizing
factor which depends on shape and takes a value between O and 1 which is given in Ta-
ble 1.1. The sum of the demagnetizing factors for three principal axis equals 1 and A =
1/2(1 =4 ). Anideal magnet sould be prepared in any desired shape which means Hc > Ms.
But it doesn’t mean that the magnet should be prepared in order to minimize H; which is also
responsible for the stray field outside the magnet volume. It is the stray field which is chan-
neled in a magnetic circuit to provide the forces, torques, electromotive forces or voltages on

which magnet applications depend [1,6, 12, 18]

1.4 Spin- orbit coupling

The magnetic moment of an electron is due to its orbital angular momentum /% (Eq. 1.10)

and its spin angular momentum s#% where g = 2 for spin magnetic moment. So, the total
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moment of an electron is equal to -ug(l+ 2s).

eh
M=-g5 I=—ugl (1.10)
Me

In the absence of a magnetic field, the hydrogen atom energies depend only on a principical
quantum number, n. However under a magnetic field a splits occurs in energy levels and con-
sequently in spectral lines as is shown in Fig. 1.4 due to the interaction between the magnetic
field and the magnetic dipole moment associated with the orbital angular momentum. Here,
each energy level splits into 2 x (2/ + 1). However, this effect cannot explain the doublet
observed from Na atoms as the spin concept was not known yet. Doublets can be explained by
fine structure which is due to electron spin and relativistic corrections to the non-relativistic
Schrodinger equation (for s-orbital, [ =0, j = +1/2, for [ #0, j =1+ 1/2).

From the electron’s electrocentric point of view, the nucleus revolves around it with speed,
v. The spin—orbit interaction is due to this magnetic field, acting on the intrinsic magnetic
moment of the electron where / and s align oppositely. The spin and orbital moment of an
electron interact even in the absence of a magnetic field and the interaction is represented by
the spin—orbit Hamiltonian in Eq. 1.11 [1].

According Hund’s third rule, A > O for the first half of the 3d or 4f series and A < 0 for the
second half. This arises due to the half filling of these shells.

H = (AJH?)L.S (1.11)

This spin-orbit interaction depends on atomic number, Z. While it is weak for light elements,
it becomes important for heavy elements.

When an atom interacts with magnetic field where spin-orbit coupling is included, energy
levels and spectral lines are split as shown in Fig. 1.4, the energy levels into its 2/ + 1 config-
urations. It is called the Anomalous Zeeman effect and its Hamiltonian .77 is defined in Eq.
1.12.

Hz = (up/h)(L+28).B = (up/n)(J+S).B (1.12)

1.5 Crystal field

Free ions are non magnetic if their electronic shells are filled and there is a magnetic moment
if it has partly- filled shells. Its magnetic moment is related to the angular momentum, m =

-g(up/h)J where J is the total angular momentum which is defined by Hund’s rules. When an
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Figure 1.4: Splitting of spectral lines under zero and applied field

ion or atom is in a solid, its electronic charge distribution py(r) interacts with the surrounding
charges in the crystal due to the Coulomb interaction. Orbital angular momentum, L for 3d
ions in a solid is strongly quenched and the magnitude of the moment is only from spin. The
distribution of charge, po(r) produces a potential, @.¢(r) outside the ion so the crystal field

Hamiltonian is defined in Eq. 1.13.

Hoep= / Po(D)Pey (r) dr (1.13)

The complete Hamiltonian of an ion in a solid is written as;

H =0+ H 5o+ Hcp+ 57 (1.14)

where .77 is the Coulomb interaciton among the electrons and between the electrons and

the nucleus, giving rise to the total spin and angular momentum and it is given by Eq. 1.15:

Ho=Y [—(h*/2me)V? — Ze* /ameor| + ) € [4mepr (1.15)
1 1<J

In equation 1.14, 7, is the spin-orbit and .7¢ 7 is the Zeeman term which were defined in
Eq. 1.11 and 1.12 respectively.

In Table 1.2 the energy of each component is shown in terms of K for 3d and 4f ions in
solids where spin-orbit interaction for 4f electrons is stronger. The crystal field modifies the
structure of the lowest spin, m; or total quantum number m; which are split by the Zeeman
interaction and it introduces a single-ion anisotropy.

An atomic orbital of an electron is a mathematical function which can be used to calculate

the probability of finding an electron of an atom in any specific region around the atom’s
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| 0K | A (K) | A (K) | A7z (K) |
3d | 1-5x10* | 10%-10° | 10%*-10° 1
4f | 1-6x10° | 1-5x10% | ~3x10% 1

Table 1.2: Typical magnitudes of energy terms for 3d and 4f ions in solids. 7z is for 1 T [1].

nucleus. It is the solution of the Schrodinger equation for a hydrogen-like "atom" in polar
coordinates and it contains radial and angular distribution functions (spherical harmonics).
The angular distribution probability for electrons in s-orbitals is uniform and it has spherical
shape as m; = 0. There are three distributions for p-orbitals, / = 1, m; = 0, &1 which are
Px> Dy, Pz. There are five distributions for d-orbital (I = 2, m; = 0, &1, £2) of which three
of them are ty, orbitals (dxy, dy, and d,x) and two of them are e, orbitals (dxz_yz, 32 p2)
which are non-degenerate when there is a cubic crystal field symmetry. These orbitals have
the same energy or are degenerate for an isolated atom or ion. However, these energies are
split in a crystal according to the arrangement of their neighboring atoms (Fig. 1.5). 3d
electrons can be localized in oxides or in other ionic compounds, where their most common
coordination is six-fold which means six ions form a six fold (octahedral) structure or a four-
fold (tetrahedral) structure. If the crystal structure is undistorted, the coordination of 3d ion
has a cubic symmetry. In a octohedral crystal field the energy of the e, orbital is higher than t;,
and usually this difference is symbolized by /(. The energy of these orbital can change under
a tetragonal distortion such as Jahn- Teller distortion on octahedral site and it changes the value
of /g . This value can be changed also in many electron states. The lowest-energy state of a
multielectron free atom or ion is defined by Hund rule and the hierarchy of interactions is ">
I op > Hso for 3d and o> I s> F oy for 4f ions [1]. However in a crystal, the overlap
of orbitals creates the ligand field and their intense electrostatic fields sometimes manage to
overturn Hund’s first rule and drive the ion into a low-spin state. Octahedral transition- metal
ions with electron configuration d Va2, @3, a8, d°, d'° can be filled according to Hund rule.
However d*, d°, d® and d’ may not always obey the first Hund rule (maximize 5). According
to this rule, one electron is added to each of the degenerate orbitals in a subshell before a
second electron is added to the same subshell. So, the last electron should be in e, for d*
which give the high- spin state (Fig. 1.5). On the other hand, the amount of energy needed
to excite an electron into the higher energy, e, orbitals could be too high and it can prefers to
pair electrons in the tp, orbitals which will lead a low- spin state [22]. Compounds with paired

electrons are diamagnetic and with one or more unpaired electrons are paramagnetic.
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Figure 1.5: Splitting of one-electron 3d energy levels in different cubic crystal fields; 2p levels are unsplit.

1.6 Localized and delocalized magnetism

Up to now, magnetism of a free atom can be explained by localized atomic electrons. Mag-
netism can be destroyed when these atoms form a solid due to the chemical interactions of the
outermost electrons which can occur in several ways: electron transfer to form filled shells in
ionic compounds, covalent bond formation in semiconductors and band formation in metals.

Free atomic iron has an electronic configuration (Ar) 3d%4s? where four of the 3d electrons
are unpaired which gives a spin moment of 4ug. However, in a solid, the outer 4s orbitals
first overlap to form a broad 4s-band, and then the smaller 34 orbitals forms a narrow band.
This results in 4s — 3d charge transfer, producing an electronic configuration in iron metal of
approximately (Ar) 3d7#45%®. The narrow 3d band has a tendency to split spontaneously to
form a ferromagnetic state if the Stoner criterion will be satisfied. For ferromagnetic bce a-Fe,
the electrons are perfectly paired in all the inner shells, and largely paired in the 4s-band. The
spin configuration of the 3d-band is approximately 3d1#834+%6 where the number of unpaired
spins is 2.2 (m = 2.2 ug). This behaviour of electrons in narrow bands can be explained in
two limits; localized and delocalized. In the localized limit, the Coulomb interaction of the
electrons are strong and transfer of electrons from one site to another is negligible. Here, the
magnetism is mainly governed by the atom (Hund’s rule). On the contrary, in the delocalized
limit, the electrons are confined in the solid but Coulomb interaction between nuclear charge
and electron is weak, of order 1 eV. Generally, 4f electrons and 3d electrons in insulating
compounds are localized and their inner 4f shell rarely participate in bonds. They have an
integral number of unpaired spins per atom (i.e. Ni’* 348, m = 2 up), discrete energy levels
for their strongly correlated electron shell, and it obeys Boltzman statistics.

The delocalized model (also called itinerant magnetism) describes the magnetic electrons by

wave-like extended states which form energy bands and obey Fermi—Dirac statistics. Here the
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magnetism comes from partial occupation of states, which differs between spin-up and spin-
down. There is a nonintegral number of unpaired spins on the ion core (i.e. Ni, 3d°*4s°°, m
= 0.6up) and spin polarized energy bands with strong correlations [1]. This model applys to
3d and 4d metals and alloys, and to their conducting compounds. Stoner theory of itinerant
electron magnetism is based on effects of exchange which can be treated with a molecular field
term [23]. Narrow band paramagnetism tends to have a higher susceptibiltiy as the density of
states at €r relates inverse of the band width. When the density of states is high enough,
it becomes energetically favourable for band splitting to occur spontaneously and the metal
becomes spontaneously ferromagnetic. This conditions are satisfied when the susceptibility
diverges spontaneously, in other words, I . Ny |(¢r) > 1 where Ny |(¢r) = D(€)/2n is the
density state per atom for each spin state. The Stoner exchange parameter I is roughly 1 eV for
the 3d ferromagnets. The exchange parameter has to be comparable to the width of the band
for spontaneous splitting to be observed. The DOS of paramagnetic Fe and Ni is calculated by
James et al. [24] as it is illustrated in Fig. 1.6. Bce-Fe and fcc-Ni has has a narrow band at &f
and it satifies the Stoner condition for 1/I value is around 2 for Ni and 1.5 for Fe which means
the bands have a tendancy to split spontaneously. The structure of the d-band reflects the
crystal field splitting of the tp, and e; bands in 8-fold coordination bce or 12 - fold coordination
fcc structures, with bonding/antibonding splitting between the states and the singularities near
€r. Ferromagnetic metals have narrow bands and a peak in the density of states N(c) at or near
€r . Order arises from exchange interaction of spins on two adjacent atoms in the localized
case. In the delocalized case, it occurs due to the spin- split energy band. Therefore, there is
always a competition between FM and PM solutions, and magnetic properties are determined
by the state which has lowest energy [24]. Ferromagnetism is favored in systems with strong
exchange integrals and large densities of states at € . The moment disappears above the Curie
temperature in both models and it becomes disordered in the localized model as it goes to a
paramagnetic state.

Density of states are illustrated in Fig. 1.7 (a) for a metal with a finite density of states at the
Fermi energy, (b) for a spin resolved metal where both spin channels are identical and equally
occupied N4+ = N giving the non magnetic case. Fig. 1.7 (c) is for the ferromagnetic case
where the number of majority spin is higher than the minority (N+ > N|) and the magnetic
moment is defined by their difference, m = N - N| where its orientation with respect to the
crystal axes is defined by spin orbit coupling. Fig. 1.7 (d) is for a half- metallic ferromagnet
which behaves like a metal for one spin direction and like an insulator for the other spin
direction and a complete spin polarization can be achieved at zero tempreature when spin-

orbit coupling is vanishes. Fig. 1.7 (e) and (f) show the schematic densities of states for a
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Figure 1.6: (a) Density of states (DOS) as a function of energy relative to the Fermi energy € for the paramag-
netic Fe and (b) Ni in the bcc (solid line) and the fcc (dashed line) structures . [24]

weak and strong ferromagnet, respectively. In a strong ferromagnet, the splitting is sufficient
to push the df- subband completely below €F i.e. hcp- Co and fcc-Ni with a moment of 1.72
ug and 0.60 ug, respectively. On the other hand, bcc- Fe is a weak ferromagnet with both 3d

spin states at & and a moment of 2.2 Uy .

1.7 Exchange interactions

There is no long range magnetic order of individual atoms in the case of diamagnets and
paramagnets. The magnetic moment couple to each other to form a magnetically-ordered state
in ferro-, ferri- and anti- ferromagnets. This coupling occurs due to the exchange interactions
which is the overlap of electrons within Pauli’s exclusion principle. The symmetric (S = 0,
mg = 0) and antisymmetric (S = 1, mg = 0, £1) spin functions gives spin singlet and triplet
states, respectively. The exchange integral, J is related with the energies differences of singlet
(€7) and triplet states (&7) and it defined as J = (&-&;7) /2 . It can be written in energy in Eq.
1.16.

g =—2(J/1*)s1 .57 (1.16)

The additional Hamiltonian term for many-electron atomic spins S; and S, is defined in Eq.

1.17,
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Figure 1.7: Illustration of density of states (a) metal (b) spin resolved metal (c) ferromagnet (d) half metallic
ferromagnet [25] (e) weak ferromagnet bce Fe and (f) strong ferromagnet fcc-Ni [3]

H=-2J81.5, (1.17)

where S| and S, are dimensionless spin operators including % and the exchange constant, J
which has now units of energy and is often expressed in Kelvin, which can be obtained by
dividing J by kg. For J <0, the spin singlet (S = 0, 7|) has a lower energy, which indicates an
antiferromagnetic interaction. Ferromagnetic interactions arise when J > 0 (S = 1, 171). The

Hamiltonian from Eq. 1.17 can be generalized to Eq. 1.18 for a lattice.

A ==2Y JiSiS; (1.18)

i>j
This equation indicates the exchange interactions couple to the atomic spins. It can be applied
directly to the 3d elements where L = 0, J = §, orbital angular momentum is quenched due to
the crystal field and occurs in the rare earth ions, Eu?* and Gd™, so spin is a good quantum

number.
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1.8 Anisotropy

The magnetic anisotropy energy is given by Eq. 1.19.,

E,=K;sin?0+....... (1.19)

where 0 is the angle between the easy-axis direction and the magnetization, M, when the
anisotropy constant K| is positive. K; can be smaller than 1 kJm—> and more than 20 MJm 3
(Table 1.4). It depends on temperature and goes to zero at T if the applied field is zero. There
are three source of anisotropy which are the sample shape (shape anisotropy), crystal structure

(magnetocrystalline anisotropy) and atomic or micro-scale texture (induced anisotropy).

1.8.1 Shape anisotropy (Dipolar, two-ions)

The origin of shape anisotropy (dipolar, two- ion aniostropy) is the dipole-dipole interaction
which is long range interaction falling off as 1/r>. It depends on the sample shape. This
interaction is of order of 1 K. The dipole—dipole interaction energy in a solid, also called the

magnetostatic self-energy, is defined by Eq. 1.20.

1
En = / toH2d’r (1.20)
In a special case, for a uniformly magnetized elipsoid, the energy density per unit volume
equals,
1 2
Em = E,uo,/VMS (1.21)

The magnetization tends to adopt a configuration which minimizes its self-energy. For
an ellipsoid, the uniform magnetization lies along the axis where .#” has smallest value. The
shape anisotropy energy density is related with the energy difference /A€ of an ellipsoid which

is magnetized parallel and perpendicular to its easy axis and it equals to;

Aem:%qusz B(l—ﬂ)—ﬂ] (1.22)

and it gives the shape anisotropy constant in eq. 1.23 for prolate ellipsoid.

1
K = Zquf(l —3.4) (1.23)

The shape anisotropy constant, Ky, is O for a sphere as .#” = 1/3 and it has a greatest possible
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value for .4 = 0. It is fully effective for a single domain where the magnetization remains
uniform and rotates coherently. Alnicos are nanostructured two- phase magnets thermally
treated in a magnetic field with K, as a anisotropy source, where FeCo needles with .4 =
0 are embedded in NiAl matrix. For FeCo, K, can be as high as 1.2 MJIm 3 but this is not
enough to make them in any desired shape. The reason is that shape anisotropy can deliver
an anistropy field, H, (= 2Ky, / M) of at most half of the magnetization. Anisotropy field
sets an upper limit for coercivity, H. which is always much smaller than H, [1]. For that
reason the coercivity of oriented Alnico magnets (0.06-0.20 T) is insufficient to retain their
magnetization in any shape [26]. Moreover, shape anisotropy becomes important in thin films

and often produces in-plane alignment of moments [27].

1.8.2 Magnetocrystalline anisotropy (Single -ion)

Single -ion anisotropy is due to the spin-orbit coupling and crystal field (@.f(r)) where the
field tends to stabilize particular orbitals and spin-orbit interactions align magnetic moments
in specific directions in the crystal These directions are related to the principal axes of its
crystal lattice. Magnetocrystalline anisotropy is an intrinsic property of a ferrimagnet, in-
dependent of grain size and shape. In can be most easily seen by measuring magnetization
curves along different crystal directions. Magnetswith an uniaxial crystal structure such as
tetragonal, rhombohedral or hexagonalhave a positive anisotropy constant, K| where the the
crystal axis is an easy direction. If K is negative, it is a hard direction. The magnetocrystalline
anisotropy is an intrinsic property. The leading anisotropy energy term is defined in Eq. 1.19,
and the anisotropy energy for cubic and hexagonal symmetries are given by eq. 1.24 and 1.25,
respectively. An easy axis or easy cone anisotropy appears for K| >0 and K, >0 or for K; <0

and K, > -K; /2. If both constants have negatives value, easy plane anisotropy arises.

E, =K (a3 + o503 +ogal) + Ko (0f g a3) (1.24)

where «; are the direction cosines of the magnetization direction relative to the cubic axes.

E, = K;sin?6 + K»sin*6 + K3sin6 + K3sin®0sin6¢ (1.25)

Saturating the magnetization along the easy axis is easier than along the hard axis because
the rotational symetry of the Hamiltonian is not preserved in the latter case. The easy axes
for cobalt is the [0001] or ¢ axis of the hcp structure and for iron it is a <100> of the bcc
structure as is shown in Fig.1.8. The existence of the anisotropy brings about the magnetic
hysteresis [1,28].
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Figure 1.8: Magnetization as a function of applied field for (a) single crystal cobalt (b) single bcc iron with
<I11> hard axis respect to the crystallographic axes [28]. (c) Influence of a applied field H,p, along the the
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The total energy can be written as a sum of the anisotropy and magnetostatic (€ = —m - B)
energies and it is given by Eq. 1.26 where 0 and « are the angles between the easy axis
and the magnetization and the easy axis and the applied field , respectively. The anisotropy
field H, is defined as the field needed to saturate the magnetization of an uniaxial crystal in
a hard direction (magnetization perpendicular to the easy axis) where o= /2. The Eq. 1.26
can be rewritten as eq. 1.27 for tetragonal and hexagonal systems without considering shape

anisotropy.
E = Kysin?0 — poMHcos(a — 6) (1.26)

E= Klsin29 +Kgsin29 — HoMHcos(a — 0) (1.27)

Minimizing E, dE /d 6 = 0 can be satisfied for 6 = +7/2 + 7n, giving the anisotropy field,
H, in Eq. 1.28 from Eq. 1.26 or Eq. 1.29 from Eq. 1.27.

Ha = ZKU/LLOMS (1.28)
2K + 4K
g, — 1Ak (1.29)
HoM;

Experimentally, the anisotropy constant can be found from the intersection of the magne-
tization curves measured parallel and perpendicular to the easy axis, if the K, is negligible,
(Fig. 1.8 (d)) for a single crystal intersection. The anisotropy constants, K; and K, can be
deduced from a Sucksmith-Thompson plot of the hard-axis magnetization curve as H/M vs
M? [29] according the Eq. 1.30.

H, 2K 4K,
M M2 M}

M? (1.30)

However this method is not applicable for magnetic systems that are composed of different
sublattices [30] or of polycrystals [31-33]. The anisotropy constant K,, can be defined by using
the law of approach to saturation (Eq. 1.31)

M=M(1-=—-— —— — )+ xH (1.31)

The anisotropy constant K, equals to Eq. 1.28 for uniaxially polycrystalline materials and it
is derived from Eq. 1.31 [31].
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Figure 1.9: The anisotropy constants of alnicos (shape anisotropy) and hard, semihard materials. The solid and
dotted lines correspond to k = 1, 0.1 and x = 1/ 2, respectively. Hard materials in bright green can be used
to make efficient magnets of any shape where semihard materials (pale green area) have shape-limited energy
product [34]

2
b= x (1.32)
15 pgm?

Since tpM; ~ 1 T for a typical ferromagnet, H, can range from < 2 kA/m to >20 kA/m. Uni-
axial anisotropy is a prerequisite for permanent magnetism. In the absence of shape anisotropy,
the value of coercivity can not exceed 25% of H,. Materials with high magnetic anisotropy
usually have high coercivity; that is they are hard to demagnetize. A plot of the anisotropy
constant K as a function of polarization pM; is shown in Fig. 1.9 for a wide variety of

magnetic materials with uniaxial anisotropy.

1.8.3 Ordering temperature

The temperature at which the material undergoes the transition from disordered to ordered
magnetic moment is called the Curie temperature, T¢ for ferromagnetic material and the Neél
temperature, 7y for anti- and ferrimagnetic materials. Stoner calculated the magnetization
as a function of temperature in the free electron model. He consider no band splitting and no
moment above 7, so he found an unrealistically high Curie point kg 7¢ ~ €r. However in most
metallic ferromagnets, 7¢ is at least one magnitude of order smaller, as there is Curie-Weiss
like variation of the susceptibility above T¢ (Eq. 1.2). It means that the electronic correlations

do not disappear, but the local moments become disordered anprogressively destroyed by
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Figure 1.10: Spontaneous magnetization and inverse susceptibility as a function of temperature. The molecular
field predictions (grey) are compared with typical experimental data (black).

thermal fluctation when 7' >>7¢. Curie temperature can be found from the exchange integral,

J and it equals to Eq. 1.33

_27J8(S+1)
3kp
where Z 1s the number of nearest neighbours and § is the spin angular momentum e.g. for
gadolinium, Tc =292 K, S=7/2,Z=12so J/kg =2.3 K [1,35].
There is a discrepancy between the 7¢ calculated by molecular field theory and experimental

C (1.33)

value for nickel, as is shown in Fig. 1.9 [1,36]. The ferromagnetism is less stable at elevated
temperature than the molecular field theory,predicts, which leads an overestimate of 7¢ by as
much as factor of 2.

Thermal properties of ferromagnet are determined at 7 << T¢ by low energy excitations. In
the ferromagnetic ground state if one spin is flipped, all the atoms share out this spin reversal,
with periodic oscillation of their transverse spin orientation. The quantized spin waves are
called magnons and are the analogy of phonons, the quantized lattice waves. They obey a
Bose distribution as they are responsible for a change AMg = 1 in the whole system. M(T) is
given by Eq. 1.34 for ferromagnetic magnons at 7— 0 [1].

AM  0.0587, .1 3/?
= ( )
M, v 28 7
In Eq. 1.34, v equals an integer value 1, 2 or 4 for simple cubic, bcc or fec lattices and
the eq. 1.35 can be deduced from the Eq. 1.34 and Eq. 1.33. It is also called Bloch T3/2-

(1.34)
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law [37,38]. This effect can be found in all isotopic ferromagnets. However, it is harder to
destroy the magnetization at low temperature for anisotropic magnets where magnetization
align along an easy axis. So in that case, the magnetization deviates from the Bloch law.

3/2

M(T) =Mo(1 - (£)""%) (1.35)

The interactions between neighbouring electrons spin magnetic moments (exchange interac-
tions) is destroyed progressively by thermal interaction near 7¢ and the temperature depen-

dance of magnetization is given by Eq. 1.36.

M(T) ~ (T —T¢)P (1.36)

where f3 is a critical component. The Curie temperature of a material depends on the com-
position, particle size, pressure and orbital ordering. The spin fluctuations are dominant and
reduces Tc. Pressure decreases the volume, affects conduction electrons and the DOS [39].
Pressure can increase 7¢ if the exchange interaction will be enhanced due to a decrease of the
volume [40].

1.8.4 Coercivity

The Stoner-Wohlfarth model is a simple, soluble model for coercivity where uniform mag-
netization reversal is by coherent rotation. In the coherent rotation mode, at first the magne-
tization is uniform everywhere and it rotates coherently, increasing the stray field as it flips
through a configuration where the magnetization is perpendicular to the easy axis. It is ap-
plicable for single-domain systems as the magnetization in two domains would respond dif-
ferently to the field. A Stoner - Wohlfarth particle is a uniformly magnetized elipsoid with
uniaxial anisotropy of shape or magnetocrystalline origin in a field applied at an angle o to
the anisotropy axis [1].

Minimizing E in Eq. 1.26, dE/d0=0, for the magnetization in hard axis (a= 7 /2) gives the
Eq. 1.37,

JE
59 = (2K,sin® — poMH )cos6 =0 (1.37)
The component of magnetization which is parallel to the applied magnetic field, equals
M = Mcos(n/2—0) = —M,sin® as cos(-0) = cosO and cos(6 + /2) = -sinf. So, the equation

of sin@ = —M /M, and Eq. 1.28 can be substituted in Eq. 1.37 and the relation for M =
M (H/H,) can be derived. So, the hard axis magnetization changes linearly with applied field
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Figure 1.11: (a) Magnetization curves for the Stoner- Wohlfarth model for various angles o between the applied
field and the easy axis and a=0 and a=m/2 satisfy easy and hard axis magnetization. (b) Hysteresis loop for a
randomly oriented array of Stoner- Wohlfarth particles [1].

until it reaches saturation, as shown in Fig. 1.11 for a = 7 /2.

The angle between the easy axis and the applied field, o = O for the magnetization along
the easy axis. Minimization of E satisfy for 8 = 0 and n7w (Ms 11 Happ or Ms 1] Hypp). The
minima can be found where if °E/d8? > 0 and it equals to Eq. 1.38.

0%E 5 . 2
597 = 2K,co0s“0 — tgMsHcos0 — 2Ksin“6 > 0 (1.38)

Eq. 1.38 gives H < 2K, /M; for 6 =0 and H > -2K,/M; for 6 = -m. Hysteresis will arise
in the field range where these two minima are present (—2K,/Ms < H < 2K,,/Ms). Switching
is the irreversible jump from one minimum to another, which occurs when 9%E /0 62 =0. It
takes place in second and fourth quadrants, when o < 45° the switching field, Hg,, equals the
coercivity, H; . Otherwise when a > 45°, Hy,, > H.. The hysteresis loop is perfectly square for
the condition of @ = 0 (Fig. 1.11) and in this case the coercivity equals the anisotropy field;
H. = 2K,/ uoMs where K, is the sum of the magnetocrystalline anisotropy, K| and the shape
anisotropy, Ky (Eq. 1.23).

He = (2K, / toMs) + [(1 —3.4) /2] M (1.39)

An array of noninteracting particles with random distribution of anisotropy axes is a model
for a real polycrystalline magnet where the hysteresis loop is plotted in Fig. 1.11. Reduced
variables are defined as m = M /M, and h = H/H,. The reduced remanence, m, equals 1/2
and the reduced coercivity is h.= 0.482 for polycrystalline material with randomly-oriented

anisotropy axes. Anisotropic, magnetically-saturated and oriented magnets have the ratio of



1.9. Domains 36

my/mg bigger than 0.5 and it is in the range of 0.87 to 0.90 for SmCos, NdFeB and Fe, 03 [41].
The remanent coercivity Ay, defined as the reverse field needed to reduce the remanence to
zero, is 0.524 [1].

1.9 Domains

The Stoner- Wohlfarth model is working only in the ideal case where coherent reversal oc-
curs in single-domain particles (Fig. 1.12 (a)). However, all real materials are inhomogenous
with local defects and disorder, and magnetization reversal is initiated in a small nucleation
volume around a defect. Moreover, the fully magnetized state is metastable. So domain struc-
tures will be created in the material in order to reduce the magnetostatic energy which is due to
the stray field. The domain hypothesis was made first by Weiss and confirmed by Barkhausen
in 1919 [42,43]. He showed that the magnetization process in ferromagnets is discontinous.
Domains can be defined as a large regions of uniform magnetization in a macroscopic sample
which are seperated by planar regions (domain walls) where the magnetization rotates from
one easy direction to another. Domain formation helps to minimize the sum of the magne-
tostatic, exchange, magnetocrystalline, magnetoelastic and Zeeman energies. The first three
terms are always present, the fourth is the response of applied field and it defines the magneti-
zation process. A last term is due to the stress and the magnetostriction which can be neglected
here due to the small energy. Exchange energy tends to keep adjacent magnetic moments par-
allel to each other and it implies a cost of a change in the direction of magnetization. The
corresponding energy term is A(VM/M;)?. The exchange stiffness, A is related to the Curie

temperature, 7¢ and it is of order 10~ J/m and;

A~ JS*Z. g (1.40)

where, ag is the lattice parameter, Z is the number of atoms per unit cell (1 for simple cubic,
2 for bee and 4 for fee). For hep, A = 24/2J5%/a. Cubic materials with the easy axis along

<001> have prefered closure domain where there is no magnetostatic energy (Fig. 1.12 (d)).

Bloch domain wall (180° Domain Wall)

Domains and domain walls are created in order to decrease the magnetostatic energy of a
uniformly magnetized sample. The magnetization vectors in adjacent domains are antiparallel
to each other for a 180°domain wall. There would be no cost of anisotropy energy if the

orientation of magnetization changed abruptly from 0° to 180°. However, there would be
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Figure 1.12: (a) Domain formation in a saturated magnetic material is driven by the magnetostatic (MS) energy
of the single domain state. (b-c) MS interactions favor the subdivision of crystal into the domains. Bloch domain
wall decreases MS but increases the wall energy (d) Closure domain eliminate MS energy and increase anisotropy
energy in uniaxial materials and cause elastic energy due to the strain incompatibility of the adjacent 90°domains
(right) [3].

a significant cost in exchange energy which is even larger than the anisotropy energy cost
of having some of the spins inside the wall in hard directions. Exchange energy decreases
if the spins would rotate gradually over N interatomic spacings. More spins are oriented in
direction of higher anisotropy when N increases. The Bloch wall creates no divergence of
the magnetization. So, since V.M = 0, there is no magnetic charge within the crystal and no
source of demagnetizing field in the wall. The stray field of Bloch wall is restricted to the
region where the Bloch wall cuts the surface [3,42] (Fig 1.13). The domain wall thickness, Oy

is defined as;
A
5WzNa%7u/E (1.41)

where A is the exchange stiffness and K is the anisotropy constant. However, it is not precise
since the direction of magnetization only approaches to 0° and 180° asymptotically. The
wall thickness is in range from 10 nm to 100 nm for the soft magnetic materials with small
anisotropy and permanent magnets, respectively. The wall energy per unit domain wall area

18,

Yo =4V AK; (1.42)

and it is in the order of 1 mJ/m?. If K; is negative and there is no other term other than

K;sin?8; the magnetization would lie in the plane 6 = 7 /2.
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Figure 1.13: (a) lllustration of ferromagnetic material with Bloch wall (b) Distribution of stray field and spon-
teanous magnetization in Néel and Bloch wall [3]

Néel wall

The magnetization rotates within the plane of the domain magnetization in the Néel wall,
and it arises due to magnetostatic energy. Magnetostatic energy should be considered when a
domain wall approaches a surface. The divergence of M is not equal to zero (V.M # 0) so it
has a magnetic charge p = —V.M. Surface charge are suppressed at the expense of the volume
charges (Fig. 1.13 (b)). The Néel wall has higher energy than a Bloch wall as it creates a stray
field. The Bloch wall energy density increases with decreasing film thickness because of the
increased magnetostatic energy due to the appearance of charged surfaces above and below the
wall. On the contrary, the Néel wall energy decreases with decreasing film thickness because
it is proportional to the area of charged surfaces inside the film. This type of wall is observed
in thin films with the thicknesses up to 50 nm [44]. The domain wall width and energy are

defined in Eq. 1.43 and 1.44, respectively.

24
N TNIE (1.43)
W =21vVKs (1.44)

1.9.1 Real hysteresis loops

Hysteresis arises when sample stays in a metastable configuration with a remanent mag-
netization which has a higher energy than the absolute minimum energy configuration. All
materials are inhomogenous, so magnetization reversal is initiated in a small nucleation vol-
ume around a defect. A surface pit or bump creates a local stray field, which initiates the
reverse nucleation. Once a small nucleus is formed, it may propagate, and may pinned at

some other defects like in the Fig. 1.15 (a).
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In real materials, hysteresis loops reflect nucleation, wall motion and coherent rotation, as
is illustrated for cubic anisotropy in Fig. 1.15 (b). From 1— 2 there is a reversible linear
segment which is called the initial magnetization or virgin curve. The walls are pinned when
0 < M/Mg < 0.1 and rebound when the field is removed and return back to their original
places. Segment 2—3 shows irreversible Barkhausen jumps where the domain walls move and
eliminate all but the one most favorably oriented domain. Segment 3— 4 is again irreversible
and it contains coherent rotation of magnetization towards to applied field direction. Domain
structure is finally eliminated when the saturation approached in 0.9 < M/M<1.0. Reverse
domains nucleate on the segment 4— 5 and begin to propogate in order to reduce the sample to
a multidomain state with no net magnetization at the coercive field, H.. The multidomain state
has the mimimum energy so the virgin curve can be achieved again only if the ferromagnet is
reborn by heating above T¢ [1].

At the beginning of the 20th century, magnetic hardening was achieved by domain wall pin-
ning and later the principle of single-domain particles become dominant with the development
of Alnicos and hard ferrites. In Sm>Co;7 - based materials domain wall pinning determines
the H.. On the other hand nucleation mechanisms govern in (Ba,Sr)- ferrites, SmCos and
Nd;FeB. Understanding of permanent magnets require a complete analysis of interaction be-
tween the microstructure and the magnetic properties. The nucleation field is where the first
deviation from the uniformly magnetized state appears (Eq. 1.45) and in an ideal magnet it
should equal the magnitude of the coercivty. However, in real magnets, it is a factor of 3-5
smaller than this ideal value. This is known as Brown’s paradox. In real lattice, there are re-
gions of reduced anisotropy where the nucleation fields are reduced. Demagnetizing field also
reduce from the ideal Hy because these may become rather large near the edges and corners

of polyhedral grains. Hence,

Hy = —(2K: /1oMy) — [(1=3.4) /2] M, (1.45)

Coercivity depends on grain size, D as is shown in Fig. 1.14. In region I, the small grain
size limit, D ~ 2-5 nm, the magnetization reversal proceeds by thermally-activated rotation.
These grains correspond to superparamagnetic particles. In region II, reversal of magnetiza-
tion occures by a homogenous rotation process in grains up to diameter 10 nm. Reversal of
magnetization by inhomogenous rotation (curling) occurs in region III. In region IV, reversed
of magnetization is by domain wall displacements in multidomain grains. The regions I, II
and III are in the single domain range, and crystal imperfections reduce the coercive field.
However, in the multidomain regime (IV), coercivity is increased by the imperfections of the

crystal due to pinning of domain walls.
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Figure 1.14: The coercive field as a function of the particle diameter D where solid line represent perfect particle
and dash line represents imperfect particle [42].

It is practically impossible to calculate the hysteresis loop for a bulk material. An empirical

approach for hard magnets is use the Kronmiiller equation, inspired by Eq. 1.39

H. = ax (2K / oMs) + N eieMs (1.46)

where ag and .4 g are empirical parameters there must be determined experimentally (Plot of
(H.(T)/M™® vs. 2K(/M?). Magnetization processes governed by nucleation or pinning can
be distinguished from the initial magnetization curve of hard magnetic materials. The domain
walls move freely through a nucleation-type magnet, which has high initial susceptibility. On
the other hand, they are trapped in a pinning- type magnet so the initial susceptibility is small

until the depinning field is reached as is shown in Fig. 1.16.

1.9.2 Energy product

The figure of merit for a permanent magnet is its energy product |BH|, ... (kJ/m?). It is
given by Eq. 1.47 and 1.48 (U is the permeability of free space) and the result is H = -/ M.

B =1y(M+H) (1.47)

BH = uo(H+M)H = po(1 — N )N M? (1.48)

The equation 1.48 shows that energy product depends on the sample shape and it is not a

material parameter [34]. It relates to the ability of the magnet to store magnetostatic energy
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Figure 1.15: (a) Processes involved in magnetization reversal in the second quadrant of the hysteresis loop. A
is a reverse domain, which nucleates in the bulk at a defect, or from a spontaneous thermal fluctuation. B is a
reverse domain, which has grown to the point where it is trapped by pinning centres and C is a reverse domain
which nucleates at a surface imperfection. (b) Initial magnetization curve and demagnetization curve in the first
and second quadrants of a cubic ferromagnet.
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Figure 1.16: (a) Initial magnetisation curve in pinning and nucleation type magnets [45] (b) Hysteresis of a
vacuum-annealed pressed pinning type YCoy gFe( » magnet [46].
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Figure 1.17: The analysis of energy product for the permanent magnets with different shapes where N =0, 1/2,
1 and deduced energy products from ideal rectangular hysteresis curves, are 0, ]/4qu§ and 0 respectively. The
dotted lines show the effect of correcting applied field for the demagnetizing effect [34].

and create flux in the surrounding area. The energy product vanishes for thin films which are
magnetized in and out of plane with .4~ 0 and 1 as there is no stray field outside the magnet,
except at the edges as is shown in Fig. 1.17.

The maximum of Eq. 1.48, found by differentiating with respect to .4, gives .4#" = 1/2 and
it leads to the Eq. 1.49. This value approximately corresponds to a cylinder whose height is
equal to its radius and it can be achieved with a perfectly rectangular M(H) loop.

|BH [\px = V/41oM} (1.49)

|BH|,,,,x (Eq. 1.50) is the energy product of real magnet which is obtained from the hysteresis
loop and |BH|y,x is the absolute upper limit which is deduced from an ideal square loop.

\BH| . < 1/auoM? (1.50)

max

The energy product is defined at the working point, where the load line with magnetic
permeability B/H for the magnet in the absence of any applied field intersects the loop or in
the other words where the sample is subject only to its own demagnetizing field. The perfect
square loop is obtained for an ideal thin film which is magnetized along an easy axis (in plane,
o= 0, ./ ~ 0) where its working point is at H = 0. In Fig. 1.17, the energy product are
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Figure 1.18: Progress of energy product in the course of the 20th century [6].

illustrated for .4~ = 0, 0.5 and 1 [34]. The energy product of powders usually are derived
by conversion of specific magnetization to magnetic flux density assuming that their density
equals the crystallographic density and they have a perfect spherical shapes with .4 = 1/3.
However, the energy product of any fully- dense magnet made from these powders will be
different than that of an assembly of seperated particles. Usually the real density that can be
achieved is after pressing around 70-80% of the full density. Powders should be pressed in a
cylindrical shape with .4 & 1/2 with the highest possible density that can be achieved, without
destroying its coercivity in order to achieve the highest maximum energy product. Maximum
energy product has improved exponentially over much of the 20th century, doubling roughly
every 12 years (Fig. 1.18). However there has been no significant improvement for the last 20

years [6].

1.10 The “Gap Magnet”

A ferromagnetic material can be defined with these key factors; H, < Ha and M; < M. The
best permanent magnets have square hysteresis loops with H, > M; /2 , high M and high H,.
The main concern in the material choice is the energy product, which quantifies the ability
of the magnet to store magnetostatic energy and create flux in the surrounding space [34].
Improving extrinsic and intrinsic properties by nanostructuring and atomic structuring (crystal

structure, composition) is a way to maximize the energy product [47]. The maximum possible
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Figure 1.19: Available permanent magnet materials

value (BH )max = Y ,LLOMsz is reached with a demagnetization factor .4 = %2 in ideal case.
However for a real magnet, this value is limited by Y /,LOMrz. It can be approximated by a
compact cylindrical magnet with height equal to radius (r ~ h) that exhibits a rectangular M(H)
loop. For this H, must be greater than M,/2 where M; is related to the intrinsic atomic and
crystal structure and H, originates from the magnetic anisotropy K. Typically its value will not
exceed 25% of the anisotropy field H, = 2K;/uoM; [12,34]. Furthermore, H, depends on grain
size, microscopic defects and the thermal history of a sample. Usually it is inversely related to
the grain size, and large coercivity is only obtained when the crystallites are small and single-
domain [48]. This can be understood by considering that smaller grains have fewer potential
nucleation centers. In the case of sintered Nd-Fe-B magnets, coercivity is proportional to the
inverse square root of the grain size [49]. Another way to maximize the energy product is
to induce a texture to enhance the remanence M; by aligning the particles’ easy axes or by
pressing the aligned powder to high density in order to approach M; to M [48,50]. These will
increase the ratio M, /M, which is = 0.5 for isotropically oriented, magnetically uniaxial and
non-interacting single domain particles [48].

A medium-grade permanent-magnet material would be of interest if it can offer properties
greatly superior to hard ferrite, yet they can be some 30% less in terms of remanence and
coercivity than normal-grade Nd — Fe — B magnets. This lack of an appropriate material with
a remanence around 0.8-1.0 T and a coercivity around 1000 kA/m was shown in Figure 1.19.
Table 1.3 lists the minimum specifications for three hypothetical new hard-magnetic materials
(A, B and C) that could usefully plug the “gap magnet” between Nd — Fe — B and ferrite. Hard

magnets have improved, breaking the shape barrier in 1951 at Phillips with the invention of
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| [BH|yax KI/m’) | T.(K) | My(kA/m) | K;(kJ/m?) | Cost ($/kg) |

Ferrite 34 740 380 330 5
A 100 >550 570 500 10
B 150 >550 690 750 20
C 200 >550 800 1000 30
Nd—-Fe—-B 350 590 1250 490 >100

Table 1.3: Some target specifications for new hard magnetic materials

hexagonal ferrite where H. > M. However ferrites such as SrFe 2,019, BaFe {2019 have low
energy products < 38 kJ/m>on account of their low magnetization (Eq. 1.50). Three sets of
specifications are shown in Table 1.3, as there is necessarily a trade-off between performance
and the cost of the raw materials [6, 12]. The magnet that will fill the gap should have a broad
hysteresis loop, with a coercive field H, > Hy. A list of the some uniaxial ferromagnets is given
in Table 1.3. Recently two approaches are under investigation in order to improve and develop
permanent magnets. These are (1) reducing the heavy rare earth content of Nd-FeB type
magnets and keep the coercivity stable up to 200°C, seeking a novel ultra-high-performance
material to replace rare-earth magnets and (2) seek a new, low-cost material with a maximum
energy product lying in the gap between ferrite and rare-earth magnets [12]. In this thesis, the
second approach will be considered. The possible candidates for these gap magnets could be

Fe-doped LaCos and YCos and a new tetragonal Heusler alloy.

1.11 Exchange spring magnets

Nanostructured magnets can be obtained by melt quenching or hydrotreatment. Bulk anisotropy
can be reduced by exchange coupling of nanocrystals with different anisotropy axes in a
single-phase nanostrucutred magnet. Exchange occurs when the crystallite are single domain
with size D < 8y, or across the grain boundries. Exchange spring magnets are nanocomp-
sites which contain hard and soft ferromagnetic constituent materials. Exchange coupling
of soft ferromagnetic phase with higher magnetization than the hard phase can increase the
remanence without destroying the coercivity, which leads an increment in maximum energy
product. An example is SmyFe 7N3/Fe [53]. This coupling can be effective if the size of the
soft grains doesn’t exceed a small multiple of the wall width for the hard phase, around 20
nm [1,45,54]. A kink appears in the hysteresis curve if these two phases don’t couple. The
oriented bulk nanocomposite with a very fine soft phase < 10 nm is a way to go in order to try

to achieve a hard magnet.
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Structure Tc M K Kk | (BH)max | Cost Ref.
(K) | MA/m) | MJ/m°) &I/m’) | ($/kg)
MnAl L2 650 0.60 1.70 1.95 113 4 [21]
MnBi B8, 633 0.58 0.90 1.46 106 15 [21]
Mn,Ga DO0y» > 770 0.47 2.35 2.35 70 120 [21]
Mn;Ga DO0»y» > 770 0.18 1.00 5.00 10 90 [21]
Mn3Ge DO0»» > 865 0.07 091 12.2 2 540 [21]
Alnico 5 A2 1210 1.12 0.68* 0.66 310 <50 [1,6]
BaFe;70;19 | P63/mmc | 740 0.38 0.33 1.35 45 <50 [1,6]
CoPt L1y 840 0.80 4.90 2.47 200 >1000 [1,6]
FePt L1y 750 1.14 6.60 2.02 406 >1000 [1,6]
SmCos D24 1020 0.86 17.2 4.31 231 <25 [1,19]
SmyCoq7y R3m 838 0.97 4.20 1.89 294 <25 [1,6,19]
Nd,Fe;4B | P4, /mnm | 588 1.28 4.90 1.54 512 20 [1,6,42]
SmyFe;7N3 R3m 749 1.23 8.60 2.13 473 <10 [1,6,19]
Y,Fe 4B P4, /mnm | 590 1.10 1.10 0.85 380 <30 [1,6]
Fe¢N»> I4/mmm 810 1.92 1.00 0.43 1154 <10 [1,6]
Fe;C Pnma 756 1.09 0.45 0.55 373 <10 [1,6]
YCos P6/mmm 987 0.85 5.7 2.7 227 <40 | [1,6,19,46]
LaCos P 6/mmm | 838 0.80 7.0 2.9 200 <20 [19,51,52]

Table 1.4: Properties of some potential and actual permanent magnet materials, where (BH)pax = ]/4[,1()11/1“,2
(*shape anisotropy)

Two independent phases

(a)

M

(b)

Exchange spring

(c)

Figure 1.20: Hysteresis of a spring magnet (a) mixture of two independent phases (b) optimum coupling (c)
overcoupling of the two phases. [54]
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1.12 Exchange bias

Exchange bias occurs at grain boundaries or defects where a soft ferromagnetic component
is strongly exchange-coupled to an antiferromagnetic component when its cooled below the
Néel temperature of the antiferromagnetic phase. The interfacial spins will be pinned and it
will lead to an unusual unidirectional anisotropy. Reversal of the ferromagnet’s moment will
have an added energetic cost corresponding to the energy necessary to create a Néel domain
wall within the antiferromagnet. The added energy term implies a shift in the switching field of
the ferromagnet. Thus the hysteresis curve will shift to the left by the amount of the exchange

field Hex when the applied field parallel to the exchange field. Hex is given by Eq.

Kex
HoM)p

where Key is exchange constant and M,, is the magnetization of the ferromagnetic pinned layer.

Hex =

(1.51)
This effect might be useful for permanent magnets if a useful M can be achieved.

1.13 Summary and conclusions

In this chapter, the intrinsic (saturation magnetization, Curie temperature, anisotropy con-
stant) and extrinsic (energy product, coercivity, remanence and demagnetizing field) param-
eters of hard magnets are explained in detail. An ideal magnet has a square M(H) loop with
theoretical (BH )pax = 1/4,quS2 for .#'=1/2 and it can be made in any desired shape without
demagnetizing itself. H-field calls demagnetizing field inside and stray field outside the ma-
terial. Stray field is the raison d’étre of a permanent magnet and it is channeled in a magnetic
circuit to provide the forces, torques, electromotive forces or voltages on which magnet appli-
cations depend. So, a purpose of a magnet is to store magnetostatic energy and create as much
as flux (stray field) as possible in the surrounding volume.

The aim of this thesis is find a novel magnets with intermediate energy applications. The
desirable target materials are called materials A, B and C with maximum energy product value
from 100 to 200 kJ/m>, with T, higher 550 K and as high possible saturation magnetization
and anisotropy constant. The aim is maximize the energy product value which is calculated
from the area of the largest rectangle that can be inscribed under the normal curve. This value
is limited by 1/4oM? for a real magnet and can be enhanced by improving the intrinsic and
extrinsic parameters by nanostructuring or atomic structuring. Coercivity, H. must be greater
than M;/2 where Mj is related to the intrinsic atomic and crystal structure and H, originates

from the magnetic anisotropy K. Typically its value will not exceed 25% of the anisotropy
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field H, = 2K/ugMs. Furthermore, H. depends on grain size, microscopic defects and the
thermal history of a sample. Another way to maximize the energy product is to induce a
texture to enhance the remanence M; by aligning the particles’ easy axes or by pressing the
aligned powder to high density in order to approach M; to M. Exchange coupling between soft
and hard ferromagnetic phases can enhance M and (BH ) max Without destroying the coercivity.
Exchange interactions between ferromagnetic and antiferromagnetic phases in nanocomposite
systems gives exchange bias (Hex) and enhance remanence. This effect will be useful if high

magnetization will be achieved.



Chapter

Experimental Procedures

If your experiment needs statistics, you ought to have done a better experiment.

E. Rutherford

2.1 Introduction

In this chapter, the experimental techniques such as arc melting, ball milling, annealing, X-
ray diffraction, scanning and transmission electron microscopy and Mdssbauer spectroscopy
are investigated in detailled. Arc melting is used for preparing bulk materials. Ball miling
is used in order to reduced the grain size of the material and introduces plastic deforma-
tion. Ball milled material has amorphous phase and phase tranformation from amorphous to
crystal can be obtained by annealing at appropriate temperature and time. Crystallographic,
microstructure and magnetic properties were investigated by X-ray diffractrometer, scanning
and tranmission electron microscopy, superconducting quantum interference device (SQUID)

magnetometry and Mossbauer spectroscopy.

2.2 Mechanical alloying

Arc melting is a process for production of metal ingots with high chemical and mechanical
homogeneity. Heating up to 4000°C occurs from an electric arc which is created between
an electrode and the work piece, which contain the metals to be melted in a depression in
a water cooled copper hearth. An electric current, in the form of either alternating current
from a welding power supply, is used to form an electric arc in Ar between the electrode and

the metals to be alloyed and a uniform melt is derived by repeatedly turning over the button

49
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and remelting. An electrical discharge is realized between these two electrodes due to the
ionized Ar. The solidification rate of molten material allows a high degree of control over the
microstructure with minimum segregation.

The system has a Cu electrode with sharp W tip and three pocket crucible where the material
is melted (Fig. 2.1). The tip is made from 2% thoriated, red tungsten (part number: TE2-5/32)
4.0 mm in diameter which is suitable for tungsten inert gas (TIG) welding of all steels. The
chamber is purged three times under Ar and 10~2 bar vacuum, respectively. Melting occurs in
a vacuum tight chamber with high purity argon atmosphere (0.5 bar), free from oxygen, on the
water-cooled copper hearth. A Ti pellet is in one of the pockets and oxygen-free atmosphere
is ensured by titanium gettering which changes its color after melting and oxygen absorption.
A Tetrix 230 AC/DC Comfort welding power supply is used for arc melting. The welding
current is set with rotary dial. Welding voltage from 10.1 V to 19.2 V and DC current from
3 A to 220 A can be supplied. A foot-operated remote control (RTF1 19POL 5) is used to
adjust the welding current (0% to 100%) depending on the preselected current range on the
welding machine. The melting starts after carefully placing the tungsten electrode tip onto
the workpiece and pressing the torch trigger and lift arc current flows, regardless of the main
current set. The ingots used here were remelted four times to ensure homogeneity.

Usually a 50 - 55 A DC current is used for Mn-based alloys due to their high vapour pressure
which causes losses. This value increases up to 75 - 80 A for titanium or Y-Co-Fe samples
which have higher melting points. Controlling the current, cooling water, and electrode gap

controls the solidification rate and process which allow production of defect free material [55].

2.3 Ball milling

Ball-milling reduces the grain size and introduces plastic deformation. During this process
the powder particles are repeatedly flattened, cold welded, fractured, and re-welded. Grinding
balls flatten ductile metal and fracture and refine the grain size of brittle metal. The severe
plastic deformation increases the surface-to-volume ratio of the particles and ruptures surface
films of adsorbed contaminants. The coercivity is controlled by nucleation of reverse domains
at the surface of the individual grains and by domain wall pinning. This nucleation field is
reduced by imperfections of the surface and local demagnetizing fields. It has been found that
the coercivity H, is proportional to the inverse square root of the grain size [49]. This can be
understood by considering that they are less likely to include a nucleation center. The domain
wall pinning increases with every defect which is introduced from the plastic deformation.

Crystallite size often is equated with the grain size in milled powders. The grain size de-



2.3. Ball milling

51

© TURN OFF wa
AFTER USE

————
Optrel €650
Welding mask

Water-cooled
~ copper crucible =

ewm T230 tetrix
power supply

- W¥Foot- operated
remote control

Figure 2.1: Arc melting system which is in SNIAM 0.08
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creases rapidly in the early stages of milling and it depends logarithmally on the milling time.
Continuous milling doesn’t produce smaller grains and more dislocations (due to the difficulty
of generating dislocations at very small grain sizes) after reaching a saturation value of particle
size. But, existing dislocations will be rearranged and some of them will be annihilated [56].
Various effects such as the milling method, container, speed, time, powder to balls weight ratio
for high-energy ball-milling, extent of filling the milling vial, milling atmosphere and temper-
ature all influence the milling process. The milling was carried out under Ar atmosphere for
4h in a high energy Spex 8000 mixer/mill with a ball to powder charge ratio of 14:1 or 15:1
with 10 mm stainless steal balls. The optimum grain size for maximum energy product can
be obtained by subsequent thermal treatment to eliminate the defects associated with plastic

deformation induced during milling [57, 58].

2.4 Annealing techniques

Samples was subjected to annealing at various temperatures and time under high vacuum
(1075- 1077 bar), followed by rapid quenching or slowly cooling down. The samples were
loaded in a quartz tube and a Pfeiffer vacuum Hi Cube turbomolecular pump is used to make
a vacuum. Indfur brand resistive tube furnace is used for annealing and temperature which
is shown on temperature display of the furnace is confirmed by K-type thermocouple. The
distance of 5 cm in the middle of the furnace is found without a temperature gradiant. Samples
were rapid thermal annealing under flowing Ar with an infrared lamp (Ulvac-Riko MILA-

5000) at temperature range with heating rate 50 °C/sec., and cooled naturally.

_
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Figure 2.2: (a) The quartz tube is pumped by turbomolecular pump with resistive tube furnace (Indfur) (b) Rapid
thermal annealing system (Ulvac-Riko MILA-5000)



2.5. X- Ray diffraction 53

2.5 X- Ray diffraction

A crystal is based on long range order of a periodic array of atoms, which can scatter elec-
tromagnetic radiation. The atoms in a crystal create parallel planes with a mutual separation
of distance d. X-rays can be reflected by any atoms in any plane. However, diffraction occurs
when these reflected rays interfere constructively. The diffraction of monochromatic X-rays

takes place only at those particular angles of incidence which satisfy Bragg’s law;

2dsin® = nA, 2.1

where A is the X-ray wavelength, d is the atomic layer (inter planer) separation of Bragg
planes, n is the diffraction order and 6 is the incident angle of the X-ray and sample surface.
We can calculate the lattice spacing d and lattice parameters as they are related to d, for a
given wavelength [59].

The intensity of the diffracted beam gives us the positions of atoms located in a unit cell.
The width and the maximal intensity of the peaks depend on lattice strain, crystallite size and
other imperfections such as stacking faults in powders. The expression for the intensity can
be derived by considering not only the scattering from an isolated atoms but also from all the
atoms in a unit cell of the crystal. Five factors affect the relative intensity of the diffraction
lines in a powder pattern, namely Lorentz-polarization, structure, multiplicity, absorption and
temperature [60]. Average crystallite size <D> can be determined with powder diffraction by
measuring the full width at half maximal (FWHM) intensity of the Bragg diffraction peak and
using the Scherrer formula:

KA

<D>= Beosd’ (2.2)
where B is the peak width (in radians) due to particle size effect, 6 is the Bragg angle, A
is the wavelength of the X-ray used, K is the shape factor (typically ~0.9 for a spherical
approximation to particle morphology). The peaks are broadened due to the effects of the
smaller particle size, lattice strain in the material and instrumental effects. Due to these effects,
this formula gives reasonably correct values only if separate @; and &, components of the peak
are seperated and concentrate only on the o component and subtract the effect of instrumental
broadening. Mean crystallite size which is obtained from Scherrer formula, is often equated
with the grain size in mechanically alloyed / milled powders. But in reality, the grain diameter
of individual grains in the crystal may contains several crystallites. However, in order to be
coherent with the literature, grain size will be used as a terminology instead of crystallite size.

The amount of peak broadening increases with decreasing grain size and increasing milling
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Figure 2.3: Powder XRD patterns of annealed YCos alloys: (a) as-cast sample; (b) 30min milled; (c) 4h milled.
The open circles indicate reflections that correspond to the 1:5 phase and peaks broadened with increasing the
milling time and decreasing the grain size [62]

time as is shown in Fig. 2.3. Non linearity of the Bcos8 vs. sin0 is clear evidence of the
presence of a large number of stacking faults in the crystalline phase [56,58,59,61,62].

The Rietveld refinement method uses a least squares approach to refine a theoretical line
profile until it matches the measured profile by considering all parameters which effect the
pattern and it provides the information about the space group, lattice parameters, atomic po-
sitions and occupancy of each site and percentage of different phases. The FullProf Suite
is formed by a set of crystallographic programs (FullProf, WinPLOTR, EdPCR, GFourier,
etc...) mainly developed for Rietveld analysis (structure profile refinement) of X-ray powder
diffraction data and it is free to download from https://www.ill.eu/sites/fullprof/.

The average grain size obtained from transmission electron microscope (TEM) is always
greater than that deduced from XRD, which can be attributed to the plastic deformation of bulk
metallic particles [63,64]. Grain size, details on defect structure, distribution of dislocations,
presence of twins, stacking faults can be determined directly and more accurately by TEM.
However sample preparation is more difficult than for X-ray diffraction. The Scherrer equation
(Eq. 2.2) provides a volume-weighted average of the grain size and underestimates the grain
size by 11-38% by neglecting strain broadening. This broadening is due to the presence
of stacking faults and twin boundaries which reduce the grain size and induce a decrease
of the FWHM value for (111) reflections and an increase for (200) reflections in hexagonal
close pack structure [65]. This effect is observed for vacuum annealed YCo4 gFeg» powders.
Overall, the TEM method determines more accurately the grain sizes and in extreme cases of
very fine grain sizes, both could give the same value. The TEM technique could be used to
determine almost any crystallite/grain size, on the other hand X-ray peak-broadening methods
are the most appropriate for grain sizes in the range 10-100 nm. The grain size obtained by
the indirect X-ray peak broadening studies, after incorporating the appropriate corrections,
and the direct TEM technique is expected to be the same, and this has been found to be true in
some cases [56,58,61].
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Figure 2.4: Principle of TEM and SEM which is modified from figure [67] by JOEL Ltd.

Structural characterization was carried out by powder X-ray diffraction (XRD) with a PAN-
alytical X Pert Pro diffractrometer located in CRANN at TCD. A nickel filter was used to
suppress Cu-Kg radiation in order to leave only Cu-K,. Bulk samples were prepared for
XRD measurement by crushing in agate mortar or stainless steel mortar to obtain ~53 um
particle size. Rietveld analysis of the diffraction patterns was performed with the FullProf

program.

2.6 Advanced microscopy

2.6.1 Scanning electron microscopy (SEM)

The scanning electron microscope (SEM) produces an image of the sample using a focused
beam of high-energy electrons which generate a variety of signals due to its interaction with
the surface of the solid specimen. The signals that are derived from this electron-sample
interactions reveal information about the sample morphology (texture), grain size (from <yum
to cm), grain shape, volume fractions and distribution of various phases, defects such as cracks
and voids, chemical composition, crystalline structure and orientation of phases. SEM was
invented by Von Ardenne in 1938 and started to be used commercially around 1965 [66]. The
sample keeps in vacuum chamber and electrons which were produced from electron beam
source (such as W / LaBg filament or field emission gun such as thermionic or cold cathode)
focused on the sample with using magnetic lenses to modify the beam and magnetic coils to
control the beam. The interaction of the electron with the surface creates characteristic X- ray,
secondary electrons, back scattered electrons and Auger electrons as shown in Fig. 2.4.

Inelastic collisions between primary electrons of the beam and loosely bound electrons of
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the conduction band or tightly bound valence electrons create the secondary electrons when
energy transfer is sufficient to overcome the work function which binds them to the solid and
they are ejected. Their typical energy is 10-50 eV and they are ejected from a few nm depth.
This shallow electron depth allows the best resolution to be obtained when they are collected
with a phosphor-coated screen in front of a photomultiplier tube or channel electron multi-
plier. The contrast of the image depends mainly on tilt angle and topography of specimen.
Back-scattered electrons (BSE) arise due to elastic collisions between the electron beam and
the nucleus of the target atom. They are generated from a deeper zone from the surface at
a distance up to ~ 300 nm and they have higher energy. The specimen with higher atomic
number, Z, absorbs or stops more electrons which leads to a smaller interaction volume and
more BSE are emitted which effects the contrast. They are collected with a solid state detec-
tor. Characteristic X- rays with high energy range (in keV) are excited by the interaction of
electrons with the sample over 1000 nm depth. These X- rays can be detected by a Si (Li)
detector and they give qualitative and quantitative information about the sample.

Accelerating voltage has an influence on image quality. Low voltage gives clear surface
structure with less damage, charge-up and edge effects. However the resolution is low. On the
other hand, high voltage gives high resolution but additionally it has more edge effects, more
charging, damage and unclear surface structure. In this case, electrons penetrate farther into
the sample with a larger interaction volume which results in unnecessary signals such as BSE
and produces different contrast. Clear images can be obtained by shortening the working dis-
tances from the objective lens to the specimen. Secondary electron images are obtained most
frequently with the SEM, however backscattered electrons also provide important information
on specimen composition and topography. BSE have poor spatial resolution but because they
have larger energy than secondary electrons, they are influenced less by charging and spec-
imen contamination. Charging can be prevented by selecting a proper accelerating voltage.
The loss of electron beam energy occurs mostly in the form of the heat generation at the ir-
radiated point. The temperature increase depends on the electron beam accelerating voltage
and dosage, scanning area and time and the heat conductivity of the specimen. To avoid this
damage, imaging could be done by using low accelerating voltage, decrease of the electron
beam intensity, shortening of the exposure time, photographing large scanning areas with low
magnifications. The influence of the aperture size, working distance, acceleration voltage and
probe current on the SEM image is shown in Fig. 2.5 [67-69].

Powder samples for SEM are prepared by two different methods. The first one is simply
putting the powder on to a carbon tape and removing the excess with another carbon tape. The

second method was introduced by Dr. Lorena Monzon and it produces well-separated powder



2.6. Advanced microscopy

57

High resolution,
Unclear surface strucutres, more
Edge effect, chage-up and

Smooth image,
More damage,
Deteriorated resolution

Low resolution,
Greather depth of field

Large current,
Low resolution,
Smaller depth of field

damage
High High Large Large
Accelerating Probe Working Aperature
Voltage current distance size
Low Low Small small

Clear surface structure,
Less damage, less charge-up,

High resolution,
Less damage

High resolution,
Smaller depth of field

High resolution,
Greater depth of field
Grainy image

less edge efect

; Grainy image
Low resolution

Figure 2.5: The influence of the aperture size, working distance, accelariton voltage and probe current on the
SEM image

particles. A pure Si substrate which was provided by Gavin D’Arcy, of INTEL, is used as a
substrate. It is cleaned with acetone and IPA and dried with nitrogen. If the substrate is silicon
dioxide, it is cleaned with a solution of hydrogen peroxide and KOH (4 - 5 drops), sonicated
in DI water and dried with nitrogen. A small amount of the powder sample is well sonicated in
an ultrasonic bath in ethanol and 4 ul of this mixture is sprayed on the substrate. The powder
particles are more seperated when pure Si substrate is used. This substrate with the specimen
is mounted on the stub by carbon and Cu tape.

The bulk sample is embedded in epoxy which is extracted from a plastic holder. First, Aka-
No Stick liquid (Akasel AK8420) is applied in the periphery of the holder. A small amount
of a bulk piece is replaced on the bottom and a bubble-less mixture of Aka- cure slow (Akasel
AKS8560) and Aka-mono 1 um (Akasel AK2325) with the ratio 12:100 is poured inside the
holder. The set epoxy is polished with P180, P120, P1200 grinding papers and finally with
porous neoprene cloth (AK4610) and a 1 gm monocrystalline diamond suspension (ID 2325)
in order to obtain a shiney and smooth surface like that in Fig. 2.6. A line is made by a silver
paint in order to make the sample surface conductive.

The analysis of the microstructure and composition of these particles was carried using the
Carl Zeis