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Abstract

The magnetic properties of a 15uc thick LSMO thin film on SrTiO3 (STO) substrate at
T=150K was investigated using the technique of ferromagnetic resonance (FMR). The FMR
measurement of the 15uc thick LSMO thin film at a frequency f = 9.75GHz and power
P = 0.6325mW as a function of the angle ) between the static magnetic field H, and the
easy direction of magnetization within the sample plane in the ”in-plane” (IP) configuration
displayed an FMR spectrum. This resonance spectrum shows unequal resonance field peaks.
The unequal peaks in the resonance field may be attributed to the uniaxial anisotropy
field which satisfies the conditions for ferromagnetic resonance. The unequal peaks in the
resonance field shows a maximum and minimum with negative and positive curvature which
either increases or decreases with respect to the resonance field respectively. This increase
or decrease in the resonance field depends on the magnetization direction. It has been
shown that for a thick 15uc LSMO thin film at 7" = 150K the center position and the full
width half maximum (FWHM) of the resonance field were 1070.1875 Oe and 159.3125 Oe

respectively.
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Chapter 1

INTRODUCTION

1.1 MOTIVATION AND OBJECTIVES

Thin films have been a topic of much interest and importance over the last decades. With
the current drive towards greater data storage densities in computer disk drives, microelec-
tronics and low field sensors, attention is being focused on the magnetic properties of these
films. The technique of FMR can therefore be used for the study of the magnetic properties

of thin films.

Ferromagnetic resonance is one of such most powerful experimental techniques which can be
used for the study of magnetic properties of thin films as a result of its high sensitivity and
high resolution. With ferromagnetic resonance, essential parameters describing magnetic
properties of thin films such as the effective magnetization, magnetization density, magnetic
anisotropy, spin relaxation time, intrinsic a-Gilbert damping constant, the spectroscopic
splitting factor (which provides information on the orbital contribution to the magnetic
moment) and the ferromagnetic resonance linewidth (which provides a means of measuring

damping in especially magnetic materials) can be determined.

The objectives of this current thesis is to determine the ferromagnetic resonance of a 15uc
thick LSMO thin film. LSMO is the most researched and studied colossal magnetoresistant

manganite. Data which were obtained from the experiment were then plotted in Matlab



and based on the plot the width and center position of the FMR spectrum of the 15uc thick

LSMO thin film at T = 150K was calculated.

1.2 BRIEF HISTORY OF MAGNETISM AND FERROMAG-
NETIC RESONANCE

The quest for an answer to what magnetism is and why the magnet has the ability to
attract ferrous objects has fascinated many people including Thales of Miletus (about 634-
546 BC) and the young Albert Einstein [11,2]. Thales of Miletus described magnetism as
the attraction of iron by ” lodestone”, which is a naturally occurring mineral of magnetite,
Fe304 [2]. According to Phiny’s account about the history of magnetism, the magnet stone
was named after its discoverer, Magnes whiles he was pasturing his flock and the tip of his

iron-nailed shoes stuck a ”magnetick” field [3,2].

The origins of magnetism lie in the properties of the electrons as explained by the laws of
quantum physics [11]. Magnetism can be explained by using the concepts of spin which
gives rise to the spin magnetic moment, the motion of electronic charges and the orbital
magnetic moment [2]. Part of an electron’s magnetic properties (spin magnetism) results
from its quantum mechanical spin state, while another part results from the orbital motion
of electrons around an atom’s nucleus (orbital magnetism ) and from the magnetism of the

nucleus itself (nuclear magnetism) [11,2].

The history of magnetism dates back to the Chinese in 2500BC, and to the Greeks as far
as 600BC and during those era, magnetic materials were classified into three main types,
namely; para, dia and ferromagnetics [1] and in order to have some theoretical understanding
about these class of magnetic materials, concepts from electromagnetism and atomic theory
was needed [1]. It was electromagnetism which brought about the unification of electricity

and magnetism and the ideas from electromagnetism showed that moving charges produce



magnetic fields [1]. The theory of diamagnetism was explained using the idea of the Lorentz

force
1

FL:q[E+(C

W x H] (1.2.1)

on an electron which is orbiting when a magnetic field H was applied [1] and paramagnetism
was explained using the idea that atoms or molecules possess a permanent dipole moments
and these permanent dipole moments arise as a result of the fact that every orbiting electron
in a current loop acts like a tiny magnetic shell [1]. The Lorentz force, F, gives the force
acting on a charge q moving with a velocity V which is subjected to an electric field, E
and a magnetic field, H. At the atomic level, it was really difficult for an explanation and
understanding of ferromagnetism but through the research work by Heisenberg in 1920
in quantum mechanics a new door opened for the understanding of such an important

phenomenon [1].

Classical electromagnetism was at its peak when research works were carried out by Michael
Faraday (1791-1867) and James Clerk Maxwell (1831-1879) [2]. In 1831 and 1845, Michael
Faraday discovered both the electromagnetic induction and the direct connection between
magnetism and light [2]. The direct connection between magnetism and light was placed
on a firm foot mathematically by Maxwell through the studies of equations describing both

the electric and magnetic fields [2]. This led to his famous conclusion that [2]

1
Vv Ho€o

and that light is a form of an electromagnetic wave which travels with the speed of light C.

C =

(1.2.2)

The magnetic and the electric fields together form the two components of electromagnetism

11].

There are several reasons why magnetism is such an important branch of physics and some

of the reasons include the following. Firstly, it can be said that over the last 2500 years,



magnetism has been applied in the field of navigation, power production, and ” high tech”
applications [2]. Currently, the permanent magnets has found its way in areas includ-
ing; high-tension magnetos, telephone generators, telephone receivers, gramophone pick up
units, moving-coil loudspeakers, television focus units and other equipments involving de-
flection of electron beams, electricity meters and thermostats [4]. Secondly, of all the four
forces in nature; electromagnetism, strong interaction, weak interaction and gravitation,
the electromagnetic force is considered to be the greatest and it forms the basics of con-
temporary physics [2]. Thirdly, the field of magnetism is constantly undergoing dynamic
developments and is also one of fastest forefront research areas in physics because of the

’ smaller and faster ” devices [2]. For instance, in the 1980s and

ever increasing desire for ’
1990s a number of important discoveries in the field of magnetism were made [5]. Some
of these include; interface anisotropies and the interlayer exchange coupling mechanism [5].
Currently, the field of magnetism is driven by vitality as a result of new discoveries in this
area of research [2] and it was not a surprise to the physics community when the 2007 Noble
Prize in Physics was awarded to Albert Fert and Peter Griinberg for their discovery of giant

magnetoresistance (GMR) effect in multilayers alternating a ferromagnetic metal with a

non-magnetic metal ( e.g Fe/Cr or Co/Cu) [12].

Ferromagnetic resonance (FMR) is a basic technique which is used for the study of the
forces that determine the dynamical properties of magnetic materials [14]. This technique
of ferromagnetic resonance was discovered by Griffiths (1946) but the theory of the resonance
effect was proposed by Charles Kittel (1947) [15]. The main outcome of Kittel’s theory was

that, the resonance condition for a plane surface should be
wo =7YVBH (1.2.3)

instead of the Larmor condition

wo =vH (1.2.4)



[15]. Since the discovery of FMR, the technique has been applied in so many research
works including the determination of the g-factor, the magnetic anisotropy constant and
the interlayer magnetic coupling of films and multilayers [16]. FMR has also been used in the
study of superlattice and single films of few layers capped with a non-magnetic metal layer
[17]. In the field of FMR spectroscopy also, the technique of FMR can provide information

on the magnetic damping through the study of the linewidth of the absorption peak [18].

1.3 FERROMAGNETISM IN METALS

The phenomenon of ferromagnetism is characterized by a spontaneous magnetization even
in the absence of an applied external field [6,1]. At temperature (T=0) all the magnetic
moment are aligned parallel and this is as a result of the exchange interaction [6]. For
the elemental transition metals, only cobalt, iron and nickel are ferromagnetic whereas
chromium and manganese are antiferromagnetic [7]. In the periodic table also, metals in
the second and third transition series and those of the isoelectronic to the magnetic members

of the first series are not ferromagnetic [7].

Ferromagnetism in the elemental transition metals such as Fe, Ni, and Co occurs as a
result of the delocalized conduction electrons from the narrow 3d band [7,13] and also as a
result of the strong intraatomic interaction [8]. In metals, ferromagnetism occurs when the
susceptibility diverges spontaneously (Stoner criterion ). The Stoner criterion is roughly
true for Fe, Co and Ni [9,11]. Although the Stoner criterion chalked some success, it
failed in the explanation for the Pauli paramagnetism above the transition temperature
and also the prediction of the destruction of ferromagnetism at the Stoner temperature(T})
[9]. In the case of the Pauli type paramagnetism above the transition temperature, the
model fails because of the fact that ferromagnets display a Curie-Weiss susceptibility in
the paramagnetic phase [9]. On the prediction of the destruction of ferromagnetism, the

Stoner model predicts higher temperature for the Stoner temperatures (7s) than the Curie



temperature (7) [9]. This in reality might not be true because the orientation of the
moments fluctuates critically at the Curie temperature [9] and that, ferromagnetism usually
occurs below the Curie temperature. For iron, cobalt and nickel, the Stoner temperatures
predicted by the Stoner model were 6000K, 4000K and 2900K [9] respectively whiles the
Curie temperatures for iron, colbalt and nickel are 1028K, 1393K and 631K respectively
[10].

1.4 OUTLINE OF THESIS

This work consists of five main chapters. The first chapter provides the motivation and ob-
jectives of the work and also a brief history about magnetism and ferromagnetic resonance.
This chapter also gives a brief explanation of ferromagnetism in metals. The theoretical
aspect is discussed in the second chapter. Other issues to be addressed in this chapter
include; magnetocrystalline anisotropy, shape anisotropy, magnetic surfaces and interface
anisotropies, damping in magnetic ultrathin films, LSMO, and some potential applications
of the mixed valence manganites and LSMO. In the third chapter, the methodology describ-
ing how the experimental work was carried out is discussed. The fourth chapter focuses
on the results and discussions. The conclusions and recommendations derived from the
experiment are outlined in the fifth chapter. This chapter is followed by the bibliography

and list of abbreviations and constants.



Chapter 2

THEORETICAL
CONSIDERATION

In this chapter, a brief review of the important theoretical aspects of the work is pre-
sented. This includes; magnetization in ultrathin magnetic films, magnetic anisotropies in
thin films, shape anisotropy, magnetocrystalline anisotropy, magnetic surfaces and interface
anisotropies, Landau-Lifshitz-Gilbert (LLG) equation, ferromagnetic resonance, damping in
ultrathin magnetic thin films, LSMO and some potential applications of the mixed valence

manganites and LSMO.

For magnetization in ultrathin magnetic films, the concept is that there is a loss of the
internal degree of freedom in the ultrathin films. This then results in the exchange coupling
in the ferromagnetic layer being excited by a uniform applied magnetic field. In shape
anisotropy, the magnetization is affected by the macroscopic shape of the solid. For magneto
crystalline anisotropy, the magnetization is oriented along some specific crystalline axes.
Surface and interface anisotropies occurs as a result of the broken local symmetry which
is due to the contribution of the surface energy which depends on the orientation of the
magnetization on the surface. The LLG equation is a classical equation for the rate of change
of the magnetization which can be used in the study of dispersive theory of magnetization

in ferromagnets. Ferromagnetic resonance occurs as a result of the precession of the atoms



under a magnetic field.

2.1 MAGNETIZATION IN ULTRATHIN MAGNETIC FILMS

Intrinsic properties such as magnetization, Curie point, anisotropy and magnetostriction in
thin films may differ from their bulk counterparts. This differences can be attributed to
the special environments of the surface and the interface atoms and also as a result of the
strain which is induced by the substrate [11]. For instance vanadium and rhodium become
ferromagnetic in thin films which is 1-2 monolayer thick whiles their bulk counterpart is
nonmagnetic [11]. In the case of ultrathin films, the ultrathin layer looses its internal
degree of freedom and since the exchange coupling in the ferromagnetic layer is excited by
the uniform applied magnetic field in the film plane, the magnetic moments across the film

is nearly parallel [5].
2.1.1 MAGNETIC ANISOTROPY IN THIN FILMS

Ferromagnetic materials usually have two directions of magnetization, namely; the ”easy”
and the "hard ” directions [20]. The amount of energy which is required to rotate the mag-
netization direction from the preferred axes (easy axes) into the hard direction is called the
magnetic anisotropy energy [2]. In thin films, some of the sources of anisotropy includes;
surface and mechanical strain or stress [11]. Surface anisotropy arises as a result of the cou-
pling between the surface atoms to the crystal field which is produced from the anisotropic
environment [11]. The magnetic anisotropy energy (MAE) is only a few tens of peV/atom

of the total energy of the atom [19].

Technologically, magnetic anisotropy is one of the important properties of magnetic mate-
rials. This is because depending on a material’s application, a decision is made whether to
use a material with high, low or medium magnetic anisotropy [20]. Typical example is the

ferromagnetic thin films which has a high anisotropy which is used in modern perpendicular



magnetic recording technology with a density storage of 1 Thits/in.? [21] .

There are other sources of magnetic anisotropy, namely; the magnetic dipolar interaction
and the spin-orbit coupling [20]. The absence of these two other sources of anisotropy
means that the total energy of the electron-spin system does not depend on the direction of
the magnetization [20]. The spin-orbit coupling which is considered as a weak relativistic
interaction which is responsible for Hund’s rule is the physical origin of magnetic anisotropy,

magnetocrystalline anisotropy, anisotropic magnetoresistance and spin Hall effect [21,11].

The magnetic anisotropy energy and the orbital momentum are related to the Hamiltonian

and the spin orbit coupling by [21,24]
H=¢(L-S (2.1.1)

where £ is the spin orbit coupling. The anisotropy energy density, E,,; which is rotationally
symmetric with respect to the easy axis and also depends on the relative orientation of the
magnetization with respects to its axis can be expressed as a series expansion of the form
2

Eoni = K15in*¢ 4+ Kosin*y) + Kssin®y + ... (2.1.2)

Where K;(i = 1,2,3,...... ) are the anisotropy constants and v is the angle between the
magnetization and the magnetic axis [2]. In the case of thin films, K; > Ky and also K3

which means that Eq.(2.1.2) can be rewritten as [2]
FEuni = Kysin*y (2.1.3)
When Eq.(2.1.3) is differenciated with respect to 1) and equated to the effective torque
Teff = M X Hopi (2.1.4)

this yields

2Kcos
Honi = 1T1/’ (2.1.5)
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The above equation, (2.1.5) for the anisotropy field means that the field stimulates a pre-
ferred axis since it changes sign when ) goes through § [2]. The anisotropy constant, K can
be expressed as a sum of the shape anisotropy (Ks) and the magnetocrystalline anisotropy
(Ky). When K; > 0 it means that the film prefers to be magnetized perpendicular to its
plane and when K; < 0, it means that the easy direction will be in the plane of the thin

film [2].

The magnetic anisotropy of LSMO thin film which was deposited onto STO (110) substrate
was first studied by Suzuku et. al (1997). Suzuki and his coworkers observed that the in-
plane uniaxial behavior of the LSMO thin film which was deposited onto the STO substrate
with the easy axis was aligned with the [001] crystal direction [154]. Some of the important
magnetic anisotropies such as shape anisotropy, magnetocrystalline anisotropy and surface

and interface anisotropies are discussed in the next section.
SHAPE ANISOTROPY

Shape anisotropy usually arises as a result of the anisotropy of the demagnetizing field, Hy
due to the long-range dipolar interaction in the particle [11,22]. The relation between the

demagnetizing field, H; and the magnetization, M is expressed as [11]
Hy=NM (2.1.6)

where N is the demagnetizing factor. The demagnetizing factors are different for different
samples with different geometrical shapes and magnetization direction [11]. For instance, a
thin film with magnetization direction parallel or perpendicular to it’s plane has demagne-
tizing factor of 0 or 1 respectively, whiles a sphere whose magnetization direction is in any
direction has a demagnetizing factor of % [11]. In the macroscopic limit, the dipole-dipole

contribution to the magnetic anisotropy is called shape anisotropy (K)[23].
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For homogeneous films, the shape anisotropy can be expressed as [23]
Ky = —2nM? (2.1.7)

where My is the saturation magnetization whiles in the case of multilayer films, one uses the
same expression for the shape anisotropy as in the homogeneous films but the saturation
magnetization is replaced by its average value, M, [23]. The shape anisotropy is also

quadratic in magnetization since it can be diagonalized [22].

Inside an infinite system, the relation
B = u,(H+ M) (2.1.8)

holds unlike a situation where we have a finite sample which possess poles at its surface
and this leads to a stray field outside the sample [6,2]. The stray field can be expressed as
1

Hs = .-B [2]. The occurrence of this stray field leads to a demagnetization field inside the

sample [6]. The stray field energy, g, can be expressed as [11,6]
1
Fg = 5 /,uOMHddV (2.1.9)

where H, is the demagnetizing field inside the sample. Since a sphere has demagnetizing

factor of % [11], it means that the stray field energy density is

1
By = équz (2.1.10)

and for an infinitely long cylinder, the stray field energy density is
1 2.2
FEyr = Z'UOM sin“0 (2.1.11)

[6,11]. For very thin plate, thin magnetic film and multilayer films, the stray energy density

can be expressed as [6,24,20]

1
By, = §M0M200320 (2.1.12)
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The stray field energy density for thin magnetic films and multilayers can also be rewritten
as [6]

By, = K, + xsin?6 (2.1.13)
Equation (2.1.13) means when 6 = 90 the stray field energy reaches its minimum value [6].
MAGNETOCRYSTALLINE ANISOTROPY

The search for the understanding of the origin of magnetocrystalline anisotropy started
many years even before 1960 [24] and according to Van Vleck, the main origin of the
magnetocrystalline anisotropy is as a result of the relativistic spin-orbit interaction of the
electrons [24,6,2,22] and the crystal field interactions [11]. In the spin-orbit interaction, the
electron orbitals are closely linked to the crystallographic structure and due to the interac-
tion with the spins, they make the later prefer to align along a well-defined crystallographic
axes [6]. Which means that for a magnetic material there are certain directions in space
that are easier to magnetize than other directions and this is very useful for the designing of
new materials for information storage [6,25]. In addition to the crystal field interaction and
the relativistic spin-orbit interaction, the exchange interaction and the dipolar interaction
can also contribute to the magneto crystalline anisotropy[20]. The difference between the
exchange interaction and the dipolar interaction is that, the exchange interaction is inde-
pendent of the angle between the spins and the crystal axes whiles the dipolar interaction

depends on the orientation of the magnetization relative to the crystal axes [20].

Currently, an understanding of the magnetocrystalline anisotropy can be obtained from the
ab initio bandstructure calculations[20] and a typical example of such calculation was carried
out by Daaldrop(1991), where he concluded that the symmetry of the state determines
whether or not the state split if the direction of magnetization is perpendicular or parallel

to the film plane [20].
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In magnetocrystalline anisotropy, the magnetization process is different when the magnetic
field is applied along different crystallographic directions and this anisotropy reflects the
crystal symmetry of the particular crystal system which is under consideration [11]. Since
the magnetic anisotropy energy (MAE) can be defined as the amount of work which is
needed to rotate the magnetization from the easy to the hard direction [2], it means that if
this rotation is carried out at constant temperature, then the magnetocrystalline anisotropy
energy can be also be defined as the change in the free energy AF. When we consider a
closed system, thus a system in which there is no exchange of particles between the system

and its surrounding, it means that
dF = dW — SdT (2.1.14)

where W is the workdone, S is the entropy and T is the temperature which is constant,
then it means that

dF = dW (2.1.15)

and that

2
AF =F,— F :/ dWiiag = MAE (2.1.16)
1

where 1 and 2 denotes the initial and the final directions of the magnetization. This mag-
netization is usually determined by the anisotropy as a result of the exchange interaction
which aligns the magnetic moment in a parallel direction [6]. The direction of magnetization

which is expressed as [6]
M

= T3] (2.1.17)

m

relative to the coordinates axes can also be expressed by the directional cosines, «; as
m = (aq, ag, ag) where

a1 = sinfcosd (2.1.18)

g = sinfsing (2.1.19)
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ag = cost (2.1.20)

These three equations for the directional cosines also satisfies the condition that [6]

Adtadtal=1 (2.1.21)

&

Figure 2.1: Spherical coordinates system which is used for calculating directional cosines.
Adopted from ref.[118]

The magnetocrystalline energy per unit volume, E can be written as a power series expan-

sion of the components of the magnetization as [6]

E=F,+ Z b;a; + Z bijaiaj + Z bijkaiajak + Z bijklaiajakal + 0((15) (2.1.22)
i ij ijk ijkl
For cubic systems, the energy density can be written as [6]
E = Ko+ Ki(a3a3 + alad + o303 + Kyalaias + Ks(atas + ajal + o303 + ... ) (2.1.23)

For the tetragonal systems, the energy density can be written as [6,140]

E = K, + K1c05*0 + Kycos*0 + K3sin?0(sin* ¢ + cos’¢) (2.1.24)
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and for hexagonal system, the energy density can be expressed as [140]
E = Kisin*0 + Kasin*0 + K3sin®0 + K}sin®0cos6s (2.1.25)

where 0 is the angle between the magnetization and the z-axis and ¢ is the azimuthal angle.
These two angles, 0 and ¢ can also be referred to as the polar angles of the magnetic
moment in the crystal axis frame [140]. Similar expressions can also be derived for other
crystal systems such as the orthorhombic systems[6]. The relations for the anisotropy can
also be expressed as a set of orthonormal spherical harmonics with anisotropy coefficient
K" and the crystal field coefficient A" as [11]

E= > K["ATY™(0,¢) (2.1.26)
1=2,4,6

SURFACE AND INTERFACE ANISOTROPIES

Surfaces and interface anisotropies are one of the most important magnetic anisotropies
[6]. The concepts of magnetic surface anisotropy (MSA) was predicted theoretically by
Néel(1954) [26,30,31,32,28]. Research interest in the area of magnetic properties of surfaces
and interfaces took a center stage in the early part of the 1970s [26]. This intense interest
was motivated by the need to understand the influence of ”defects” such as surface on the
formation of the properties of surface layer [26]. Some other important reasons why much
effort was concentrated on the magnetic properties of surfaces and interfaces was as a result
of its applications in devices especially the ultrathin magnetic films [27] and also the con-
nection between the magnetic surfaces and interfaces to the magnetic oligatomic films and
artificial superstructures [28]. One of the excellent tools which is used for the experimental
analysis of magnetic surface anisotropies is the torsion oscillation magnetometry (TOM)
which provides quantitative data on the magnetic surface and out-of-plane anisotropy of an

ultrathin film with monolayer resolution [29].
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Magnetic anisotropies come about as a result of the broken local symmetry due to the
contribution of the surface energy which depends on the orientation of magnetization on
the surface [30,28,33,6,55]. Néel proposed that the surface energy, o, is related to the angle,
B between the magnetization, M and the surface normal, n by considering only the leading

term [28]. This surface energy is expressed as [2§]
os = Kycos®p (2.1.27)

where K is the out of plane magnetic surface anisotropy (MSA). Gradmann et.al later
proposed an additional term, K S’psinzﬁcos%o to this surface energy by taking into account
the polar coordinates 3 and the azimuthal angle ¢ in the plane of the film, where K, ) is a

constant of the in-plane MSA and is independent of K [28].

Experimentally, the magnetic surface anisotropy can be determined from the study of thin
film anisotropies as a function of the thickness of the thin film [31] and due to the broken

symmetry at the interfaces, the effective anisotropy constant is expressed as [34,6]

2K
Kelh = gell 4 TS (2.1.28)

where Kﬁf T is the effective volume anisotropy constant and st T is the interface anisotropy
constant and the factor 2 is as a result of the creation of two surface. Charppert and Bruno
later revealed that the value of K Sf f might not be purely due to the surface term but might
also contain a volume magnetostatic term as result of an epitaxial strain which is induced

on the thin film [35].

2.1.2 LANDAU-LIFSHITZ -GILBERT (LLG) EQUATION

When a magnetic dipole moment, p is subjected to a magnetic field, H it experiences a

torque, 7. The equation of motion is described as [36,37,2,41,132]

du _

i _7(N % HO) (2.1.29)
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dM

where v = 5% is called gyromagnetic ratio.

For a ferromagnetic material with majority of the electrons pointing their spin in a certain
common direction usually below a certain temperature range as high as 1000K [37], the
effective field, H.ty is unknown and can be expressed as the sum of several anisotropic field

contributions (dipole, spin orbit, external and microwave) [36].

In studying the dispersive theory of magnetization of ferromagnets, Landau-Lifshitz (LL)(1935)
proposed the equation of ferromagnetic spin chain which is an important magnetization
equation, called Landau-Lifshitz (LL) equation. This LL equation is a classical theory for
the rate of change of magnetization as a function of space and time under the application of
an effective local field, H.¢s with the effect of damping term included [41]. The LL equation

is expressed as [42,11,2]

dM

A
W = _'7[M X /«LoHeff} - 7[M X (M X MoHeff)] (2'1'31)

M3

where A is the damping term which is sometimes referred to as the relaxation frequency[42,6].
The first term in the Landau- Lifshitz(LL) equation describes the torque on the magneti-
zation vector which is exerted by the effective field, H.s; and the second term describes
the damping torque which reorient the magnetization vector towards the effective field [42].
The LL equation describes both the evolution of spin fields in ferromagnets and also the

precession of the magnetization in an effective field [43,44].

In 1954, Gilbert modified the Landau-Lifshitz (LL) equation based on the idea of the La-
grangian and this equation became known as the Landau-Lifshitz-Gilbert (LLG) equation

[41]. The LLG equation can be expressed as [36,39,38,18,2,40,45,46,41,68,131,60,67,55,17,134,50,142,143]

dM G dM

G = < Hegp)] e x ] (21.32)
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where a = ﬁ , v is the gyromagnetic ratio and G is the Gilbert damping term which
is also the relaxation rate per second [45,5]. The first term on the right hand side of
the LLG equation is the precessional torque and the second term represents the Gilbert
damping torque [38,18,39,45,46,67]. This LLG equation can be deduced from the lattice
spin Hamiltonian by choosen an appropriate Poisson bracket [41]. The LLG equation which
is valid for small magnetization motions [68] is a modification of Eq. (2.1.30) when the
effect of damping is included. It can be observed from Eq. (2.1.31) and Eq. (2.1.32) that
the precession term in the LL equation, M x u,H.sy is replaced by %4 in the LLG equation
. The LLG equation can be transformed into the LL equation by using the transformation

that A = ﬁ and \ = ﬁfg [42,48].

Hef Hef

(a) (b)

Figure 2.2: Magnetization precission (a) without damping and (b)with damping. Adopted
from ref.[48,41]

Since the inception of the LLG equation it has been applied in many research fields including
the interpretation and prediction of some experiments including domain wall structure,
magnetization reversal and magnetic noise [49]. It has also been established that the LLG
equation has some close relationship with other physical systems including the motion of a

vortex filament, motion of curves and surfaces and the o models in particle physics [41]. In
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the area of magnetic devices also such as the random access memory (MRAM), the Gilbert
damping coefficient has a close relation to the speed of switching a bit of information which
is encoded by magnetization direction of a ferromagnetic grain and the energy demands of
switching [50]. The quest for designing new materials for various applications can be more
successful when more research works are carried out on the Gilbert damping mechanisms

especially in the metallic ferromagnets [50].

Although the LLG equation has chalked some successes as a result of the fact it captures
essential features of the dynamics of magnetization which occurs in condensed matter sys-
tems, there are many problems which still remain unsolved[68]. On the experimental front,
the prediction of the o term in the LLG has been challenging due to insufficient nature of
experimental data [68]. Theoretically, the main challenge in the LLG equation has been the
derivation of the damping term and this is attributed to the fact that the damping term in

various kinds of relaxation processes are melded together in a single damping term [68].

There are also other forms of phenomenological damping term which is found in other
literature apart from the Gilbert damping term. Typical example is the Landau-Lifshitz
(LL) term which is expressed as %(M X [M x Heys]) where X is the Landau-Lifshitz (LL)

term [5]. For small damping, 771?/15 < 1, the Gilbert relaxation torque and the Landau-

Lifshitz relaxation terms, 7_1\/(1;2 [M x (M x Hgys)| are equivalent [38,5].

2.1.3 FERROMAGNETIC RESONANCE

Ferromagnetic resonance (FMR) is an experimental technique which is used for the study
of the magnetic properties of ultrathin films and magnetic thin films [51,17,132]. The origin
of ferromagnetic resonance is as result of the precession of the atoms under a magnetic
field, H[36]. The theory of ferromagnetic resonance effect was developed classically by C.
Kittel (1947) and also within quantum mechanical framework by D. Polder (1948) [52].

In a typical ferromagnetic resonance experiment, a ferromagnetic material is irradiated in
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an applied field with microwaves, where the applied field is swept at a fixed frequency
[53,18,122,39]. In order for precession to be observed in FMR, a high frequency radiation
usually in the GHz range must penetrate the sample and the resulting wavelength must be
greater the size of the sample [11]. For example, a frequency, f = 10GH z results in A = 3em
so that this condition is satisfied for a millimeter size sample [11]. Also, the motion of
the magnetization of ultrathin films such as LSMO in an FMR, satisfies the condition that
the wavelength involved is greater as compared to the lattice constant [128]. Typical value
includes, frequency, f = 9.75G Hz which is the X-band microwave frequency which yields
in a wavelength A = 3.1cm which is greater as compared to the lattice constant of LSMO,

a = 0.388nm at room temperature.

The phenomenon of resonance can be described by applying a macroscopic equation of
motion to the behavior of the magnetization, M which is formed by the magnetic moments,

w in the sample[54]. The magnetization, M is defined as [55,2,56]

M=HF (2.1.33)

Vo
where p is the magnetic moment per atom and V,, is the atomic volume. For a single-domain
magnetic film with thickness below the ultrathin film limit, the magnetization is assumed
to be uniform throughout the sample [54]. In the ultrathin film limit, the thickness of the
film is less than the rf skin depth and the exchange length [17]. The skin depth is defined
as

f= < (2.1.34)

V2T pwo

and the exchange length can be expressed as
deyg = —— (2.1.35)

[56]. Typical values of skin depth and exchange length for bulk bcc Fe (001) at room

temperature are 6 ~ 6 x 10"°cm and de; = 3 x 10~ "cm with the atomic planes of bee Fe
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(001) film being separated by a distance of 1.425 x 10~8¢m [56] which satisfies the ultrathin
film limit. In most practical ferromagnetic materials, the exchange length is usually in the

range of 2-5 nm [11].

There are two main techniques which are used in the determination of the resonance fre-
quency from the LLG equation of motion of the magnetization [17]. The first technique
involves the solution of the coupled differential equations for the time-dependent magnetiza-
tion components and the second technique involves the double derivatives Fyy, Foqo of the
anisotropic part of the magnetic free energy density, F. The second technique which involves
the double derivatives of Fyy, Foqo was developed by Smit and Beljers (1955) [17,57] with

the resonance condition expressed as [17,57,59,58,54,116,130)]

1
[F\I/\IJFQQ — F\IQ,QP (2.1.36)

w= v
M sinW

which is subjected to the equilibrium conditions of [59,17,54,116,130]

OF

o5 = 0 (2.1.37)
and

OF

=g = 0 (2.1.38)

where ¥ and () are the magnetization angles and + is the gyromagnetic ratio. These
two equations, Eq.(2.1.37) and Eq.(2.1.38) clearly means that the ferromagnetic resonance
frequency must be evaluated at equilibrium angles of ¥ and €2 of the magnetization, M
(T,H) [17,54]. It can be observed from Eq.(2.1.36) that the resonance frequency is related
to the second derivatives of the free energy, F and is essentially a measure of the ” curvature”

of the free energy, F or of the ”stiffness” of magnetization.

In FMR spectrometers, two main parameters are usually measured [56]. These are the

microwave power, P, absorbed by the sample as a function of the applied dc magnetic field,
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Figure 2.3: Geometry of magnetization and static field (H) in Smit-Beljers theory. Adopted
from ref.[116]

H and the derivative of the absorption with respect to the field, H [56]. The microwave
power, P, which is absorbed by the sample is related to the component of the dynamic
susceptibility in the direction of the microwave, h, [56,60]. The susceptibility, x can be
expressed as [60,55]

X = x/ —ix/ (2.1.39)

The real part of the susceptibility, x/ is indicative of dispersive process and the imaginary
part, I'm[x] is indicative of dissipation process [60,61]. For conductive samples, dissipation
is mainly due to eddy currents and a non-zero imaginary susceptibility in ferromagnets
can indicate an irreversible domain wall movement or an absorption due to a permanent

moment [61]. The microwave power, P, can be expressed as [60,56,17]

1
P = §w1m[xy}h§ (2.1.40)

and this represents the energy which is transferred from the microwave to the sample[60].
The dissipation of this form of energy usually appears as heat as a result of the vibration

of the lattice [60].

The magnetic susceptibility which is associated with the rf-magnetic field can be expressed
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Figure 2.4: Real and imaginary parts of the longitudinal high frequency magnetic suscepti-
bility as a function of an applied magnetic field. Adopted from ref.[126]

as [42,15]
M, XH
pu— pr— 2-]..41
X"'f Hrf 1_ gz ( )

o

where yg = % The magnetic susceptibility, Eq.(2.1.41) has a maximum when w = w,,
where w is the frequency of the rf-magnetic field and w, is the frequency of the magnetization
precession [42,15]. Ferromagnetic resonance therefore occurs when I'm[y,| is maximum and

this corresponds to the maximum power which is absorbed by sample [56,42,17].

Since in an FMR experiment the microwave frequency, w is fixed so that resonance can be
achieved by sweeping the external dc field, H, the resonance field, Hg)/r can be expressed

as the real part of [55,56,132]

w? Keff iwG Keff wG
X _—H 4w M, —1 (3 40 H 1 40 2.1.42
-2 (Hrpp+4mMesp+ oM, (3+cos )+72Ms]><[ FMRT oM, cos +72Ms] ( )

for the parallel configuration, where G is the Gilbert damping parameter and 6 is the angle
between the field and the crystal axis. In the case of perpendicular condition, the resonance

condition can be expressed as [56,55,132]

2K16ff
M,

w
; :HFMR*47TMeff+ (2.1.43)
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Equation(2.1.42) and (2.1.43) are only valid in high applied magnetic fields in which the dc

magnetic moment is parallel to the external dc field, H, [56,55].

Figure 2.5: Spherical coordinates for the magnetization and magnetic field vectors used in
the calculation of the ferromagnetic resonance frequency. Adopted from ref.[42]

For a thin magnetic film with an in-plane uniaxial anisotropy which is magnetized to sat-
uration along the easy axis by a static external field, the Kittel FMR resonance can be
written as [62]

1
W = 'Y,UO[(He:rt + Hk)(Hext + Hk + ]\45)]5 (2144)

If we ignore the saturation magnetization in Eq. (2.1.44) by setting the saturation magne-

tization, My to zero, we observe that Eq. (2.1.44) reduces to
w = Yo Hezt + Hy,) (2.1.45)

Equation (2.1.45) is in agreement with [65,64] which is the experimentally observed fre-
quency at lower modes [63]. When equation (2.1.44) is simplified and also by assuming a

non-zero saturation magnetization, this result in the Kittel FMR resonance expression

1
W= Ypo[H%, + H? + 2HHopt + My(Hy, + Het)]2 (2.1.46)

T
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By assuming only second order terms in this expression, Eq.(2.1.46) reduces to

1
w = ito(H2y + H})? (2.1.47)

T

which is also in agreement with the fact that resonances are quadratically positioned as a

function of the applied field at higher modes [63].

There are certain factors which can affect the ferromagnetic resonance frequency. Some
of these factors include, shape anisotropy and the magnetocrystalline anisotropy [11]. In
the case of shape anisotropy this is so because different geometrical samples have different
demagnetizing factor [11]. This effect means that the ferromagnetic resonance frequency
condition for a sphere or a thin film whose field is either perpendicular to the plane or in

plane might not be the same because each has different demagnetizing factor [11].
2.2 DAMPING IN ULTRATHIN MAGNETIC THIN FILMS

Phenomenologically, magnetic relaxation in metallic ferromagnetic films is expressed by the
LLG equation, Eq.(2.1.32) [66]. The damping term is described by the second term on the
right hand of Eq.(2.1.32). Clearly from Eq. (2.1.32), it can be observed that damping can
occur when the magnetization in time dependent. The application of the LLG equation to a
ferromagnetic thin film which is magnetized in plane or perpendicular to the plane leads to
the prediction of the ferromagnetic resonance linewidth [67]. The ferromagnetic resonance

linewidth, AH,, is related to the magnetic damping parameter, o by [56,68]

2 w
AH, = —a”
pp \/§ Y
G

where o = 7. The ferromagnetic resonance linewidth, AH,, is proportional to the mi-
YMs

(2.2.1)

crowave frequency, w and inversely proportional to the saturation magnetization, M. This
is referred to as the intrinsic contribution to the linewidth [18]. However, it has been ob-

served experimentally that there is an additional frequency independent contribution to the
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linewidth and this is referred to as the inhomogeneous contribution [18]. This inhomoge-
neous contribution to the ferromagnetic resonance linewidth is as a result of disorder in the
sample[18]. This disorder occurs as a result of two main processes [18]. Firstly, fluctuations
in the magnetic properties of the material such as magnetization and secondly as a result
of the fact that in a typical ferromagnetic resonance experiment, uniform precissional mode
(k = 0) are excited and this then generate finite -k (k # 0) spin wave modes [18]. The
homogeneous and inhomogeneous contribution to the ferromagnetic resonance linewidth is
as a result of combined effect of the exchange interaction and the spin orbit coupling [68].
These two contributions to the ferromagnetic resonance linewidth are usually extracted
from the relation [68,66,17,134,132,137|

2 w
V3

There are some mechanisms which can contribute to the ferromagnetic resonance linewidth.

AHPP = AI{inhomo + AI{homo = AI{inhomo + (222)

These are the intrinsic Gilbert damping, the broadening induced which occurs as a result

of the magnetic inhomogeneity and the extrinsic magnetic relaxation [68].

uniform motion dissipation to lattice

R
\“kzﬁm

spin waves

Figure 2.6: The uniform motion of the magnetization with £ = 0 in an FMR experiment.
Adopted from ref.[36,45]

In magnetic systems such as ultrathin films, the Gilbert damping torque describes the

relaxation of the magnetization and the origin of the Gilbert damping in ultrathin films is
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as a result of the spin-orbital coupling [47]. Experimentally, the Gilbert damping constant in
thin magnetic films can be studied by measuring the peak-to-peak ferromagnetic resonance
linewidth [68]. It has been established that, the Gilbert damping constant in ultrathin films
is larger compared to their bulk counterpart due to the higher damping in strained films as
compared to the relaxed films [68,69]. Typical example is Fe on semiconductor substrates
in which the value of the dimensionless Gilbert damping constant, a is 4.1 x 1073 for the

thin films and 2.8 x 1073 for the thick films [69].

2.3 LMSO

This section of the thesis work gives some brief introduction about LSMO, crystal structure,
phase diagram, FMR of LSMO, some thin film techniques for fabricating LSMO and some

potential applications of LSMO and the mixed valence manganites.
2.3.1 INTRODUCTION

The compounds which have attracted renewed attention are the manganite perovskites
which have the form 77_,D,MnOs where T is a trivalent lanthanide cation (eg. La, Pr,
Nd) and D is a divalent, eg. alkaline-earth (eg. Ca, Sr, Ba), cation [70,71,72]. The
manganite perovskites have interesting properties and some of the properties are given
below. The physical properties of the manganite perovskites, T1_,D,MnO3 can be tuned
by controlling the doping level, z [110]. The manganite perovskites are known to undergo
phase transformation from the ferromagnetic metal to paramagnetic insulator and this phase
transformation depends on the particular composition of the sample, internal stress, and the
structural defects [90]. Due to this phase transformation in the manganite perovskites, an
electron spin resonance (ESR) lines in the paramagnetic(PM) phase with large variations of
the line parameters as a function of temperature, T has been observed [129]. The manganite

perovskites have unusual electrical transport and magnetic properties [133]. This unusual
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electrical transport and magnetic properties depends on factors such as doping level, the
ratio of the Mn** to Mn3* ions, and the interaction between the Mn*t /Mn3+ and O?~
ions [101]. The electrical and magnetic properties of the manganite perovskites are related
to the crystal structures as well as its microstructures [102]. Also, the interplay between the
charge, spin and the orbital degrees of freedom give rise to magnetoelectronic phenomena
in the manganite perovskites compounds [110]. One common feature which is exhibited by
the mixed valence manganites is that their physical properties are closely related to their
lattice constants and they have a strong dependence on hydrostatic pressure[123]. The
mixed valence manganites exhibit other interesting properties such as high temperature

superconductivity and ferroelectricity [123].

Research interest in the manganite perovskites was motivated by the need to develop insulat-
ing ferromagnet with high magnetization for high frequency applications and the discovery
of high-temperature superconductivity in the cuprates [71,72]. Also, the observation of
colossal magnetoresistance effect in the manganite perovskites added more interest to the
research work [72,89,135]. By colossal magnetoresistance effect, it means that the electrical
resistance of the these compounds changes as a result of the application of magnetic field
[73]. Typical examples of the manganite perovskites include; Laj_,Sr, MnOs (LSMO),
Lay_,Ca,; MnOs (LCMO) and Laj—;Bay,MnOs (LBMO).

The end members of the manganite perovskites, thus LaMnOs and CaMnQOs are anti-
ferromagnetic and insulating but doping at = = % yields a ferromagnetic and conduct-
ing material [71,74]. Typical examples include; Lag7Cap3MnOs(LCMO) which has a
Curie temperature, T, = 220K and a low temperature resistivity, p, = 107°Qm and
Lay7Bay3MnOs(LBMO) which has a Curie temperature, T, = 310K([75,71]. For the per-
ovskite LaMnQOs which is an insulating layered antiferromagnetic with a Néel temperature,

Ty = 150K, by replacing La®T with a divalent cation ( eg. Ba,Ca or Sr), the mixed
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compound Laj_;Sr, MnQOs becomes ferromagnetic and conducting at room temperature at

x~ 0.3 [71,11].

The most researched of the manganite perovskites currently, is the alkaline-earth-substituted
lanthanum manganites, and a typical example is Laj_,S7, MnOs (LSMO). LSMO has spe-
cial properties such as high electrical conductivities, a high Curie temperature of 370K

which is above room temperature at = ~ % [77,78,72,11,154] and the presence of superstruc-

tures at x = % and x = % [71]. In a situation where the strontium (Sr) concentration is

1
8

ferromagnetic state(FM) has been observed below T, = 180K, metallic down to T, = 150K

(z = %) various superstructure and characteristic temperatures have been observed. A

and insulating below T, = 150K [141]. Also, around T;p = 280K the phenomenon of
Jahn-Teller transition has been observed from O to O phase and above Tr = 475K, the
rhombohedral (R3C) R phase has also been observed [141]. Figure 2.7 shows the thermal
expansion vrs temperature of a single crystal La z Sr 1 MnQOs which can be used to explained

such a phenomenon.

50 100 150 200 250 300 350
Temperature (K)

Figure 2.7: Schematic diagram of thermal expansion vrs temperature of LazSri MnOs
8 8
single crystal. Adopted from ref.[141]

Thin films of La;_; S, MnO3(LSMO) have fascinating magnetic and electric properties[79].
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The electronic properties of LSMO are usually described by the band theory as nearly half-
metallic [80]. By half-metallic it means that LSMO has one spin-up or spin-down electron
states in its Fermi level [79,80]. Among the manganite perovskites, Lag 7579.3MnOs is one of
the most studied compounds and has special properties including; high conductivity at room
temperature, fully spin -polarized conduction band, high stability of the crystal structure
under certain oxygen pressures and also the ability to behave as a p-type semiconductor at

room temperature [81,99,136].

2.3.2 CRYSTAL STRUCTURE

Lay_5Sr, MnO3(LSMO) belongs to the ABO3 perovskite oxide family. The ideal cubic
perovskite structure of ABQOj3 is indicated in figure 2.8 with a lattice constant of 0.388 nm
[71,82,72]. In figure 2.8, the larger rare earth ions (eg. La, Ca) is similar in size to 0%~
and it occupies the 12 coordinated A-site and the transition metal ions (eg. Mn) occupy

the octahedral B-sites [71,98,72].

© A(000)
e B(1/2121/2)

O 0(1/21/2)
(1/201/2)
(1/21/20)

Figure 2.8: The ideal cubic perovskites, ABOs3. A is a large cation similar in size to O?~,
B is a small cation such as Mn?t or Mn**, octahedrally-coordinated by oxygen. Adopted
from ref.[71,72]

LSMO has two types of crystal structures and this depends on the temperature, oxygen

pressure and the chemical composition [77]. These crystal structures are the rhombohedral
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(R3C) and the orthorhombic (Rbnm) and these structures have distorted vertex-sharing
of MnOg octahedral [77]. Typical crystal structures of LSMO are shown in figure 2.9 and

figure 2.10

orthorhombic

Figure 2.9: Schematic drawing of the arrangement of MnOg octahedral in orthorhombic
LSMO lattice where the dashed lines corresponds to the unit cell of each lattice. Adopted
from ref.[77]

The end members of the manganite perovskite; CaMnOs and LaMnQOs have Pbnm D%}GL
with Z = 4 orthorhombic structure at room temperature [83,82,72,71]. At a temperature
T ~ 600°C, LaMnQOs3 shows an orthorhombic or rhomboherdal crystallographic transforma-
tion and this transformation is attributed to the oxidation of Mn3* to Mn** ions [82]. The
crystal structure of Lag7Sr93MnOs3 is thombohedral with (R3C) ng with Z = 2 space
group [83]. A typical Pbnm orthorhombic RMnOs compound is structurally distorted with
respect to the cubic perovskite [83]. These distortions which occurs with respect to the
cubic perovskite is as a result of the rotation of the oxygen octahedra and the lanthanum
ion shifts like in the orthoferrite crystals and the Janh-Teller effect of the oxygen octahedra

of the e-type[139].

Generally, the structure of the manganite perovskites is governed by the tolerance factor, t

which is related to the ionic radii of the constituents atoms. This tolerance factor according
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rhombohedral

Figure 2.10: Schematic drawing of the arrangement of MnQOg octahedral in rhombohedral
LSMO lattice where the dashed lines corresponds to the unit cell of each lattice. Adopted
from ref.[77]

to Goldschmidt can be expressed as [71,72,11]

(ra-+ro)
\/§(TB + ro)

(2.3.1)

For an ideally sized ions, t = 1 and for the perovskite structure, 0.89 < ¢t < 1.02 is indicative
of a stable structure [71,72,11]. Lag 7S7r9.3MnO3 which has special properties inculding spin-
polarized conduction and higher conductivity at room temperature [81,99] has a crystal

structure as in figure 2.11
2.3.3 PHASE DIAGRAM OF LSMO

Lanthanum-strontium manganites, Laj_,Sr,MnOs (LSMO) materials display an enor-
mously rich phase diagram by varying the temperature and the doping level, x with phases
showing behaviors as interesting as colossal magnetoresistance [71,72]. For instance at
T = %, the material behaves as a ferromagnetic half metal, that is, with the Fermi level
within a gap in the minority-spin density of states [71,11,80]. The rich phase diagram of
LSMO which is sometimes considered as complex with various magnetic phases which may

either be conductive or insulative can be attributed to the competition between the charge,
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Figure 2.11: Crystal structure of one of the most studied manganite perovskites,
Lag7S7r9.3MnOs. Adopted from ref.[82]

spin, orbital and the lattice [112,113]. There is a deep connection between the conductivity

and ferromagnetism and this can be expressed as [71]

xe? T

“)) (2.3.2)

e = (

where zx is the doping and 7 is the Mn-Mn distance. This relation, Eq. 2.3.2 is only valid

in the limited range of 0.2 < z < 0.4 [71].

The existence of the ferromagnetic(FM) phase and the antiferomagnetic (AF) phases which
appears on the phase diagram is partly due to the coexistence of the AF superexchange
interactions [110]. The AF superexchange interaction is the type of interaction between
the to, spins and the electronic anisotropy which arises from the orbital ordering of the

conduction ey electrons [110].

Konishi et. al (1999) studied the magnetic and transport properties of LSMO thin films
which were thinner than the coherence epitaxy, (. The LSMO thin films which were studied

were deposited on three different substrates and they observed a phase diagram which
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FM

Figure 2.12: A schematic illustration of the magnetic structure in a FM magnetic state.
Adopted from ref.[115]

consisted of a ferromagnetic metal, A-type and C-type ferromagnetic insulators (AFI), in
the z against the c-axis/a-axis ratio plane [114]. Tandeloo et. al (2000) used the method
of neutron diffraction for an intensive research on LSMO and they observed two different
orthorhombic phases and one rhombohedral crystal structure [111]. A typical magnetic

structure in a FM state is shown in figure 2.12 above.

Typical phase diagram of Laj_,Sr,MnOs (LSMO) is as shown in figure 2.13. In figure
2.13, it can be observed that LSMO is insulating up to about x = 0.15 (FI) whiles metallic
at x > 0.15 (FM). It can also be observed from figure 2.13, that LSMO shows an insulating

canted AF structure(CI) at doping level 0 < 2 < 0.1 [72].

2.3.4 FERROMAGNETIC RESONANCE OF LSMO

Ferromagnetic resonance(FMR) which is one of the most powerful experimental technique
as a result of the its high resolution and high sensitivity can be used for the study of metallic
systems such as ultrathin metallic films (eg. LSMO) [90,54,124]. Ferromagnetic resonance
which can be described as the motion of the magnetization in an external magnetic field

can be expressed by the Landau-Lifshitz-Gilbert (LLG) equation, Eq.(2.1.32) with the FMR
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Figure 2.13: Phase diagram showing transition temperature versus concentration, x of single
crystals of Laj_,Sr, MnOs. Adopted from ref.[72]

linewidth given by Eq. (2.2.2) [124,68].

In thin magnetic films such as LSMO, the anisotropic energy can be expressed as Eq. (2.1.2)
and by taking the first two terms of Eq. (2.1.2) , the frequency at which resonance occurs

can be expressed as [90]

2K: K
(%)2 = [Hcos(y) —n) — Heppcos™p + WQ] X [Hcos(p —n) — Hefpcos2y) + ﬁ(l + c0s%2¢)]
(2.3.3)
where H,¢; is the effective field which is expressed as [90]
2K
Hepp = 47M — Wl (2.3.4)

and 7 is the angle between the external magnetic field and direction z normal to the film
and 1) is the angle between the magnetization, M and the main axis. The angle ¢ can be
determined from the equilibrium condition [90] as

1 2K 2K.
Hsin() —n) = 5 (Hefs - W23m2¢) - W%mwsm% =0 (2.3.5)

In an FMR experiment in ultrathin magnetic films such as LSMO, the magnetic anisotropy

of the film can be determined by analyzing the angular variation of the field, H.s [122]. The
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behaviour of the angular variation of the field, H,.s at different fields shows sinusoidal-like
shape [122]. Typical FMR spectra measurement for different orientations for a bicrystalline
Lay7557025MnO3 films at temperature of 125K indicating this sinusoidal-like shape is

indicated in figure 2.14
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Figure 2.14: The angular variation of the magnetic field, H,.s; of a bicrystalline
Lag 7557025 MnOs film at a temperature of 125K. Adopted from ref.[122]

2.3.5 SOME TECHNIQUES OF FABRICATING LSMO AND MAN-
GANITE THIN FILMS

There are several techniques which are used for fabricating thin films. Some of these thin
films fabrication techniques include; sol-gel dip coating, molecular beam epitaxy (MBE),
pulsed laser deposition (PLD), metal organic chemical vapour deposition (MOCVP) and
spray pyroysis. But the pulsed laser deposition technique from sintered ceramic target have
mainly been used for the growth of the manganites thin films [71]. For pulsed laser deposi-
tion technique, critical factors such as the atmosphere in the chamber and the temperature
of the substrate are very critical for the growth of high quality thin films [71]. For example,
by using an oxygen pressure of 10—50Pa and a substrate of MgO, SrTi03 (STO) or LaAlO3

(LAO) which has been heated to about 600 — 800°C', good quality films have been grown
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[71]. This technique has been used to grow quality thin films such as Lag7Sro3MnOs,
Lagg7Bdo33MnOs and Lag7Cap3MnOs[71]. The pulsed laser deposition technique can be
used in growing thin films of the order 100nm or less but the molecular beam epitaxy tech-
nique is mainly used to grow highest quality films [71,84,11]. One of the disadvantages of
the pulsed laser deposition technique is the tendency for the micrometer-size droplets which
is ejected from the target to litter the growing film [11]. This barrier can be overcome by
working at an energy density which is close to the ablation threshold by using a fully dense
targets [11]. The ablation threshold which is a material and wavelength dependent property
is defined as the minimum fluence in which the expulsion of a given material in the form
of hot plasma is obtained[138]. Although the pulsed laser deposition technique is used in
growing quality thin films, the magnetron sputtering technique is more preferable than the
PLD technique as a result of its compatibility with current existing large scale integrating

(LST) processes [87].
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Figure 2.15: A schematic diagram of the pulsed laser deposition (PLD) experimental setup.
Adopted from ref.[117]

In molecular beam epitaxy, the pressure of the evaporating species is usually in the range
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of 107% — 10~*Pa. During the molecular beam epitaxy process in the fabrication of thin
films, sometimes the atoms from the evaporation source are scattered before they get to the
substrate [11]. In order to overcome this barrier, the mean free path of the emitted atoms
from the evaporation source must be greater than the size of the chamber. The mean free
path is expressed as %, where P is the pressure [11]. The technique of electrochemistry
can also be used in growing thin films of the manganites. During this process, LaMnQOs is

deposited unto SrTi0s substrate from a 1M solution of lanthanum and manganese nitrate

under ultraviolet illumination [71].

There are several oxide materials with perovskite structure which can be used as substrate
for high epitaxial growth of LSMO thin films but Sr7%0O3 (STO) and LaAlO3 (LAO)
substrates are mainly used for growing quality films as a result of the small misfits which
emerges after the fabrication process [86,91]. This is because the lattice constant of STO,
asto = 0.391nm and LAO, arps0 = 0.380nm are comparable to the lattice constant of
LSMO, arsyo = 0.388nm at room temperature [71,91]. In the case of LSMO thin film
which is fabricated on STO substrate, one can observe a misfit strain, ¢, = 0.007732
at room temperature [79]. This misfit strain is smaller as compared to the misfit strain,
em = 0.0079 at a temperature of 800°C' [79]. The misfit strain was calculated using the
expression [79]

_— (asTo — arLsmo) (2.3.6)

arsSMo

Furthermore, STO has a thermal expansion coefficient (=~ 11 x 107K ~!) which is close
that of LSMO (=~ 11.5 x 107K ~!) and this guarantees a crystal misfit of less than 1
percent for all temperatures below 1000K [79]. For LSMO thin film which is fabricated
on LAO substrate, an in-plane compressive strain of -0.021 can be observed. The in-plane

compressive strain was calculated using the relation[119]

ArAO — ALSMO
£ = A9 TLSMO (2.3.7)
arAO
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Some of the other substrates which can be used in fabricating LSMO thin films using the
technique of pulsed laser deposition are ZnO, MgO, NdGaOs, LaGaO3 (LGO) and Al3O3
(AO)[81,90,87,121,127,149]. It can be observed from the above that most of the LMSO thin
films are deposited onto oxide substrates by pulsed laser deposition technique[87]. This is
done so that the effect of lattice mismatch can be minimized [91]. In order to achieve good
quality colossal mangnetoresistant manganites(CMR) thin films such as LSMO, there are
other two materials properties of CMR film and the substrate that are very critical apart
from lattice mismatch [91]. These are chemical reaction and different thermal expansion
[91]. The difference in the thermal expansion coefficients between the thin films of the oxide

and the substrate results in a structural phase transformations [91].

The presence of strain in fabricated LSMO thin films can be attributed to the difference in
crystal structure between the film and the substrate [79,120]. It has been established that
thin film properties of the manganite perovskites such as LSMO, LCMO and LBMO are
not only affected by lattice misfits but also by annealing conditions, layer thickness, and
mechanism of strain relaxation[88]. It has also been established recently that by depositing
Au on top of a 4 nm thick LSMO film results in a drastic reduction in the Curie temperature
to 188 K with respect to an uncoated LSMO thin films of the same thickness [100]. Also,
recently studies have shown that the magnetic and transport properties of the thin films
of the CMR materials can be improved by postannealing in oxygen. This improvement in
the magnetic and transport properties can be attributed to the oxygen incorporation which
transforms Mn3*t ions to Mn**T with smaller ionic radii which induces the changes in the
unit-cell volume [101]. Research work on the effect of tensile strain on LSMO thin films
have also shown a reduction in the Curie temperature and this anomaly was successfully
explained using the idea of double exchange interaction [103]. The double exchange which
was proposed by Zener [129] explains this reduction in the Curie temperature as a result of

the increase of the in-plane Mn-O bond length which results in the decrease of the hopping
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term between the Mn®T — Mn?T jon [103].

The double exchange interaction in the colossal magnetoresistance (CMR) perovskites is
as a result of the the ferromagnetic(FM) interactions in the Mn ions [129]. Due to the
coupling between the Mn ions, the double exchange interaction model give rise to a magnetic
susceptibility that can be described by the isotropic Heisenberg-like interaction between the
Mn3+ — Mn** pairs. The Heisenberg-like model can be expressed as [129]

H=-2] Y 8.8 +gup> (Si+5%).H (2.3.8)

<i,j> (4,7)

where S; and Sy are the spins of Mn*t and Mn?t species respectively, with S; = % and
Sy = 2, H is the external magnetic field, and < 4, j > runs over all possible Mn3T — Mn**

pairs [129].

24 SOME POTENTIAL APPLICATIONS OF LSMO AND
THE MIXED VALENCE MANGANITES

The potential applications of the mixed valence manganites are based on its physical and
chemical properties. Typical physical property is the temperature dependence of the resis-
tivity and the magnetoresistance [71]. Thin films of the manganite perovskite with ferro-
magnetic colossal magnetoresistance are potential candidates for tunable microwave filters
[93]. This process can be achieved when thin films of the manganite perovskite are stacked
on high temperature superconducting YBCO thin films [93]. It has been established that
microwave tunability has already been achieved by using ferromagnetic Lag.g7570.33MnO3
and other thin films materials such as tunable barium strontium titanate paraelectric films
[94]. On the research front also, the manganite perovskites can be used to fabricate multi-
layers and also to investigate the magnetic interactions at the interfaces of other materials
due to the fact that the magnetic states of these manganite perovskites can easily be con-

trolled by changing the carrier doping and temperature [92]. The presence of the unusual
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electrical and magnetic properties of the colossal magnetoresistance in the manganites per-
ovskites have been considered for application including ferroelectric field effect transistor
(FeFET), infrared (IR) bolometric devices, spin tunnel junctions, microwave active compo-
nents, infrared optical sensors, photonic devices, magnetoelectronics, spin sensitive devices

and high-density memory application [95,91,96,89,90,85,89,75,99].

Among the colossal magnetoresistance materials, Lag7S19.3MnO3 has the highest Curie
temperature and this makes it very promising for room temperature applications [95,99]. In
spintronics technology, Lag ¢7.570.33MnO3(LLSMO) is considered as the favourite candidate
as a result of the half-metallicity [85,78]. The presence of half-metallicity allows for very high
spin polarization and this yields high tunnel magnetoresistance (TMR) values according to

the Julliere equation. The Julliere equation can be expressed as [97]

PPy

TMR=———
1-P P

(2.4.1)

where P; and P» shows the polarisation of top and bottom ferromagnetic layers. The predic-
tion of nearly 100 percent spin polarisation in La %A 1 MnOs where (A = Ca, Sr, Ba) atoms
further boost the idea of 1850 percent TMR- ratio for LagSr%MnOg/SrTiOg/La% Sr%MnOg
magnetic tunnel junctions at 4K [76,97,80,149]. Tunnel magnetoresistance (TMR) has po-
tential applications including magnetic field sensors or non-volatile magnetic random access

memories [97].

In the area of the magnetoresistance applications of the manganite perovskites, Laj_, A, MnQOs3
where A is a divalent element such as Sr, Ca, Ba, due to the considerable changes in the
resistance in strong fields at 1T, practical applications have considerably been restricted
[125]. Progress in this area has been achieved through the use of fine-crystalline mangan-
ites as well as samples including microscale defects or spin-disordered areas where higher
magnetoresistivity has been observed for the fine-crystalline manganites than their single

crystal counterpart at low temperatures [125].
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The alkaline-earth-substituted lanthanum manganites, such as Laj_,Sr, MnO3(LSMO) has
potential applications including anode and interconnector materials for solid-oxide cells [77].
It has been anticipated that a manganite/superconductor layer structures could be useful

for ultrasonic wave amplification, thermal switching and thermocouple infrared detection

71].

The manganite perovskites have intrinsic magnetocaloric effect which makes it an inter-
esting material for magnetic refrigeration such as the Ericsson-cycle magnetic refrigerator
which has a wide working span [71,107,106]. Magnetic refrigeration which is based on the
idea of magnetocaloric effect(MCE) is a viable and competitive cooling technology which
has potential advantage of environmental friendliness than the gas refrigeration [107]. By
magnetocaloric effect it means that an application or removing of magnetic field to the
manganite perovskites results in an isothermal entropy change, AS and adiabatic change
in temperature AT, [108,109]. It has been established that magnetic cooling which is
based on MCE is a promising alternative technology to the classical refrigeration such as
air conditioning and liquefaction of gases [109]. In the chemical industries also, some of the
potential applications of the manganites include catalysis, such as catalysts for automobile

exhausts, oxygen sensors and solid electrolytes [71].

There are several reasons why currently it has been difficult for commercial devices based
on LSMO to be achieved especially in the area of semiconductor technology. Some of
the reasons include, large lattice mismatch between the CMR manganites films and the
semiconductor substrate (eg. Si) [91]. Typical values include, the CMR manganite which
has a lattice parameter a = (3.8 — 3.9) x 1071%n and the semiconductor substrate has a
lattice parameter a = 5.431 x 10~ %m for Si and a = 5.653 x 10719 for GaAs [91]. Also,
the large difference in thermal expansion coefficient between the CMR thin films and the

substrate and the severe chemical reaction between the substrate (eg. Si) and the deposited
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film layer have also contributed to this problem [104]. The thermal expansion coefficient for
a typical CMR material such as LSMO at room temperature is 11.5 x 107K ! whiles the
thermal expansion coefficient for the single crystalline Si substrate at room temperature is

9 x 1078K ! [105].



Chapter 3

EXPERIMENTAL METHOD

3.1 INTRODUCTION

Conventionally, in the experimental determination of the ferromagnetic resonance of a mag-
netic sample, measurements are usually carried out using a resonator and a waveguide but
recent studies in the area of microfabrication techniques have also shown that FMR mea-
surements in the case of small-sized samples over a wide frequency range can also be achieved
using the coplanar waveguide (CPW) technique [144,18,145]. These above mentioned tech-
niques for FMR determination ensure that a high frequency magnetic field is concentrated
onto a remarkably narrow signal line [144]. The shorted waveguide technique can also
be used experimentally in the determination of the FMR especially the angle dependence
of ferromagnetic resonance linewidth and two magnon losses [146] but in the case of this
work, the EPR spectrometer was used in the determination of the FMR. In all the above
mentioned techniques of determining FMR experimentally, the coplanar waveguide (CPW)
technique provides one of the best means to perform a large angle ferromagnetic resonance
as a result of the fact that the power which is coupled to the device is most effective than
the usual conventional cavity or the hollow waveguide technique[147]. When the coplanar
waveguide technique is to be used to determine the FMR, a static magnetic field can be

applied parallel to the magnetic sample and the FMR signals are measured using a vector

44
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network analyzer (VNA) [144]. In the next section of the experimental method, a sum-
mary of issues concerning the LSMO samples and basics of the EPR spectrometer and the

experimental procedure are discussed.

3.1.1 LSMO SAMPLES AND BASICS OF THE EPR SPECTROME-
TER

LSMO thin film of different unit cells were grown using the pulsed laser deposition technique
on (001) SrTi0O3(STO) substrate. The thin films were cut into smaller dimensions of
1 x 1mm? pieces. This was done in order to keep a resonance value of the quality factor.
The quality factor, Q is related to the sensitivity of the EPR spectrometer. As the quality
factor is increased, the sensitivity of the EPR spectrometer also increases. The microwave
cavity which is characterized by the quality factor Q, indicates how efficiently the cavity of
the EPR spectrometer stores the microwave energy. The quality factor, Q can be expressed
as
2n(E,)

Q= E, (3.1.1)

where E, is the energy stored and E; is the energy dissipated per cycle. The energy which

is dissipated per cycle is the amount of energy which is lost during the microwave period.

FMR measurements were carried out with a Bruker Elexsys E 500 EPR spectrometer using
an X-band frequency of 9.75GHz microwave source and a T Fi92 model cavity. In this
spectrometer, the applied dc magnetic field was in the horizontal plane and the microwave
magnetic field was vertical. A block diagram of the Bruker Elexsys E 500 EPR spectrometer
system is shown in figure 3.1. A personal computer was used as a system controller and
for data acquisition. In figure 3.1, the microwave bridge houses the microwave source and
the detector and then the magnet which generates the required dc magnetic field which is

needed for the experiment.

The block diagram of the microwave bridge is shown in figure 3.2. The microwave frequency
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Figure 3.1: A schematic block diagram of an EPR spectrometer. Adopted from ref.[148]

of the microwave resonance cavity of the Elexsys E 500 spectrometer is fixed to an eigen
frequency of the cavity and the magnetic field is increased until resonance absorption of the
spin system occurs. In the ideal case, the cavity stores all the microwave energy at eigen-
resonance (resonance). In figure 3.2, the microwave power from the source, A is reflected

from the cavity and is detected at the diode.

3.1.2 EXPERIMENTAL PROCEDURE

FMR measurement was carried out on the 15uc thick LSMO thin film. This was done
by positioning the 15uc thick LSMO thin film in a particular orientation (eg.[001]) in the
sample holder made of glass. The sample holder which contains the LSMO thin film was
inserted in the cavity of the Elexsys E 500 spectrometer for angular dependence of FMR
spectrum to be recorded on the computer. This was achieved by rotating the sample
holder which contains the LSMO thin film with a goniometer which was mounted on top
of the cavity of the Bruker Elexsys E 500 spectrometer. The applied dc magnetic field
was swept through the LSMO sample in the cavity till ferromagnetic resonance is achieved.
At ferromagnetic resonance, the power which was absorbed by the LSMO thin film is a
maximum. The FMR spectrum was recorded on the Bruker Elexsys E 500 spectrometer

at a frequency of 9.75GHz, with a power of 0.6325mW, tolerance of 1.00K, modulation
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Figure 3.2: A block diagram of a microwave bridge. Adopted from ref.[148]

frequency of 100.00kHz, modulation amplitude of 10.00 and power attenuation of 25.0dB.
In order to avoid contaminating the microwave cavity of the spectrometer with paramagnetic
contaminants which produces spurious EPR signals, the sample tube was consistently wiped

with a tissue paper.

Angular dependence of FMR spectra were recorded with the magnetic field rotated in the
film plane ( in-plane geometry) or in the plane which is perpendicular to film plane ( out
-of-plane geometry). It should be noted that due to restrictions of the experimental setup
in the in-plane geometry, the microwave magnetic field is perpendicular to the film whiles
in the case of the out-of-plane geometry, this field is in the plane of the film. The coordinate
system which was used for the measurement and analysis of the out-of-plane dependence
is as shown in figure 3.3. The goniometer was used to carry out the measurement of the

out-of-plane dependence of the FMR. The data obtained from the experiment were then
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Figure 3.3: The coordinate system which was used for the measurement and analysis of the
out-of-plane angular dependence of FMR. Adopted from ref.[131]

analyzed using Matlab.



Chapter 4

RESULTS AND DISCUSSIONS

The ferromagnetic resonance (FMR) spectrum at 7' = 150K observed for the 15uc thick
LSMO thin film which was deposited on STO substrate is illustrated in figure 4.1. The
coordinate system which was used for the measurement of the FMR spectrum is shown
in figure 3.3. As shown in figure 4.1, the spectrum clearly evolves as the resonance field,
H,¢s is rotated in-plane. The spectrum in figure 4.1 is sinusoidal-like in nature which is
in agreement with ref.[122]. That is, the angular variation of the resonance field, Hyes
presents a sinusoidal-like shape. In figure 4.1, it can be observed that there is a critical
orientation for only a single uniform FMR mode. This single uniform FMR mode according
to Puszkarski(1970) is attributed to the fact that at surfaces of a ferromagnetic film such as
LSMO, there exists surface anisotropy which allows the excitation of an exchange-dominated

non-propagating surface mode [143].

The resonance widths of the 15uc thick LSMO thin film such as in figure 4.1, is as a result
of the homogeneous and inhomogeneous contributions [90]. The homogeneous contribution
to the resonance width depends on factors such as microwave frequency and saturation
magnetization [18]. The inhomogeneous contribution to the width of the FMR spectrum
such as in figure 4.1 can be related to the variation of the magnetization, demagnetization

parameters, anisotropy field and damping parameters in the LSMO thin film sample[90].
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The significance of the resonance width in the LSMO sample is that it can give some infor-
mation on the spin-lattice relaxation in the magnetic sample[2]. Also, another significance
to the width of the resonance line in the 15uc thick LSMO sample is that it can be used to
characterize the contribution of the intrinsic loss mechanisms and the determination of the

magnetic inhomogeneities in the LSMO thin film [55].

The maxima and minima with negative and positive curvature (as depicted in figure 4.1)
would either increase or decrease the resonance field respectively, and this depends on the
magnetization direction [130]. The maxima and minima of the resonance spectrum in figure
4.1, are as a result of the singled-valued double differentiable function in the resonance
condition of Eq. (2.1.36)[130]. The resonance position of the FMR spectrum in figure 4.1,
is indicative of in-plane anisotropy. The in-plane anisotropy in the LSMO thin film can
occur when an oriented or an epitaxial film of the magnetic material is grown with its
easy axis perpendicular to the film plane[11]. Usually, in LSMO, the easy axis is aligned
with the maximum tensile strain direction [154]. According to Boschker et. al (2010) they
observed that an LSMO which was fabricated on STO (110) substrate, the tilt of the [110]
vector was in the [001] direction favours a partially out-of-plane axis. The occurrence of
the component of the easy axis results in magnetic domain formation which is due to the

high demagnetization energy of the LSMO thin film in the out-of-plane direction [154].

The main feature of the FMR spectrum of the 15uc thick LSMO sample in figure 4.1 is
broad which is basically single FMR line. This is also in agreement with FMR results on
(La, Sr)MnOs3 bicrystalline films which were deposited on STO substrate [122]. The FMR
spectrum of the 15uc thick LSMO sample has a maximum for orientation angles; 15°, 46°,
104° and 151° and the minimum of the FMR spectrum occurs at 28°, 77°, 118° and 167°.
The mean maximum of the resonance field was 1229.5 Oe and the mean minimum of the

resonance field was 910.875 Oe. The mean maximum and minimum of the resonance fields
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were obtained by taking the mean of maximum of the four maxima from the amplitude of
the sinusoidal-like shape and the mean minimum was also obtained by taking the mean of
the minima of the amplitude of the sinusoidal-like shape or the ferromagnetic spectrum.
From the mean maximum and mean minimum of the resonance field, this results in a center
position of 1070.1875 Oe and the width which is sometimes approximated as the full width
half maximum (FWHM) of 159.3125 Oe. As can be observed in figure 4.1, the amplitude of
the FMR spectrum are unequal and this might be attributed to the existence of a uniaxial
anisotropy [122]. This uniaxial or planar anisotropy which might have occurred during the
growth of the 15uc LSMO thin film is due to the film substrate thermal expansion mismatch,
lattice mismatch or the film microstructure[146]. According to Celinski et.al (1997) [56],
the angular dependence of the resonance field, H,.s yields K ff 7. The surface plot of the

15uc thick LSMO thin film at 7' = 150K as shown in 4.2.
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Figure 4.1: Resonance field/Oe against angle/° of FMR spectrum observed for the 15uc
LSMO film at T' = 150K

The frequency at which resonance occurs in LSMO [90] is expressed as Eq.(2.3.3). Equation
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(2.3.3) was derived using the famous Smit and Beljers model. But according to Baselgia
et.al (1988) there exists discrepancy in the model which cannot be eliminated and therefore
a new model which can eliminate this discrepancy was proposed. The main source of the
discrepancy is the origin of the different terms in the free energy, F which is obscured by

an angular dependent mixing [57].

SIGNAL

FIELD

ANGLE

Figure 4.2: Surface plot of 15uc LSMO thin film at T'= 150K

As can be observed in figure 4.3, there is an increase in the coercive field as the thickness
of the three LSMO samples decreases. This is consistent with ref.[150,151]. This increase
in the coercive field as the thickness of the LSMO sample decreases is usually towards a
thickness which is comparable to the width of the domain wall of LSMO [151]. Also, in
figure 4.3, it can be observed that the Curie temperature increases as the thickness of all the
three LSMO sample increases. This is in agreement with ref.[99,152]. The increase in Curie
temperature as the thickness of the LSMO sample increases is usually towards a thickness

which is comparable to the spin-spin correlation length [151].
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Figure 4.3: Coercive field [Oe]/ Curie temperature[K] vrs film thickness [unit cells] of the
LSMO sample at T'=5K.

In figure 4.4, it can be observed that as the thickness of the LSMO sample increases, the
volume magnetization also increases. This is also consistent with ref.[153,152] in which the
magnetization of LSMO thin film which was fabricated on STO substrate at T = 5K was

measured.
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Chapter 5

CONCLUSION AND
RECOMMENDATIONS

5.1 CONCLUSION

Ferromagnetic resonance at a temperature, T=150K has been observed in a 15uc thick
LSMO thin film. The ferromagnetic resonance spectrum is sinusoidal-like in nature with
maximum and minimum curvatures. This maximum and minimum curvatures of the res-
onance spectrum might be attributed to the singled-value double differentiable function in
the resonance equation. The 15uc thick LSMO sample which was deposited on the STO
substrate showed unequal resonance field. The center position and the full width half max-
imum of the 15uc LSMO thin film were 1070.1875 Oe and 159.3125 Oe respectively. The
Curie temperature, T, of the LSMO samples which were measured at temperature, T=5K
increases with increasing film thickness whiles the coercive field decreases with increas-
ing film thickness. Also, the volume magnetization of the LSMO samples increases with

increasing film thickness.
5.2 RECOMMENDATIONS

Further experiments are required to confirm ferromagnetic resonance in LSMO thin films.

This can be achieved when more angular dependence of FMR are carried out on different film
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thickness [unit cells] of the LSMO samples. Since ferromagnetic resonance is an experimental
technique which can be used in determining the magnetic properties of thin films, magnetic
hysteresis measurement can also be performed on the LSMO sample to ascertain its magnetic
properties. Further research can also be done on the frequency dependence of the resonance
field, H,.s which determines the gyromagnetic ratio so that the g-factor can also calculated
for the LSMO sample. Due to discrepancies between experimental results and theory for
the frequency at which resonance occurs using the Smit and Beljers model, the modified
model which was proposed by Baselgia et. al (1988), which avoids mixing in the free energy,

F which obscures the angular dependent terms can be used instead.
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List of Abbreviations and

Constants

C- speed of light

1o - permeability of free space
€, - permittivity of free space
Fr, - Lorentz force

E - electric field

H - magnetic field

FMR - ferromagnetic resonance
v - gyromagnetic ratio

LL - Landau-Lifshitz

LLG - Landau-Lifshitz - Gilbert
MAE - magnetic anisotropy energy
H - Hamiltonian

FEyn; - anisotropy energy density
H, - demagnetizing field

M - magnetization

N - demagnetizing factor

K - shape anisotropy
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K, - magnetocrystalline anisotropy

My - saturation magnetization

F - free energy

S - entropy

T - temperature

MSA - magnetic surface anisotropy
TOM- torsion oscillation magnetometry
os - surface energy

Kef1 _ effective anisotropy constant
Kﬁf I effective volume anisotropy constant
K §f I _ interface anisotropy constant

1 - magnetic dipole moment

Ters - effective torque

Hyy - effective field

G - Gilbert damping term

MRAM - Magnetoresistive random access memory

V, - atomic volume

6 - skin depth

de, - exchange length

P,, - microwave power

H, - external dc field

AH,, - ferromagnetic resonance linewidth
a - magnetic damping

ESR - electron paramagnetic resonance
T, - Curie temperature

t - tolerance factor
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¢ - coherence epitaxy

&m - misfit strain

€c - in-plane compressive strain

P - pressure

o¢ - conductivity

TMR - tunnel magnetoresistance

MCE - magnetocaloric effect

AT,q - adiabatic change in temperature

a - lattice constant

CPW - coplanar waveguide

VNA - vector network analyser

Q- quality factor

r- Mn -Mn distance

& - spin orbit coupling

1) - angle between the magnetization and magnetic axis

0 and ¢ - polar angles of magnetic moment in the crystal axis frame
B - angle between the magnetization, M and surface normal, n
© - azimuthal angle

¥ and €2 - magnetization angles

7 - angle between the external magnetic field and direction z normal to the film
K; - anisotropy constants

H; - stray field

T - torque

A - relaxation frequency

q - charge of electron
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