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Chapter 1

Introduction

Research on magnetism is crucial not only in the understanding of the basic under-
lying physics but also in designing many day-to-day device applications. Magnetic
nanoparticles are widely used in electrical devices such as hard disc drives, the car
industry such as hybrid-electric vehicles, and medical applications such as targeted
medication delivery, to mention a few [1]. The ever-increasing need for faster data
processing and more data storage has resulted in major increases in energy usage
and environmental issues [2]. This growth in data storage capacity has come at
a tremendous cost in terms of energy use. Big data centers, which accounted for
1–1.5% of worldwide electricity consumption in 2010, support cloud data storage
and online information exchange, with an increase in consumption of 3 to 13% pre-
dicted by 2030, depending on steps implemented to decrease power expenditure [3].
With this in mind, efforts are being made to develop ultra-low-power consump-
tion gadgets. One of the exciting study topics of current attention within the scien-
tific community is the achievement of "ultra-low power consumption" in switching
and "memory devices" [4, 5]. The binary information is put in ferro(ferri)magnetic
medium, in which the "spin" orientation "up" or "down" is labeled as "0" or "1" in
contemporary magnetic data storage systems [6,7]. In most cases, a magnetic field is
utilized to write/store digital information in magnetic material, requiring a large
amount of electric current. The traditional method of manipulating magnetism,
on the other hand, requires a considerable quantity of current, resulting in a large
amount of power being spent, with a portion of it being dissipated as Joule heat.
There is a need to search for a different approach to manage magnetism in this re-
gard.

One of the growing topics for "next-generation" miniaturized data storage de-
vices aims towards minimum possible power consumption while increasing mem-
ory and processing capabilities. Electrons and/or holes having spin degrees of free-
dom, interacting with their orbital moments, are used in devices [9]. In this aspect,
"electric field-controlled magnetic anisotropy" in nanoparticles plays a vital role [9].
In the case of bulk magnetic materials, the "dipolar" (demagnetizing) field, originat-
ing from the corners, causes the magnetization (M) to split apart into domains rather
often. Depending on the materials, the size ddomain of the domains might range from
tens of nanometers to micrometers or even centimeters. When the system’s size is in
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nano scale, the "exchange interaction" takes over, and the system becomes a single-
domain state. The anisotropy influences the magnetic orientation in the system of
consideration. The "exchange length", derived from the competition within the "ex-
change energy" and "magnetostatic energy", magnetic distortions may still persist
near the device’s margins [9].

In inverse spinel CoFe2O4 (CFO), The "Co+2" ions mostly occupy the "octahedral"
(B) sites and whereas "Fe+3" occupy both "tetrahedral" (A) and B sites [10, 11]. Due
to their interesting "anisotropy", high coercivity (HC), low saturation magnetization
(MS), and outstanding "mechanical" and excellent "chemical" consistence at ambient
temperature, CFO has gained a lot of attention from the researchers [12, 13]. The
CFOs are widely utilized in "sensors, recording devices, magnetic cards, solar cells,
magnetic drug delivery, bio-medicine, catalysis, biotechnology" etc. [14, 15].

Manganites, which are manganese perovskite oxides with a strong "spin polar-
ization" property, have been chosen as the potential material in this study to accom-
plish magnetic manipulations by different techniques. In terms of manipulating M
by applying an electric field (E-field), the present thesis includes both "fundamental"
and "application" aspects.

A brief overview of the properties involved in understanding the different phe-
nomena exhibited by the synthesized materials has been discussed in the subsequent
sections.

1.1 Ferromagnetism (FM)

The most important property of magnetic materials is ferromagnetism (FM). The
magnetic exchange interactions are largely responsible for the ordering of atomic
magnetic moments [2, 16]. The FM, which is showed by specific metals, alloys, and
compounds of "transition metal ions" and "rare earth elements", the spins prefer to
align in a single direction below a temperature known as Transition temperature
(TC). In the absence of applied field, all magnetic moments in a FM substance are
effectively aligned in areas known as magnetic domains, yielding a net non-zero
magnetic moment. Above TC, the FM oxide materials act like paramagnetic. The
Curies’ law assumes the isolated magnetic moments and are solely influenced by
the applied magnetic and thermal fields [17]. Weiss, however, updated Curie’s rule
for FM materials in 1907 by incorporating the concept of a molecular field ’Hm’. This
phrase refers to the internal field that exists within a material and acts along with
the applied field H. Thus,

Hm = γM (1.1)

here, γ is "molecular field constant", Hm represents "molecular field". Hence, the net
field in the system is given by

Ht = H + Hm (1.2)
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where, H represents applied field. Weiss postulated the Curie’s law as,

χ =
M
ρH

=
C

T − θ
(1.3)

The above formula is well known as the "Curie-Weiss law", here, θ in the denomina-
tor is called as Weiss constant, which quantifies the strength of magnetic interactions.

1.2 Ferrimagnetism

As stated earlier, CFO has become an indispensable part of the technological revo-
lution due to its high electrical resistivity, low eddy current, and dielectric behavior.
These materials have several practical and potential applications in many latest ap-
plied scientific fields such as microwave devices, high-frequency applications, per-
manent magnets, magnetic data storage, magnetic imaging, and targeted drug deliv-
ery [18–20]. The magnetic interactions, as well as the magnetic properties, are driven
by the placement of ions in the lattice of the ferrite. Different interactions within a
system help one to understand the magnetic ordering of a system. Therefore, M
in ferrites arises from the "uncompensated" anti-ferromagnetism (AFM). Here the
magnitude of M rely on stoichiometry, cationic arrangement, and the relative in-
tensity of the probable interactions. The Neel model describes the spinel ferrites to
exhibit three different magnetic interactions between "tetrahedral" and "octahedral"
sites. When these two ions are at "tetrahedral" A-site, it is termed as "A-A interac-
tion"; and are at "octahedral" B-site, it is termed as "B-B interaction", and when one
ion is at "tetrahedral" A-site and the other one at "octahedral" B-site, it is termed
as A-B interaction. As compared to the other two magnetic interactions (A-A) and
(B-B), the (A-B) interaction is very strong. This type of interaction is known as a
superexchange (SE) interaction. This can be explained as the "magnetic exchange
forces" between the metallic ions in ferrites "mediated by an exchange mechanism
via oxygen ions" [21].

1.3 Magnetic interactions

1.3.1 Exchange energy

Magnetic materials display long-range ordering of magnetic moments due to the nu-
merous types of exchange interactions found in these materials. The exchange inter-
action is a phenomenon in which individual atomic magnetic moments strive to co-
ordinate all other "atomic magnetic moments" inside a material by themselves [22].
Dipole exchange, SE, and double exchange (DE) are the three basic types of ex-
changes [22]. Many molecules’ total energy, as well as the covalent bond in many
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materials, is made up of exchange energy. The Hamiltonian gives the exchange en-
ergy between atoms i and j with total spins Si and Sj in a many-electron system of
crystal.

Hex = −ΣJijSi.Sj (1.4)

where, Jij is the "effective exchange integral" between "i" and "j" atoms with total
spins Si and Sj. If Jij is positive, Hex is "minimum" when spins are "parallel" (FM)
and a "maximum" when the spins are "anti-parallel" (AFM). Therefore, Jij has to be
positive for FM to take place.

From the "Weiss field model", the relation between Jex and Tc is given by

Jex

kTc
=

3
[2zS(S + 1)]

(1.5)

here, z is "number of nearest neighbours".
The direct exchange is not feasible because the magnetic exchange forces in metal

oxides are conciliating through the oxygen atoms. The 90° and 180° cation-anion-
cation SEs are two significant coupling interactions. The orbital of anion mediates
the exchange, and the "cation-anion-cation" bond angle is either 90° or 180°, there-
fore, the particular name has been adopted. The coupling produces different sorts
of magnetic ordering depending on the nature of the eg orbitals of cations (assum-
ing an octahedral crystal field). AFM alignment occurs when both t2g are half full,
whereas FM alignment occurs when one t2g is half-filled, and the other is empty.
The Goodenough-Kanamori rules indicate the presence of SE interactions.

1.3.2 Double exchange

A sort of magnetic exchange that may occur between ions with different oxidation is
termed as the DE. This mechanism was first formulated by "Zener" [23], predicts the
relative ease with which the charge carrier may be moving between two ions and
has substantial effects for the materials, if they are FM, AFM, or spiral magnetiza-
tion [24]. Consider the Mn-O-Mn 180-degree contact, in which the Mn "eg" orbitals
engage directly with the O "2p" orbitals, and one of the Mn ions has more electrons
than the other.

1.3.3 Superexchange

The strong (typically) AFM interaction between two immediate neighbor ions via
a "non-magnetic anion" is known as SE, or Kramers—Anderson SE. In this regard,
it differs from the direct exchange, where the nearest neighbor cations are coupled
without the presence of other anion. SE occurs when electrons (e) from the same
donor atom are connected to the spins of the receiving ions. The interaction can be
FM if the two neighboring atoms are coupled at 90o to the bridging "non-magnetic
anion".
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The different exchange interactions results in different magnetic properties as
stated below:

1.4 Static magnetic property

1.4.1 Magnetic Anisotropy

Magnetic anisotropy, a critical characteristic feature of magnetic materials, has a
large effect on the magnetic properties of materials. This term simply says that the
measuring direction has an impact on magnetic properties. Magnetic anisotropy in-
cludes "crystal anisotropy, shape anisotropy, stress anisotropy, and exchange anisotropy"
[27]. "Anisotropy" also happens because of "magnetic annealing", "plastic defor-
mation", and other mechanisms. The only anisotropy in the material is the crystal
anisotropy, which favors the magnetization to orient in a preferred direction i.e, easy
magnetic axis or magnetically favored axis. As the applied magnetic field (H-field)
acts against the "anisotropy force" to deviate the M from the easy direction, each
material having M oriented in the non-easy direction must have stored energy in it.
The amount of energy required to turn the M from a favored or "easy" direction to a
"hard" one is known as anisotropy energy [22]. In other words, crystal anisotropy is
a force that binds M to the orientations of certain crystal forms. The interaction be-
tween the "mean exchange field" and the "orbital angular momentum" of the atoms
(ions) in the lattice is the physical source of magnetic anisotropy energy. This inter-
action is referred to as "spin-orbit coupling". If M produces angles a, b, and c with
the crystal axes in a cubic crystal, and "α1, α2, and α3" are cosine angles, hence, the
"anisotropy" is given by:

E = K0 + K1α2
1α2

2 + α2
2α2

3 + α2
3α2

1 + K1(α
2
1α2

2α2
3) + ... (1.6)

where K0, K1, K2, ... are constants for a given system and are conveyed in erg/cm3.
The higher-order powers of K are rarely required, and K2 is sometimes so small that
terms involving it can be ignored. The "hexagonal" c-axis is the direction of easy
M in hexagonal crystals, and any direction in the basal plane is equally hard. As a
result, the "anisotropy energy" (E) is determined by angle between the M and the
"c-axis",

E = K0 + K1sin2θ (1.7)

1.4.1.1 Magnetocrystalline Anisotropy (MCA)

MCA is a characteristic of ferrimagnets that exists regardless of particle size or shape.
Measuring M curves in various crystal orientations is the most simple way to see it.
The M approaches saturation at various fields based on the "crystallographic ori-
entation" of the sample in an applied H-field. The cross-talking of the spin moment
with the crystal lattice contributes to the "easy" and "hard" directions (spin-orbit cou-
pling). The magnetic anisotropy is the consequence of individual magnetic cations’
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collective contributions [22]. The potential issues from "domain wall pinning" and
mobility do not occur in nano scale materials having a single magnetic domain.
As a result, magnetic coupling at individual lattice sites may be directly linked to
magnetic features like superparamagnetism (SPM). In ferrites, like CFO, the metal
cations reside the "tetrahedral" (A-site) and "octahedral" (B-site) lattice positions in
a cubic spinel crystal. Because the ligand field in spinel ferrites is weak, all cations
adopt "high spin states". In a weak ligand field, the orbital angular momentum of a
Fe3+ cation with a "3d5" e configuration is normally quenched. As a result, only the
Co2+ cations in CFO should contribute to the magnetic anisotropy. In CFO, a "Co2+"
cation having a "3d7" e configuration at a B-site possesses a triplet "4t1g" "ground
state" [2]. Despite the fact that the "trigonal" field arises with the "t1g" ground state
dividing into "A2" and "Eg", the "Co2+" cation with a "degenerated ground state" of
"E" is regarded as a "strong L-S coupling" and thus gives significantly to the "mag-
netic anisotropy" of CFO [28].

1.4.1.2 Uniaxial Anisotropy

"Anisotropy" is the distribution of an energy level on a specific direction. If the
"magnetic moments" in a system are oriented in one of the direction, the material
is said to have "uniaxial anisotropy", such as cobalt [27]. The crystalline nature of
the materials dictates this kind of anisotropy. In "uniaxial anisotropy", the energy
corresponds to the angle to a single axis [22].

E = K1sin2θ + K2sin4θ (1.8)

here, E is "anisotropy energy", K1 and K2 are the anisotropic constants and θ is
the angle, between M and crystal planes.

1.4.1.3 Shape anisotropy

There is another type of magnetic interaction that is relatively weak yet vital, in ad-
dition to the powerful and short-range exchange interactions. The equilibrium M
of these interactions is anisotropic, which means it has preferred orientations. The
magnetic dipole interaction is the first and most important of these weak interac-
tions. The dipole interaction occurs because each atom in a magnetic substance has
a dipole moment, causing the atoms to interact as an array of magnetic dipoles, as
shown by

Edipole =
1
2

Σ
(mi.mj)r2

ij − 3(mir2
ij)(mjr2

ij)

2
(1.9)

where, rij is the vector connecting any two dipole moments mi and mj in the sys-
tem. Since the internuclear axes of a thin film are preferably pointed in the plane of
the sample, the "dipole energy" is minimised for an in-plane magnetic moment direc-
tion. In the case of bulk samples, the "dipolar field" may contain the following three
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contributions: (i) spherical volume, (ii) surface of the sphere and (iii) demagnetiz-
ing field [16]. The microscopic component is made up of contributions from "atomic
dipoles" on the actual lattice sites within a spherical volume, as well as "pseudo-
charges" on the sphere’s periphery, and the macroscopic component is made up of
contributions from the demagnetizing field generated by "pseudo-charges" on outer
surface of the material samples.

1.5 Dynamic magnetic property

1.5.1 Magnetization dynamics and "Landau-Lifshitz-Gilbert equation"

The time-dependent M variations can take place on a variety of time scales. The in-
teraction energies (E) define the time scales (t) via the Heisenberg relation t = h/E,
where h is Planck’s constant. The basic exchange interaction, which happens in 10
fs, is the quickest process. On a time scale of 10 fs-1ps, the "spin-orbit coupling" and
"spin-transfer torque" happens. Within a few hundred fs, laser-induced ultrafast de-
magnetization occurs. Following rapid demagnetization, the quick re-magnetization
time ranges from 1 to 10 ps. Magnetic writing happens over a time range of a few
ps to a few 100s of ps, while "vortex" core reversal happens over a time scale of a
few 10s of ps to ns. The M precession happens in the range of a few ps to a few
100s of ps, whereas M precession damping takes place in the range of sub-ns to 10
ns. The domain wall motion is the slowest process, with a time scale spanning a few
nanoseconds to 100s of milliseconds. The different interaction energies discussed
are based on the minimization of a FM substance’s free energy. This allows one
to determine the equilibrium configurations for a magnetic item without having to
describe how M achieves equilibrium during this time. However, Landau and Lif-
shitz (1935) proposed a theory of FM body and predicted an equation of motion de-
scribing M precession that took into account all interactions. Gilbert (1955) changed
the Landau-Lifshitz equation by replacing the original damping term with a dimen-
sionless Gilbert damping term. From a mathematical and physical standpoint, the
"Landau-Lifshitz-Gilbert (LLG) equation" is an interesting nonlinear evolution equa-
tion

∂M
∂t

= −γ (M × Heff)−
α

M

(
M× dM

dt

)
(1.10)

.
It has to do with the dynamics of a variety of significant physical systems, includ-

ing FMs. Due to orientation of spin, as well as the type of interactions, it can accept a
wide range of dynamical structures, including spin waves. The "spin torque effect"
in nanoferromagnets is now characterised by an extension of the "LLG equation",
which is a fundamental dynamical equation in the area of "spintronics" [29].
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1.6 Aims of the present work

1.6.1 CoFe2O4 (CFO)

Due to its tremendous practical value as well as a scientific curiosity, the study of
spinel ferrite magnetic nanoparticles has attracted a lot of interest during several
decades. The CFO is a versatile magnetic material that has been regarded as a viable
contender. It is a member of the spinel ferrites family. Furthermore, due to its excel-
lent inherent properties such as strong MCA, high HC (5400 Oe) at RT, moderate MS

(80 emu/g), high TC, and high "chemical and thermal" stabilities, CFO has opened
the door to the development of novel potential applications. Because of these fea-
tures, CFO has become increasingly popular in recent decades for more applications.
The CFO is a face-centered cubic inverse spinel structure with the Fd3̄m space group,
with Co2+ ions always present at "octahedral" (B) sites and Fe3+ ions evenly dis-
tributed between "tetrahedral" (A) and "octahedral" (B) sites. Because of its unique
electrical and magnetic characteristics, CFO nanoparticles display a variety of novel
and fascinating phenomena compared to their bulk counterparts. The greater num-
ber of atoms at or near the surface of the particles above those in the interior of the
particles when particle size drops to a certain critical size. This has an impact on the
nanoparticles’ physical and chemical characteristics. The creation of novel materials
has fueled the advancement of magnetic nanoparticles at ever-smaller length scales.

FIGURE 1.3: Schematic representation of spinel ferrite structure
[30]

1.6.2 La0.7Sr0.3MnO3 (LSMO)

The large bandwidth manganites such as LSMO has a high TC for a wide doping
range. For a small doping leads to a canted antiferromagnetic insulating (AFMI)
phase in the parent material LaMnO3, which is comparable to AFM under high H-
fields. This doping range also features phase separation, which is made up of FM
and AFM phases. Between the canted insulator and the ferromagnetic metal (FMM)
phase, the ferromagnetic insulator (FMI) phase exists in a restricted range. At high
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temperatures, the paramagnetic insulating (PMI) phase appears at x = 0.25, which is
unexpected because it is normally associated with metallic conductivity. This phase
transitions to FMM at lower temperatures, and when T > TC, a paramagnetic (PM)
metallic phase arises with increasing doping. The A-type AFM insulating phase ap-
pears when x > 0.5. Due to C-type AFM ordering, the system becomes an insulator.
The C-type AFM order is made up of antiferromagnetically ordered planes with fer-
romagnetically connected magnetic ions. Because the tolerance factor has such a
strong influence on crystal structure, LSMO shows numerous structural phases as x
increases, from orthorhombic to rhombohedral to tetragonal to cubic. The hexagonal
phase is stabilised when x > 0.8 and the tolerance factor > 1.

FIGURE 1.4: Phase diagram of La1−xSrxMnO3. AFM-I denotes anti-
ferromagnetism insulator; CO denotes ordering; FM-I ferromagnetic

insulator; FM-ferromagnetic metal
[31]

1.6.3 Literature review

Magnetic materials show an interesting anisotropic property when the particle sizes
are reduced to the nano level. Magnetic anisotropy of CFO has been a fascinating
field of study. Furthermore, at nanoscale length, magnetic materials display distinct
competing "magnetic interactions" driven by extraneous influences, such as "size"
and "shape", resulting in M switching process which will be different for different
particles. Due to its significant MCA, increased HC, and mild MS, CFO was found
as a good material for the indicated purpose among the ferrites.

The oxygen atoms have a face-centered cubic atomic structure, with Fe3+ and
Co2+ occupying the tetrahedral (Td) and octahedral (Oh) sites, respectively. Because
of their structure, magnetic spinel nanoparticles are particularly intriguing. It is
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possible to adjust the magnetic properties (e.g., MCA and MS) of the two sublattices
by varying the cation distribution between them. Magnetic characteristics can be
influenced by changes in chemical composition, processing methods, and thermal
treatments. The magnetic properties of spinel ferrite nanoparticles are greatly influ-
enced by the presence of a "non-collinear" spin structure (i.e., "spin canting"). The
"spin-canting" is caused by competing interactions between sublattices, as revealed
by polarised neutron scattering and Fe57 Mössbauer investigations. The topology
of surface magnetic moments and, as a result, the exchange integrals (through SE
angles and/or distances between moments) are altered, resulting in a change in sur-
face anisotropy. Surface disorder, cationic dispersion, and spin canting are the most
important processes in ferrite nanoparticles with a spinel structure; therefore, their
magnetic properties are the consequence of a complicated interplay of several pro-
cesses [32].

Ortega et al., Martinetz et al., etc., studied the magnetic behavior of varying sized
CFO nanoparticles having different morphology for permanent magnet-based ap-
plication [33–35]. Shape-controlled nanoparticles of CFO have also been studied by
Kumar et al. for the purpose of humidity sensing application [36]. Both these stud-
ies have opened up possibilities to explore the particle size and shape-dependent
magnetic behavior in a systematic way with temperature as the defining parameter.

Similarly, thickness-dependent anisotropic studies have become a topic of inter-
est in thin films of CFO in analogous to nanoparticle magnetic anisotropic behav-
ior. Some other grows have shown the variation of "magnetic anisotropy" with the
change in thickness [37]. In-plane and out-of-plane magnetization has been studied
with the variation of the substrate by Dhakala et al. with the incorporation of "buffer
layer" in Gao et al. Raghunathan et al. studied the effect of substrate temperature
on anisotropy in CFO films deposited on SiO2/Si(100), finding that the anisotropy
decreased as the substrate temperature decreased [23, 38, 39]. A variety of factors
can cause magnetic anisotropy. It can be caused by the crystal structure, such as
crystallographic roughness, internal stress or strain, or the specific form or arrange-
ment of particles, and any of these factors can become dominant under certain con-
ditions. Apart from "intrinsic" anisotropy, the "extrinsic" one such as shape, stress,
etc. are greatly improved in reduced symmetry systems such as thin films; they
compete with each other and may result in anisotropy. Realizing the root causes of
"anisotropies" and its "engineering" is, therefore, critical for their device application.

In the case of LSMO, the high TC and high spin polarization make it a suitable
material for RT applications [30]. Low magnetic damping is preferable for appli-
cations in magneto-dynamic devices, and having well-specified magnetic proper-
ties while the material is in nanoscale dimensions is critical [40]. The magneto-
dynamic damping is an excellent phenomena, which may be quantified via "FMR
spectroscopy" through "resonance". The resonance peaks’ linewidth is made up of
two components: an inhomogeneous contribution that is independent of frequency
and a dynamic part which is frequency and the "damping parameter" (α) dependent.
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The less damping shows that LSMO is a viable material for use in magneto-dynamic
devices. Typical FM metals have damping parameter, α = 10−2, and less value indi-
cates that LSMO is a suitable material for magneto-dynamic devices [41]. A group
has previously examined α of LSMO thin films deposited on STO, masked by a metal
film, finding a damping value of α = 1.6x10−3 for a "20 nm" thick LSMO at RT [42].

1.6.4 Objectives of the thesis

With an aim to study the basic properties of anisotropic ferrite and manganite par-
ticles for the purpose of device applications, the present work was taken in hand.
In view of the low-power consumption and heat-free technology applications, thin
films of CFO and manganites were investigated mostly to find potential applications
in magneto-electric ultra-low power consumption devices.

With the above-mentioned aims in mind, the present work was taken up. To
achieve the aims, at first, CFO and LSMO nanoparticles were synthesized. The CFO
nanoparticles were studied systematically in varying sizes and shapes. Structural
and morphological variation of nanoparticles of LSMO had also been studied. The
interesting properties of CFO thus obtained from the size and shape variation an-
ticipated to reveal fascinating magnetic properties. Hence magnetization measure-
ments were carried out on the CFO samples. The magnetic anisotropy obtained from
these experimental results conveys that the obtained properties might be helpful for
device applications. Further, to investigate the possibility of getting an ultra-low-
power device-making material, the two-dimensional (thin film) form of both CFO
and LSMO were deposited. The magnetic property measurements showed that both
the materials are FM in thin-film form with high magnetic anisotropy.

1.6.5 Organization of the thesis

The present chapter briefly introduces CFO and LSMO and its important features.
In addition, this gives scope of the different literature on the anisotropy of CFO and
LSMO. It also gives a brief review of magneto-dynamic damping in manganite thin
films used for the purpose of spin-wave devices.

Chapter 2 consists of a detailed description of preparative techniques of nano/bulk
and thin films from CFO and manganite (LSMO). Wet chemical synthesis (sol-gel)
was used to prepare both the nanoparticles of CFO and LSMO. Further target prepa-
ration for the purpose of thin-film deposition has also been mentioned in this chap-
ter. This chapter also consists of the working mechanism and principles of the in-
struments used.

Chapter 3 consists of a detailed study of influence of particle size on CFO and
LSMO nanoparticles. In this chapter, the structural and morphological properties of
CFO and LSMO were studied. The samples were further studied for their magnetic
properties.
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Chapter 4 consists of a structural, morphological, and magnetic study of CFO
thin films with varying thickness. The chapter explores the factor responsible for
out-of-plane magnetic anisotropy observed in the varying thickness samples.

Chapter 5 consists of structural and magnetic anisotropy studies of LSMO thin
films grown on single-crystal piezoelectric PMN-PT oriented along [001], [011] and
[111] directions.

Chapter 6 states the magneto-dynamic studies of LSMO/PMN-PT heterostruc-
tures oriented along [001], [011] and [111] directions and explores the possibility of
application in spin-wave devices by investigating the Gilbert damping constant for
the films.

Chapter 7 summarizes the entire thesis and mentions the outcome of the work
carried out.
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Chapter 2

Experimental methods

2.1 Overview

In this chapter, the preparation methods of nanoparticle, bulk, and thin-film samples
and the measurement protocols of the instruments used for characterization and
physical property measurements have been discussed in detail. The basic principles
involved in measurements were discussed both quantitatively and qualitatively by
suitable schematic representations.

2.2 Preparation

2.2.1 Preparation of nano and bulk samples: CFO

Metal-oxide nanoparticles behave differently as compared to their bulk counter-
parts, making it interesting to investigate. In this case, the CFO nanoparticle, because
of its high HC , moderate M, and great "physical" and "chemical" stability, makes it
worth studying at nanoscale. Generally, for synthesizing polycrystalline nanopar-
ticles, wet chemical sol-gel and solid-state reaction techniques are widely used. In
the present investigation, the "sol-gel synthesis" technique was adopted to synthe-
size the samples: "low processing temperatures", "good homogeneity", exact control
on stoichiometry, "simple experimental design", and "inexpensive apparatus" are the
advantages of this method. The temperature at which synthesis was carried out is
low; which is suitable for preparing nanoscale samples. The molecular-level mixing
of the ingredients during the synthesis method results in high purity of the sample.

2.2.1.1 Polymeric method via thermal decomposition

The physical properties of magnetic nanoparticles are highly affected by their di-
mensions hence their synthesis must be carefully tuned to produce the acceptable
"size-dependent" properties [1, 2]. The evolution of easy and repeatable procedures
for producing nanoscale particles of Fe3O4 and its variants is critical [3, 4]. The
polyvinyl alcohol (PVA) is widely utilised as a binder in the production of magnetic
nanoparticles since it is a non-toxic polymer. The use of PVA to regulate the synthe-
sis process results in Fe3O4 and transition metal doped Fe3O4 with exact chemical
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stoichiometry and crystal structure, excellent size dispersal, and "chemical stabil-
ity". The thermal breakdown using a polymeric approach was used to create CFO
nanoparticles [5, 6]. A 10 % of PVA solution was produced by adding the poly-
mer to hot water at 70 °C and stirring the mixture for 24 h. The reagent quantities
were estimated based on the molar ratios of "10:0.333:0.666, PVA : Co(NO3)2.6H2O
: Fe(NO3)3.9H2O", respectively. The Co(NO3)2 was mixed to the polymeric solution
first, and then Fe(NO3)3 was added. The combined mixture was stirred continu-
ously for 24 h at 70 °C and, after solvent evaporation, cast on a glass plate at ambient
temperature to create a homogenous film [12]. The CFO sample was then ground to
make a powder. A flowchart of the preparation procedure has been shown below:

Fe(NO3)3.9H2O10% (w/w) PVA Co(NO
3
)
2
.6H

2
O+ +

Stirring for 24 h @ 70oC

CoFe2O4

FIGURE 2.1: Flowchart of formation of CFO nanoparticles using ther-
mal decomposition via PVA method.

2.2.2 Preparation of nano and bulk samples: LSMO

The LSMO was prepared by mixing an adequate amount of nitric acid with the start-
ing precursor materials of metal oxides/carbonates/nitrates were created in stoi-
chiometric proportions. To make it transparent, the converted nitrates were dis-
solved in doubly ionized water and thoroughly stirred. The metal nitrate solution
was then treated with "citric acid" in a 1:1 "molar ratio". The pH of the mixture was
setup at around 6.5-7 by mixing ammonia in order to speed up the reaction rate.
This mixture was then heated on a hot plate in the range of 70 ◦ to 80 ◦C while stir-
ring continuously. Following the slow evaporation of the mixture’s water content,
it resulted in a thick and viscous solution. A gelating agent, "ethylene glycol," was
mixed in the ratio of 1:1.2 of the metal atoms that are existing in the solution. Further,
heated at 160 ◦C to 180 ◦C on a magnetic stirrer with constant mixing to produce a
thick gummy gel and this was ground and fired on a "Bunsen burner" to produce a
black "fluffy porous mass". The obtained compound was pre-sintered at 700 ◦C for
4 h to make "single-phase material", and it was made into pellets; finally sintered
at various sintering temperatures to obtain samples with varying particle sizes. The
preparation procedure is depicted in a flowchart below:
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Mn(NO
3
)

3 
solutionLa(NO

3
)

! 
solution Ca(NO

3
)

2 
solution+ +

 Ammonium hydroxide solution 

              and Citric acid

Thick viscous solution

 i. Evaporate slowly on a hot 

     plate at ~ 100 OC for 2-3 h.

ii. Evaporate at 160-180 OC till 

     the material becomes dry 

     porous solid.

iii. Burn the small  amounts at 

      temperatures (300-400 OC).

LSMO

FIGURE 2.2: Flowchart for synthesis of LSMO using sol-gel method.

2.2.3 Preparation of PLD target: CFO

The CFO target for PLD has been prepared by thermal decomposition via the PVA
method. The CFO targets used in the present investigation were made from Co(NO3)2.6H2O
and Fe(NO3)3.9H2O, respectively. The nitrates were dissolved in deionized water in
a stoichiometric ratio of 1:2. After that, "citric acid" was added and then mixed prop-
erly at 60 ◦C for 1 h. For 24 h, the gel was dried. The obtained precursor was heated
for 1 h at 400 ◦C.

The powder was molded up to about the same particle size and pressed onto a
25 mm and 5 mm diameter disc. The disc was sintered in the oven. The method
comprised of three steps, 4 h and 100 ◦C, 4 h and 500 ◦C, 6 h at 1300 ◦C, ramping at
3 ◦C/min. Then it was steadily cooled to RT AT 3 ◦C/min. The density of the target
was estimated and found to be 90 % compared with its theoretical density [20].

2.2.4 Preparation of PLD target: LSMO

The LSMO target was prepared using citrate-based sol-gel method. The LSMO tar-
get used in this study was synthesized from the corresponding metal nitrates. High
purity chemicals were taken for the initial materials. The stoichiometric ratios avail-
able oxide and carbonate compounds were converted into their corresponding ni-
trates by mixing nitric acid and were with water to convert it into clear solution. The
"citric acid" has been mixed with metal nitrates in a 1:1 molar ratio and pH value is
adjusted at around 7 by adding ammonia solution. Then, the solution was allowed
for evaporation to get a "sol", "ethylene glycol" was added, followed by firing to get



20 Chapter 2. Experimental methods

initial powder. The powder was sintered 1350 ◦C for 12 h to get bulk polycrystalline
samples [20].

2.2.5 Thin films (PLD)

The PLD has been widely employed for growing oxide-based thin films since the
1960s. Smith and Turner were the first to use the ruby laser to grow thin films on
semiconductors, dielectrics, and organo-metallic materials [8, 9]. The PLD is more
popular due to its usage for many material preparations [10,11]. It was heavily used
for successfully developing high-temperature superconductor films [12]. The PLD
is incredibly basic, both conceptually and practically, and is perhaps the simplest of
all thin-film growing methods [13]. The PLD is, in essence, a laser-based sputter-
ing technique. The main components are depicted in the schematic diagram. The
most notable feature of PLD is its ability to cater to the appropriate stoichiometry in
complex compounds [1, 9, 12].

Laser plume

Laser beam

Heat able sample stageSubstrateAutoma cTarget

carrousel

Portwith Quartz window

Vacuumchamber

Gas inlet

FIGURE 2.3: Schematic representation of PLD chamber and its depo-
sition geometry.

2.2.5.1 Working principle

The PLD operations are based on the vapor pressure coming by the laser; the re-
moval of the target surface leads to the formation of plasma that is deposited on
the substrate. However, there are several growth parameters that must be consid-
ered, resulting in PLD being a complicated preparation technique. This method em-
ploys high-power laser pulses that pass on to the optic to fall on to the target in the
chamber. This powered beam immediately raises the target’s surface temperature to
2000-3000 ◦C. The laser beam is focussed onto the target’s surface in the first stage.
The constituents of the target’s surface are swiftly heated when the energy density
is sufficiently high, and the pulse length is sufficiently short. The material is sepa-
rated from the target and ablates with same composition of the target. The rate of



2.2. Preparation 21

immediate ablation is strongly dependent on the fluence of the laser that is irradiat-
ing the target. Many complicated physical processes, such as "collisional", "thermal",
"electronic excitation", "exfoliation", and "hydrodynamics", are involved in ablation
process. The released plume migrates towards the substrate as per the gas-dynamic
principles [14]. Zhang et al. discovered that the spatial thickness is going to be
changed as per cos(nφ), where n�1 [15]. The size of the laser spot and the temper-
ature of the plasma both have a major impact on the homogeneity of the deposited
layer. Another characteristic that controls the angular spread of ablated materials is
the target-to-substrate distance. The third stage is critical for determining thin film
quality. The expelled high-energy species impact the substrate surface, causing var-
ious types of damage. These species expel some of the surface atoms, resulting in
the formation of a collision zone between the incident flow and the sputtered atoms.
The film begins to develop soon after the thermalized zone (collision region) forms.
The area acts as a particle condensation source. The PLD technology consists of two
main processing systems for the thin films, namely the loading chamber and the
laser pulsing. The substrate and the aim are kept in the vacuum chamber while the
film is growing. This guarantees that the expulsed substance does not contact with
air and the deposition on the substrate of undesirable species. The turbo-molecular
pump and rotary pump for the deposition chamber are utilized to achieve a high
vacuum. Both pumps work as a single unit; the rotary pump is used as a backup
pump in order to bring chamber pressure down from 103 Torr to high vacuum [11].
The optical components include a convex focusing lens, a window, and an opening.
An aperture’s role is to define a laser pulse’s form and to provide the laser with
highly homogenous energy distribution. In general, an optical system’s efficiency is
roughly 30%. The optics must be clean to guarantee the least loss of laser energy.

2.2.5.2 Growth of the film

In general, there are three kinds of film growth mechanisms that depend on the pa-
rameters, namely, the grids at the substratum and film interface, film surface energy,
and interfacial energy [16]. Below are the growth modes:

• 3-D "island growth" – "Volmer-Weber growth"
• 2-D "full-monolayer growth" - "Frank – van der Merwe growth"
• 2-D "full-monolayer growth" followed by 3-D islands growth - "Stranski-Krastinov

growth".
The standard of the film depends on the essential parameters, such as substrates,

the temperature of the substrate at the time of film growth, etc. The different growth
parameters can be tuned for achieving a good quality film [17, 18]. The PLD setup
used to generate the thin film samples from the present study is presented in Figure
2.4.
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FIGURE 2.4: Inside view of PLD chamber during the growth process.

2.2.5.3 Deposition of CFO thin films

The Platinum coated both sided polished Silicon substrates having orientation along
[111] direction were cleaned by "ultrasonic cleaning" with acetone and ethanol, then
washed with double distilled water and then dried with nitrogen gas. The cham-
ber’s base pressure was kept at 2× 10−7 Torr before each deposition was performed.
With a focusing lens to the rotating CFO target the energy density was determined
to be 1.5 J cm−2; here the laser beam is KrF excimer (300 mJ, 248 nm wavelength).
The laser repetition rate was regulated to 5 Hz, 4 cm was the distance between tar-
get and substrate. Following an advanced temperature profile, the substrates have
been heated. The temperature of the substrate was varied between ambient tem-
perature (27 ◦C) and 550 ◦C. When the substrate achieved the correct temperature,
the working gas oxygen was supplied into the chamber via the nozzle by adjusting
the needle valve of "turbomolecular pump". The thickness of the films was altered
in this study. Immediately after the growth, the films were in-situ sintered at 650
◦C and progressively cooled to room temperature over several hours at the same
working oxygen partial pressure. When the temperature dropped below 60 ◦C, the
substrate was removed from the chamber.

2.2.5.4 Deposition of LSMO thin films

An oriented LSMO (50 nm) was grown on single-crystal PMN-PT oriented along
[001], [011] and [111] by using "PLD technique" with an "Nd: YAG laser" (λ = 532
nm). The preparation of LSMO was undertaken after achieving a base pressure of 3
x 10−8 Torr, with the pulse frequency of 10 Hz, maintaining deposition at 650 ◦C in
100 mTorr of "O2" pressure.
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2.3 Characterization

2.3.1 Structural : XRD

The wavelength of x-rays is in the range of 0.02 - 100 Å. Because of its small wave-
length, the x-rays can penetrate deep into the lattice, as it matches the crystal plane
distance and gives the material’s structural information. It is a non-destructive an-
alytical tool used to recognize the degree of crystallinity in materials. As shown in
Fig. 2.5, the interaction between e and x-rays is detected in the form of reflection of
"x-rays" by "crystal lattice planes" [22]. As the diffractive spacing plane(s) (dhkl) is of
the order of the wavelength of x-rays, (λ) in which the reflection typically occurs at
a given "diffraction angle" (θhkl); the governing "Bragg equation" is,

2dhklsinθhkl = nλ (2.1)

The crystal structure can be obtained from the measured diffraction patterns.
This technique has constructively interfered with monochromatic rays diffracted
from the material. When Bragg’s diffraction condition is achieved, constructive in-
terference takes place. By scanning the sample with x-rays across the whole 2θ-angle
range, it is easy to obtain all planes in the unit cell that meet the division peaks by
means of powder samples because of the different dhkl ranges available for x-rays
to fulfill the Bragg’s condition. The main characteristics of XRD are: (i) 2θ: the di-
vision angle of Bragg is linked to interplanar distance (dhkl) for a fixed wavelength.
Indeed, dhkl depends on the unit cell dimensions. (ii) intensity: normalized peak
intensity will depend on the number and arrangement of atoms in assigned lattice
planes and incident reflecting primary x-ray beam [22]. The phase development of
prepared manganites was confirmed in this case by using a "Phillips Expert diffrac-
tometer" with "Cu-Kα radiation (λ = 1.5405 Å)" source to measure XRD data at room
temperature. The data were gathered in the range of 2θ (20◦ < 2θ < 80◦) with an
interval of 0.05◦ and a scanning rate of 5◦/min. Rietveld’s technique of refinement
with FULLPROF software [23] analyzed these data subsequently. The following is a
brief schematic representation of the technique.

2.3.1.1 Rietveld analysis

A full-profile approach to the refining of neutron diffraction data was initially intro-
duced in the Reitveld process. H. M. Rietveld demonstrated that powder neutron
diffraction data might be used to accurately determine crystal and magnetic struc-
tures [24]. As a result, this method was used to analyze powder XRD data. The
primary premise of this technique is to use theoretical calculations to compare ex-
perimental data with estimated XRD patterns. The least-square fitting algorithm is
used in this method, which aims to reduce the error between "theoretical estimation"
and "experimental data". The divergence is quantified by [25]



24 Chapter 2. Experimental methods

x-ray source x-ray detector

2θ
θ

2

FIGURE 2.5: Schematic representation of x-ray diffractometer in θ-2θ
geometry.

Sy = (yObs
i − yCal

i )2wi (2.2)

where, wi represents the "statistical weight" of the ith point, yobs depicts the whole
obtained ith point intensity. The final intensity ycal at the point (ith) is:

YCal
i = Apsη ∑ Phkl Lhkl Fhkl(θhkl − θi) + b (2.3)

The parameters "A, b, s, p, and η" correspond to the experiment’s absorption,
background noise, scale-factor, polarisation, and extinction, respectively. The "ge-
ometry" and "preferred orientation" characteristics are represented by Lhkl and Phkl ,
respectively. These terms and parameters may be changed systematically through-
out refinement cycles to increase the similarity between the estimated and exper-
imentally acquired diffraction patterns. The evaluation process can include many
numerical parameters to determine the refinement’s quality. During the refining
process, "unit cell", "background", "peak profiles", "scale", FWHM, "occupancies",
shape, and atomic positions are systematically and frequently modified in a sequen-
tial way until the best feasible match is achieved. "Goodness of fit" (χ2) confirms the
best-fit patterns, and the corresponding best-fit phrases are expressed as:

Rp =
∑ yobs

i − ycal
i

∑ yobs
i

(2.4)

Rwp =

√√√√∑ (yobs
i − ycal

i )
2.wi

∑ wi(y
obs
i )

2 (2.5)

Rexp =

√√√√ N − P

∑ wi(y
obs
i )

2 (2.6)
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χ2 =

(
Rwp

)2(
Rexp

)2 (2.7)

For the best-fit patterns, it is to be noted that "Rp " ("pattern"), the "Rwp" ("weighted
pattern") and "Rexp " ("experimental") values are to be as low as possible. The typical
agreeable range of goodness of fit, χ2 is < 5 for the software code engaged in the
present study.

2.3.2 Structural : Raman spectroscopy

"Raman spectroscopy" is a non-destructive, surface-sensitive spectroscopic approach
for determining crystallinity, stoichiometry, and phase transitions, among other things.
The Raman spectrum is the sample’s fingerprint and provides information about its
chemical makeup. The Raman spectra of two phases of the same substance cannot
be the same; therefore, they can be discriminated easily. Raman spectra are also not
affected by the frequency of incoming light. Because the intensity of light is pro-
portional to the number of excited molecules, it also provides data about atomic
contents. This technique is based on monochromatic light’s molecular vibrations
(laser light). Rayleigh scattering occurs when the monochromatic coherent light is
shone. A tiny portion of the dispersed light follows a frequency shift away from
the source frequency. The "vibrational interaction" of laser light with the molecule
causes this change. The Raman spectrum is obtained by plotting the shifted light
intensity against the frequency of the source light. Both sides of the "Rayleigh fre-
quency", the shifted frequency might exist. Strokes lines are lower frequency-shifted
lines, whereas anti-strokes lines are higher frequency-shifted lines.

The advantages of Raman spectroscopy are: (1) "sample preparation" is not re-
quired, (2) "nondestructive technique", (3) can be done for "solid", "liquid" or "gas"
samples, (4) less "measurement time", (5) analysis of the aqueous system, and (6)
gives "quantitative" and "qualitative" data of the sample.

2.3.2 Morphology : FESEM

Using a FESEM, the grain morphology and its development in the samples were
studied. EDX analysis, which was attached to the FESEM, was used to check the
composition of the elements.

The grains and surface morphology are imaged using an electron beam in the
FESEM technique. The applied electric field accelerates the energetic electrons from
the source. Furthermore, the electrons are focused into a narrow beam by the electro-
magnetic lenses which scatter with the sample [26]. Different types of signals created
by electron-sample contact can be used to extract microstructural information. The
basic notion of "inelastic scattering of secondary electrons" and subsequent imaging
is used in this device. Following scattering, the electrons are recognized and trans-
formed into an electrical signal. The collected signal is enlarged, attributed as an
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image to be seen on the screen of the computer system. For insulating samples, they
must first be made conducting in order to avoid the accumulation charges onto the
sample’s surface and obtain a good image utilizing a FESEM. This can be accom-
plished by depositing a thin coating of gold/platinum (1.5- 3.0 nm) on the surface
of the sample. The samples must be extremely stable under vacuum in order for
physical attributes to remain unaffected by the loss of moisture or gases during the
procedure. The method provides data on surface morphology such as microstruc-
ture, grain dimensions and shape, voids, and so on. The FESEM pictures used in
this study were acquired with a Carl-ZEISS Make (Model no. ULTRATM-55). Figure
2.6 shows a photograph of the FESEM system used for measurements. To increase
conductivity, the samples were wrapped in carbon tape and coated with gold.

FIGURE 2.6: Photograph of field emission scanning electron micro-
scope

2.3.3 Energy dispersive x-ray (EDX) spectroscopy

The compositional analysis is performed using EDX spectroscopy. The FESEM has
the EDX system as a standard feature. The sample is exposed to a high-energy elec-
tron beam during the study. When electrons interact with the material, the inner
shell electrons of atoms are knocked off. High-energy electrons then take over the
empty places from the outer shell. Here, the electron has to give up a part of its
energy in the form of radiation by producing x-rays during the transfer process. The
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produced x-rays can fingerprint the atomic structure of individual atoms because of
their different atomic structure. The composition of the sample can be determined
by examining the properties of x-rays obtained from it [27].

2.3.4 Microstructure Analysis : High resolution transmission electron mi-
croscopy (HRTEM)

The HRTEM was used for the microstructural examination. This approach can reveal
information about the size, shape and crystallinity of the particles.

The TEM is considered to be an efficient and ultimate tool for estimating the
nanoscale materials’ particle size. The morphology, crystallography, and composi-
tion of samples can all be determined by TEM characterization. In particles, this
comprises their shape, size, atomic spacings, orientations, defects, and so on. Addi-
tionally, EDX analysis can be used to verify the composition of nanometer-scale par-
ticles. The electron beam that collided with the material was split into three beams:
transmitted, backscattered, and absorbed electrons. The first beam divides into three
groups of (i) directly transmitted electrons: samples with a small change of direction
as well as energy; (ii) electrons with elastic dispersion: atomic interactions preserv-
ing energy change in the direction; and (iii) electrons with a small inelastic change
in the direction: directional changes and energy decline. The TEM image contrast
depends on the proportion of electrons that are dispersed directly and elastically.
The contrast is determined by mass density and reflections by Bragg on amorphous
and crystalline samples. The sample must be prepared accordingly, given that the
electron must transmit the samples for HRTEM technology. The preparation for
TEM samples is a somewhat complex, and the below mentioned steps have been
followed in this study. (1) To achieve a homogenous solution, the powdered mate-
rials were thoroughly mixed in ethanol and ultrasonicated for 10 minutes. (2) Later,
a few drops of the solution were gently placed over carbon-coated copper grids. (3)
The grid was dried at in an oven and prepared for TEM microstructure investigation.

A photograph of the TEM instrument used for the experiment is shown below.

2.3.5 Magnetic Force Microscopy (MFM)

The MFM is an imaging method based on atomic force microscopy. To study the
magnetic orientation of the CFO thin film, MFM measurements have been carried
out. In MFM, a sharp magnetic tip travels across a sample surface, capturing pictures
of the magnetic structure of the sample. The MFM frequently employs a non-contact
mode because the magnetic force of interaction is a greater range than the atomic
force. It is not affected by surface contamination and may be carried out under
normal conditions. The MFM measures the vertical component of the force between
the sample and the tip. The following equation explains the motion of the cantilever
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FIGURE 2.7: The photograph of transmission electron microscope.

for a damped harmonic oscillator [28]:

m
d2z
dt2 + Γ

dz
dt

+ k(z− z0) = Fex(t) + Fz(z) (2.8)

where, m denotes the "mass of the cantilever", Γ is the damping coefficient, Fex(t)

denotes the sinusoidal driving force, z0 denotes the cantilever’s equilibrium position
in the absence of a force, and F(z) denotes the vertical component of force between
the cantilever and the sample. Because, we are concerned only with magnetic force
in this situation, F(z) must be integrated across the whole magnetic volume on the
tip and cantilever:

Fz =
∂

∂z

∫
tip

dV µ0
(
mtip.H

)
(2.9)

here, m denotes "magnetic moment" of the tip and H denotes "stray field" originating
of the sample.

Assuming Fz is small, the Taylor expansion of Eq. 2.9 gives:

m
d2z
dt2 + Γ

dz
dt

+ k (z− z0) = Fex (t) + Fz (z = z0) +
dFz

dzz=z0

(z− z0) (2.10)

We define ke f f = k-dFz/dz, the equation 2.10 can be rewritten as:
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m
d2z
dt2 + Γ

dz
dt

+ keff (z− z0) = Fex (t) + Fz (z = z0) (2.11)

The cantilever resonant frequency in the presence of a force gradient is given by

f
′
0 =

1
2π

√
ke f f

m
(2.12)

The Taylor expansion of the equation 2.11 in the limits of dFz/dz� k, then,

dFz

dz
=

2k
f0

∆ f (2.13)

In either static (slope detection) or alternating current (AC) mode, the force gra-
dient may be sensed (frequency modulation). The amplitude or phase of the can-
tilever is measured in the static mode [29]. At room temperature, this mode is widely
used in commercial MFM. Improving the quality factor (Q) of the cantilever will in-
crease detection sensitivity at the expense of lowering measurement bandwidth. The
AC mode with frequency modulation technique bypasses high Q cantilevers’ band-
width constraint. Positive feedback is utilized in AC mode to oscillate the cantilever
at its resonant frequency and measure f , which is often done using a laser interfer-
ometer [30].

dF
dzmin

=
1
A

√
4kk0TBW

ω0Q
(2.14)

where, BW is the measurement of bandwidth, ω = 2πf0 and A is the amplitude of
oscillation of the cantilever.

The magnetic sensitivity of MFM depends not only on the minimum detectable
force gradient, but also on the tip shape and the magnetic field source.

2.4 Physical properties

2.4.1 Static magnetic properties

The PPMS from "Quantum Design" was used to measure the M of the prepared
samples. An electromagnet based VSM has been employed to check the magnetic
response of thin-films.

2.4.1.1 Physical property measurement system (PPMS)

The PPMS in VSM mode works as per the induction law of Faraday, i.e., changing the
magnetic flux creates an electric field and can estimate the change in the magnetic
field. The sample is oscillated by the outside H-field with a certain frequency (n).
This results in changes to the magnetic flux and emf (V) in the coils [31]. The term
for the generated emf is as follows:
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V = −N
dφ

dt
= −NA

dB
dt

= −NAµ0
d(H + M)

dt
(2.15)

here "A, N, µ0, and M" are "indicative of the area", the "number of turns in the
coil", "magnetic permeability" and M of the sample. This leads to AC voltage in the
pick-up coils, and is proportional to M. The "lock-in amplifier" acquires the pick-
up coils’ response. The AC signal that the coil apprehends is proportional to the
sample’s M. The magnetic hysteresis (M− H) loop is recorded with the assistance
of a computer. In Fig. 2.8 a photograph of the PPMS device was displayed. In the
present study, temperature-dependent magnetisation (M − T) measurements were
conducted by PPMS set-ups in H-field of 9 T, over a temperature, 10 – 325 K of
vibrational sample magnetometry.

FIGURE 2.8: Photograph of physical property measurement system

2.4.2 Dynamic magnetic properties

2.4.2.1 Ferromagnetic resonance (FMR)

The resonant absorption of external microwave signal in FM materials is known as
FMR. When a spin (e) works as a magnetic "dipole" in an external H-field of uniform
intensity H, it precesses around the H-field’s direction. The precession frequency
(the "Larmor precession frequency") is proportional to H,

ωL = γH (2.16)

here, γ = gµB/h is the "gyromagnetic ratio" of e. The resonant absorption of en-
ergy can occur when this "magnetic dipole" is exposed to an external electromagnetic
radiation applied perpendicular to H, and the resonance condition can be written as

h̄ω = gµBH (2.17)
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This is the well-known "electron spin resonance" (ESR) phenomenon, which oc-
curs in substances having unpaired e spins and non-interacting moments. The sit-
uation is much different in the case of FM substances than it is in the case of "non-
interacting spins" as in PM materials. Griffiths [32] discovered the phenomena of
FMR, which is the resonant microwave absorption in a system of highly interacting
spins. This high exchange contact causes a parallel alignment of spins, which re-
sults in a significant resultant M or internal field. The resonance requirement is no
longer true in the sense that in the instance at hand, the external field H must be
substituted by an effective field He f f that, in addition to H, takes into account the
anisotropy fields inherent in FM materials [30].

An alternating magnetic field in the form of microwave power is provided at
right angles to the static magnetic field via the coplanar waveguide (CPW). Reso-
nance is found when the frequency of the microwave field coincides with the fre-
quency of precession. A significant reduction in transmitted microwave power is
observed at resonance. The atomic moments are dispersed in the 2J+1 energy level
in the presence of the field. The potential energy of each atomic moment in magnetic
field is (-µHH). The separation between the levels is given by

∆(E) = ∆(µHH) = gµBH (2.18)

where, µH = gMJµB, g is the spectroscopic splitting factor, MJ is the quantum
number of J. The neighbouring value of MJ vary by one for every given value of
J. At resonance, the energy difference between atomic levels (eq. 2.11) equals the
energy of the microwave transmitted by the CPW, which is hν,

hν = gµBH (2.19)

The M precession around the effective H-field direction can be caused by both
precessional torque and the damping term. Taking both factors into account, the
effective torque may be given as "Landau-Lifshitz equation" [33]:

∂M
∂t

= −γ (M × Heff)− λ
M
M2 × (M × Heff) (2.20)

The first component in the preceding equation is the precessing torque, and the
second term is the damping like torque with tunable damping parameter, which is
described as λ and γ = ge/2mc, where c is the "velocity of light", m and e are the
"mass" and "charge" of electron, respectively. An alternating damping like torque is
proposed by Gilbert which is given below

−α

M

(
M × dM

dt

)
(2.21)

where
α =

λ

γM
(2.22)
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FIGURE 2.9: (a) Precession of the magnetic moment with a magneti-
zation vector M towards the effective magnetic field direction due to
the presence of damping like torque, (b) The splitting of the energy
levels in the presence of magnetic field where the energy difference
of the atomic levels at resonance gµBHres is equal to the energy of the

microwave power hν .

So, the "Landau-Lifshitz-Gilbert equation" is given as

∂M
∂t

= −γ (M × Heff)−
α

M

(
M× dM

dt

)
(2.23)

Figure 2.10 shows the schematic of CPW geometry of FMR with the use of lock-
in amplifier. In this FMR setup, we sweep the external applied H-field and hold the
frequency of the perturbing field (hr f ) constant.

Modula�on coils

Microwave sourceDetector

PC

Lock-in amp. in

Func ongeneratorF

Amplifier

Coplanarwaveguide

FIGURE 2.10: Schematic representation of co-planar wave guide
based FMR.

The effective magnetic field is defined as [34],

Heff = Hext + Han + hrf + Hdemag (2.24)

where, Hext, Han and Hdemag are the externally applied magnetic field, the anisotropy
and the demagnetization fields, respectively.

We can write,

∂M
∂t

= −γ (M×Hin) (2.25)
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The demagnetizing field Hd = −NM, where, the demagnetization tensor is de-
fined as [35].

The modified magnetic field can be written as; Hin = H0
′ − NiMi

The oscillating component of magnetization in x− y plane is defined as:

dMx

dt
= −µ0γ

[
H
′
0 +

(
Ny − Nz

)
M
]

My (2.26)

dMy

dt
= −µ0γ

[
H
′
0 + (Nx − Nz) M

]
Mx (2.27)

The solution of the equation is the Kittel equation and is mentioned as,

ω2
0 = γ2µ2

0

[
H
′
0 +

(
Ny − Nz

)
M
] [

H
′
0 + (Nx − Nz) M

]
(2.28)

A thin film with negligible in-plane anisotropy and Ny = Nz = 0 and Nx = 1,we
have

ω0 = γµ0[H
′

0

(
H
′
0 + M

)
]

1
2

(2.29)

here, the MCA also affects FMR precession frequency. In the presence of MCA,
the above equation modifies to

ω0 = γµ0[(H
′

0 + Han)
(

H
′
0 + Han + M

)
]

1
2

(2.30)

where, Han = 2K1/MS is the anisotropy field.

FIGURE 2.11: Photograph of coplanar waveguide based FMR mea-
surement system.
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The MS, spectroscopic splitting factor g, and magnetic anisotropy field Han of
thin films with in-plane M are calculated using the Kittel formula. The parameters
such as the Gilbert damping constant and inhomogeneous linewidth broadening H0

may be derived from the linewidth (∆H) versus frequency ( f ). The lock-in amplifier
performs phase-sensitive detection. It distinguishes the signal from the noise, which
is several orders of magnitude larger than the signal. This technique modulates the
FMR spectrum so that the output is the derivative of the absorption spectrum. After
removing the rf component of the signal with a diode detector, the lock-in amplifier
is utilized to determine the modulated response [36]. A photograph of the CPW
technique used for FMR measurements is shown in Fig. 2.11.

2.5 Conclusion

In conclusion, the present chapter describes the working principles of instruments
used for preparation, characterization and physical property measurement systems.
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Chapter 3

Structural, morphological,
microstructural and magnetic
properties of CoFe2O4 and
La0.7Sr0.3MnO3 bulk and
nanoparticles

3.1 CoFe2O4

3.1.1 Introduction

When the particle size of magnetic materials is reduced from bulk to nanometer
length scale, their physical properties show significant variation. The geometric
constraints, reduced coordination number of the atoms present on the surface of
magnetic nanoparticles are responsible for the change in physical properties such
as effective magnetic anisotropy, coercivity, remanence and susceptibility compared
to their bulk counterparts [1, 2]. On the other hand, the rare-earth-based perma-
nent magnets are now essential components in everyday life applications such as
electronic devices, hard discs, automobiles, wind turbines, and hybrid-electric vehi-
cles [3,4]. The widespread use of these rare-earth elements from restricted resources
prompted the scientific community to consider alternatives. Therefore, hard-ferrites
in bulk quantity with single-domain particles appear to be the best potential mate-
rials for permanent magnet applications. Because of its significant MCA, increased
HC, and mild MS, the CFO was recognised as a good material for the indicated pur-
pose among the spinel ferrites [5–9]. The hard-ferrites appear to have the potential
to replace rare-earth magnets in a variety of applications, where lower performance
is required [7–9]. The present study aims to synthesize a wide range of CFO parti-
cles (from 7 to 780 nm) with different shapes using a wet-chemical-based thermal-
decomposition technique. The physical properties of CFO particles were carefully
examined by classifying them into single domain and multidomain particles. The
maximum energy product of single-domain nanoparticles was evaluated in order
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to check for potential permanent magnet-based applications. Using the "law of ap-
proach to saturation" magnetization data was analysed as a function of particle size.
The current study found a strong correlation between the size, shape, and magnetic
properties of CFO particles. The current study presents the effect of particle size and
shape on magnetic properties of CFO nanoparticles and their use permanent mag-
nets in device applications at RT. Here, sintering at temperatures ranging from 300
◦C to 1200 ◦C was done to produce a set of CFO samples with varying particle sizes
and shapes.

3.1.2 Experimental

The thermal decomposition via polymeric method has been used for the synthesis of
CFO samples. A 10% (w/w) solution of poly vinyl alcohol (PVA) was made by heat-
ing at 70 oC for 24 h [12]. The precursors, PVA, Co(NO3)2.6H2O and Fe(NO3)3.9H2O
were mixed in the ratio 10:0.33:0.67. The aqueous solution of Co(NO3)2.6H2O was
added to the solution of PVA at first followed by Fe(NO3)3.9H2O. The solution thick-
ens after being stirred for 45 min at a temperature of 70 ◦C. The water content from
the slurry was removed by baking the sample after seperating in petri dishes at a
temperature of 110 ◦C for 5 h. After that the sample was ground and calcined for 2
h at 250 ◦C. The obtained powder was sintered at a temperature ranging from 300
◦C to 1200 ◦C at a ramp rate of 5 ◦C/min. The samples sintered at 300 ◦C, 450 ◦C,
600 ◦C, 750 ◦C, 900 ◦C and 1200 ◦C, were named as CFO-300, CFO-450, CFO-600,
CFO-750, CFO-900 and CFO-1200, respectively.

The prepared samples were characterized structurally by XRD by using "Philips
x-ray diffractometer" with Cu-Kα radiation source. The crystallite sizes of these
samples were estimated by using the modified Scherrer’s formula. The surface mor-
phology and composition of the samples were analyzed by the FESEM ("Carl-ZEISS,
ULTRATM-55") attached with EDX spectrometer. The microstructure, particle size
and shape were analyzed by using ("FEI Tecnai 200 kV D2083") TEM. The M-H loops
of the samples at different temperatures were measured by using PPMS in VSM
mode.

3.1.3 Results and discussion

3.1.3.1 X-ray diffraction

The XRD patterns for the samples sintered at different temperatures are shown in
Fig. 3.1. The CFO samples were found to crystallize in a single-phase with Fd3̄m
space group of cubic structure without any impurity. The XRD data of these samples
were also compared with standard data with (JCPDS no. 00-022-1086). As it can be
observed from Fig. 3.1 that (111), (220), (311), (222), (400), (422), (511) and (440) are
the dominant reflections proving that the samples are stabilizing in inverse spinel
structure.
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FIGURE 3.1: The room-temperature XRD patterns of CFO samples
sintered at different temperatures.

As the sintering temperature increased, the intensity of the peaks enhanced but
the FWHM decreased. The increase in intensity results from the increased crys-
tallinity, whereas the reduction of FWHM is the result of increased particle size of
the samples. The absence of any peak shift in XRD patterns as a function of sinter-
ing ensures the non-uniform strain in the crystallites. The peak broadening in the
present case mainly arises due to (i) non-uniform strain associated with crystallites,
(ii) reduced crystallite sizes and (iii) instrumental broadening. In the present case,
the instrumental broadening was corrected by considering FWHM of standard SiO2

material. The crystallite size of the samples was estimated by using the Williamson-
Hall (W-H) equation [13],

β =
kλ

Dcosθ
+ εtanθ (3.1)

where, β = βe-βi; βe represents the FWHM of diffraction peak and βi represents
the instrumental broadening, D is the average crystallite size, k is grain shape factor,
λ is wavelength of Cu-Kα (1.5406 Å) radiation source and ε represents the micros-
train present in the samples. The average crystallite size and microstrain of the sam-
ples were calculated from the y-intercept and slope of linear fit of βcosθ versus sinθ

plots, respectively. Figure 3.2 shows the W-H plots of the CFO samples.
The XRD data of all the samples were analyzed by adapting the Rietveld refine-

ment method using "FullProf" software based on Fd3̄m space group. The measured
and simulated XRD patterns along with their difference are shown in Fig. 3.3. While
refining the data, the lattice parameter, scale factor, shape parameter (u, v, w) and
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3.1. CoFe2O4 41

20 30 40 50 60 70 80

In
te

n
si

ty
 (

ar
b

.u
n

it
s)  Observed

 Calculated

 Difference
 Bragg position

In
te

n
si

ty
 (

ar
b

.u
n

it
s)

(a)   CFO-300

(b)   CFO-1200

(2
20

)

(2
22

)
(3

11
)

(4
00

)

(4
22

) (5
11

)

(4
40

)

(6
20

)

(5
33

)
(6

22
)

(4
44

)

2q (degree)
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oxygen position (x = y = z) were taken as free parameters and carefully refined until
an acceptable χ2 value was obtained. The obtained crystallographic parameters are
given in Table 3.1. As is evidenced from the table that, no systematic change in lattice
parameters was observed with an increase in sintering temperature, which explains
the absence of uniform strain in the samples. Here, it appears that the increase in
sintering temperature may improve the coalescing nature of smaller crystallites to
form a bigger one. To know more about the grain growth, particle size and mi-
crostructure of the samples as a function of sintering temperature, FESEM and TEM
measurements were done and results are presented.

TABLE 3.1: Crystallographic and particle size data of CFO samples.

Parameters CFO-300 CFO-450 CFO-600 CFO-750 CFO-900 CFO1200

a = b = c (Å) 8.387 8.377 8.369 8.388 8.387 8.385

Volume 589 588 586 590 589 589

Density 5.28 5.30 5.31 5.28 5.28 5.28

Co (x = y = z) 0.375 0.375 0.375 0.375 0.375 0.375

Fe (x = y = z) 0 0 0 0 0 0

O (x = y = z) 0.25173 0.24387 0.24730 0.24294 0.24212 0.24365

Rp 67.0 50.9 51.1 81.3 46.2 26.6

Rwp 40.9 27.0 26.0 30.7 17.0 10.8

Re 38.4 24.5 24.5 28.3 16 9.74

χ2 1.134 1.212 1.130 1.180 1.130 1.223

3.1.2.2 FESEM

The FESEM analysis of these samples clearly revealing the change in morphology
of the grains have been observed with increased annealing temperature. The in-
crease in grain size has been observed as the sintering temperature is increased. The
obtained results are in agreement with the XRD graphs. The surface morphology
showed significant changes as the sintering temperature changed from 300 ◦C to
1200 ◦C. The corresponding microscopic images in Fig. 3.4 show that these grain
shapes change as spheres (CFO-300), pyramids (CFO-450), lamellae (CFO-750), oc-
tahedra (CFO-900) and truncated octahedra (CFO-1200). Although almost all of the
samples had a mixture of small and large grains, the grain shapes were found to
be uniform over a large area of the samples’ surface. These various shape grains
are expected to have a significant impact on the physical properties of the current
samples.
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FIGURE 3.4: The FESEM micrographs of CFO samples.

3.1.3.3. HRTEM

With a view to know more about the growth aspects of these grain shapes and the
morphological transformation of particles, the TEM measurements were carried out.
As can be seen in Fig. 3.5, the transformation of the mentioned shapes was con-
firmed by analysing two-dimensional (2D) TEM pictures obtained from the respec-
tive samples. When sintered at 300 °C, the nanoparticles were found to be circular,
but when sintered at 450 ◦C, 600 ◦C, and 750 oC, they became square/rhombohedra.
These are, in fact, two-dimensional projections of one of the facets of corresponding
three-dimensional shapes seen in FESEM micrographs. The particle sizes of sintered
samples sintered at 900 ◦C and 1200 ◦C were found to be in the submicron to mi-
cron range. Due to bigger particles a clear TEM images were not possible as the
non-transmission of electrons from these samples. In addition, as shown in the cor-
responding TEM image (see Fig. 3.5), electron diffraction patterns were used to un-
derstand the crystalline nature of these nanoparticles. The polycrystalline nature of
the samples is clearly visible in the diffraction patterns and crystallinity was found
to improve as the sintering temperature is raised.
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FIGURE 3.5: The tem micrograph images of CFO samples. The SAED
patterns and high resolution images are shown in corresponding in-

sets.

3.1.3.4 Growth mechanism

Based on morphological (FESEM) and microstructural (HRTEM) studies it has been
understood that these shapes and sizes are following certain competing correlation
between crystal growth and magnetic anisotropy. According to Moriyama et al, the
CFO ferrite generates a "cubic crystal habit", anticipating preferential growth along
the <100> direction [7, 15]. However, the current study (TEM micrographs) clearly
shows that the formation of various shape particles appears to have a variety of other
possible reasons. The particle shape of the CFO-300 sample became "spherical" to ac-
commodate the minimum surface area due to dominant surface tension. Along with
"pyramidal-shaped" particles (due to preferred growth direction), some "spherical-
shaped" particles (due to surface tension) were found in the CFO-450 sample. This
observation appears to imply that they have an effect on the magnetic properties
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of the sample (discussed later). This finding suggests that an increase in particle
size along the <100> direction compared to the <110> and <111> directions allows
for a strong competition between surface tension and preferred growth direction,
resulting in a mixture of "spherical" and "pyramidal" shape particles. In the case of
the CFO-600 sample, however, the preferred growth direction completely dominates
over the surface tension of the particles, resulting in "pyramidal" shape particles as
seen in FESEM (Fig. 3.4) and the corresponding 2D projections as seen in HRTEM
images (Fig. 3.5). The CFO-750 was noticed to have a "rectangular" plate-like struc-
ture, which was surprising. This drastic change in shapes could be attributed to the
preferred direction along <100>. Besides this, when the sintering temperature was
raised to 900 ◦C and 1200 ◦C, "octahedral" and "truncated octahedral" shapes were
observed. These macroscopic shapes should theoretically be able to generate cubic
habit from the cubic spinel structure with {100} facets; however, faster growth rate
of CFO particles along <100> direction compared to <111> direction resulted in loss
of {100} facets. A loss of this magnitude would result in {111} faceted octahedra,
with {111} being the lowest energy facets. The sequence of surface energies associ-
ated with different crystallographic planes, as suggested by Wang [16], is (111) (100)
(110). The major surface planes of a single-crystalline particle could be arranged in
the following order: {111} > {100} > {110}. Also, based on the ratio (R) of growth rate
in <100> to that in <111>, different shapes are expected for the particles. As a re-
sult, particles with a high growth rate in the <100> direction compared to the <111>
direction with a large R (1.73) produce "octahedra" with {111} facets. Similarly, a
"truncated octahedra" with {111} and {100} facets would result from particles with
moderate growth along <100> compared to <111> with R (1.73). Increased tempera-
ture is thought to have caused different growth rates in different directions, resulting
in a more"spherical" like "truncated octahedral" with eight {111} and six {100} facets,
as shown in schematic representation of Fig. 3.6 [16,17]. However, additional exper-
imental evidence is needed to confirm the current findings.

{111}{111}
{111}{111}

{100}{100}

{1
11
}

{1
11
}

{100}{100}

FIGURE 3.6: A schematic illustration of the transformation from oc-
tahedral shape to truncated octahedral shape of CFO nanoparticles.

According to Wang et al, self-assembled nanostructures, have the potential to
maximise particle packing density by sharing common faces [16]. Except for the
CFO-300 sample, due to preferential growth, any two particles would be in contact
only when the planes of the same family were congruent to minimise the lattice
mismatch. Otherwise, the crystals would rotate with each other to minimise the
interface strain energy, which is defined as ε =| d1 - d2 |/d1, where d1 and d2 are
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the inter-planar distances between two sets of planes. If there was an agreement
between the similar surface planes, d1 = d2, then would be minimum and would
form a coherent interface. As a result, in this case, the "coherent interface effect"
was found to be quite prominent in all samples except the CFO-300 sample. This
anomaly could be attributed to "high surface energy" and "finite-size effects".

3.1.3.5 Magnetic properties

(a) M-T measurements
Figure 3.7 shows the temperature dependent magnetization (M − T) measure-

ments for all CFO samples. The TC was obtained by applying a H-field of 100 Oe.
The data ws collected by heating the samples from RT through the TC at a rate of 5
◦C/min. The TC values were obtained from the minima of dM/dT versus T curves
as shown in insets of Fig. 3.7. As expected, the M, decreases with increasing temper-
ature and approaches to zero. From the graph it can be observed that the TC is above
RT. From this it can be confirmed that all CFO samples are showing FM behaviour
at RT. This indicates that CFO nanoparticles are ideal for a wide range of techni-
cal applications above RT, such as in medical applications in which magnetocaloric
characteristics can achieve local hyperthermia, to treat cancer spots.
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FIGURE 3.7: Temperature-dependent magnetization (M-T) curves of
CFO samples. dM/dT versus T plots are shown in insets.

(b) M-H measurements
The M-H loops of CFO samples (presented in Fig. 3.8 (a) and (b)) measured at

300 K were found to saturate even in a 30 kOe applied H-field, whereas the M-H
loops obtained at 5 K did not. That is, at low temperatures, the applied H-field is
insufficient to orient spins in the direction of the applied H-field. Because there is less
thermal energy in such an environment, the ratio of anisotropy energy to thermal
energy increases, resulting in spin alignment in a preferred "easy" direction [6, 18].
Because of changes in spin arrangement, different magnetic properties are expected
to be present in different shape and size particles. As the CFO is a ferrimagnet at RT
with varying particle sizes and shapes, a strong correlation between microstructure
and magnetic parameters is assumed. As a result, as shown in Fig. 3.9, the key
magnetic parameters - HC, MS at 3 T, Mr, and "squareness ratio" (S = Mr/MS3T )
were extracted from M-H loops of CFO samples recorded at low (5 K) and room (300
K) temperatures. Figure 3.9 depicts the parameters plotted as a function of particle
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size. Interestingly, with low HC (13 Oe) and Mr = 0.109 emu/g, the CFO-300 sample
was found to exhibit almost SP behaviour (HC = 0 and Mr = 0) at RT, while the rest
of the samples exhibited clear ferrimagnetic behaviour.
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FIGURE 3.8: The M-H loops of set of CFO samples measured at (a)
300 K and (b) 5 K.
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300 K, respectively.

The variation of HC with particle size (for "spherical" and "pyramidal" shapes)
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was found to increase initially up to 40 nm and then decrease. As previously re-
ported [20, 21] the increase in HC with particle size was observed to be a clear sig-
nature of "single-domain" particles. The decreasing trend of HC with particle size
greater than 40 nm suggests that a single domain particle is being transformed into
a "multidomain" particle. Even after increasing the sintering temperature further, the
"multidomain" nature of the particles with "lamellar", "octahedral", and "truncated-
octahedral" shapes remains. The mechanism of M reversal in these particles can be
in the following manner. Due to the SP nature of CFO-300 samples, the values of HC

of "spherical" shape particles were extremely small, whereas the coercive field was
high for "pyramidal" shaped particles due to shape induced magnetic anisotropy.
The coherent rotation of spins present in the sample is responsible for M reversal
in single domain nanoparticles. In the case of large sized (multidomain) particles,
the HC values decreased as particle size increased. In the present study, not only
did the particle’s magnetic anisotropy play a role, but its shape also played a sig-
nificant role in HC. The mechanism underlying magnetization reversal in "multido-
main" particles differed from that in "single-domain" particles. This has been shown
schematically in Fig. 3.10.

+

FIGURE 3.10: The schematic representations of possible magnetiza-
tion orientations (solid red arrows) in different shape particles, pro-

posed for CFO.

The curling rotation of magnetic spins, along with domain wall motion, is favoured
by micromagnetic theory when the average diameter (size) of the spherical parti-
cle D exceeds a certain limit, D0 (coherent diameter) [22]. D0 = 7.211 lex for small
spherical nanoparticles, where lex is the exchange length [23]. Based on the magnetic
properties of bulk CFO, the exchange length,

lex =

√
2A

µ0M2 = 5.26nm (3.2)
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was calculated by taking MS = 81.36 (emu/g) ≈ 4.30×105 J/m, anisotropy con-
stant Ke f f = 0.74x105 J/m3, and exchange stiffness constant A = 3.22x10−12 J/m into
account [18, 24, 25]. The D0 was estimated based on the obtained lex value and was
found to be D0 = 38 nm. As a result of these calculations, particles larger than 38
nm should exhibit crossover behaviour during M reversal from coherent to non-
coherent rotation (curling rotation and domain wall motion). Surprisingly, the cal-
culated D0 value corresponded to the experimentally observed one (40 nm). The
estimated critical particle size (volume, Vc) in this study was calculated as Vc = 25kB

Ke f f
=

1.40x10−24m3. The average particle size in SP at RT was calculated using the Vc value
[Dc =(6Vc)1/3] and found to be 13.8 nm. In this case, the CFO-300 particle size (7 nm)
was significantly smaller than the calculated critical size (13.8 nm). As a result, these
calculations confirm the SP behaviour of the CFO-300 sample. Alongside from the
previously mentioned reasons for the variation of HC with particle size, size and
shape-induced demagnetization effects cannot be ruled out, as evidenced by mor-
phology and microstructure measurements. Fig. 3.9 (b) depicts a clear change in MS

obtained at 30 kOe from M-H loops measured at 5 K and 300 K. With increasing par-
ticle size, the value of MS rises. The maximum values observed (MS = 80-85 emu/g)
for bulk sample (CFO-1200) measured at 300 K and 5 K agree with bulk CFO ferrites
reported values [7, 10]. A "core–shell model" can explain the monotonous increase
of MS with particle size in the case of "single-domain" particles. The oriented mag-
netic domain is regarded as the core, while the surrounded magnetic dead surface
layer, formed as a result of imperfect coordination of surface atoms, is regarded as
the shell.

The ratio of "dead surface" ("shell") thickness to "domain volume" ("core") de-
creases as particle size increases, resulting in higher MS values. The MS values are
expected to saturate as a function of particle size in the case of multidomain particles.
The minimal increase in MS values as a function of particle size, on the other hand,
could be due to an insufficient applied H-field of 30 kOe to achieve magnetic satu-
ration. Fig. 3.9 (c) and (d) show the relationship between Mr and "squareness ratio"
(S = Mr/MS) with particle size. At RT, the CFO-300 sample exhibits SP behaviour
with nearly zero remanent and zero squareness ratio for 7 nm sized particles. Ac-
cording to the Stoner-Wohlfarth model, the observed values of S (0.23) for "single
domain" particles in this case are well within the range of squareness values of non-
interacting 3D random particles with uniaxial anisotropy [26]. The variation of Mr

and squareness with particle size was identical to the variation of HC with particle
size, indicating a "single domain" particle crossover to "multidomain" particle be-
haviour [10]. The values of Mr and squareness measured at 5 K were found to be
greater than the values estimated at 300 K, which could be due to the increased ratio
of magnetic anisotropy to thermal energy at low temperatures [18].
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FIGURE 3.11: The law of approach to saturation fit to the M-H plots
for CFO samples sintered at different temperatures.

The effective magnetic anisotropy constant (Ke f f ) is an important parameter for
understanding the magnetic nature of particles and the underlying mechanism that
causes M switching in applied H-fields. The value of Ke f f was calculated by apply-
ing the law of approach to saturation given by [21] to a initial magnetization curve.
The fittings have been shown in Fig. 3.11. The corresponding equation is shown
below:

M = MS(1−
b

H2 ) + χH (3.3)

where, MS represents the saturation magnetization, b
H2 represents the cubic anisotropy

contribution of the CFO nanoparticles. The term χH is known as the induced M
caused by a linear increase in M, especially at high fields and H is applied H-field.
The parameter in the first term in the equation (3.3), b is given by the following
equation,

b = 0.0762(
K2

e f f

µ2
0M2

S
) (3.4)

where, Ke f f is the "effective magnetic anisotropy constant" and µ0 is the perme-
ability of free space. The cubic anisotropy of random polycrystalline samples has
a numerical coefficient of 0.0762 [21]. The equation (3.3) was used to fit the room-
temperature experimental data of virgin curves, and the values of Ke f f were calcu-
lated using the best-fit parameters.

Fig. 3.12 depicts the variation of Ke f f with particle size (a). The Ke f f ’s variation
with particle size was identical to the variation of HC with particle size. The rea-
son for this behaviour, as mentioned in the previous paragraph, is the cross-over of
single domain to multidomain magnetic behaviour of the samples. However, the
contributions of intrinsic and extrinsic effects such as shape, surface, stress, and so
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on to the effective magnetic anisotropy are significant and must not be overlooked,
especially when the particles change from magnetically "single domain" to "multido-
main" as the sintering temperature rises. In any case, these issues are beyond the
scope of the present work. "Maximum energy product" (BHmax) was estimated at 5
K and 300 K, where B and H are magnetic induction and applied magnetic field, re-
spectively, in order to investigate the suitability of different shapes and sizes of CFO
ferrite nanoparticles for permanent magnet applications. The BHmax is regarded as
a permanent magnet’s figure of merit [2]. At 5 K and 300 K, Fig. 3.12(b) depicts the
variation of BHmax curves as a function of particle size. The observed behaviour is
attributed to the strong "effective magnetic anisotropy" of the samples, as the values
of BHmax at 5 K were found to be an order higher than the values obtained at 300 K.
For 5 K and 300 K, the BHmax shows that Ke f f and HC have similar particle size de-
pendences as a function of particle size, confirming the strong correlation between
magnetic, particle size and shape. When the particle size is below the critical particle
size of a "single domain", the state of the magnetic domain is related to particle size,
as discussed in the previous sections. As a result, in the "single domain" case, BHmax

increases as particle size increases, whereas in the "multidomain" case, domain wall
motion is responsible for the rest of the variation in BHmax with particle size. It is
clear that the critical size for CFO particles is 40 nm in this case. As a result, it is ex-
pected that a magnet made by compacting nanoparticles with critical particle sizes
(40 nm) and oriented easy axes in a specific direction could be a promising material
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candidate for developing "rare-earth-based permanent magnet" alternatives. In this
case, these materials could be investigated for "permanent magnetic" applications
in household appliances, computers, medical devices, and automobiles, where high
magnetic performance in device applications at RT is not required [27].

3.2 La0.7Sr0.3MnO3

3.2.1 Introduction

The half-metallic perovskite based manganites are arguably the most fascinating
magnetic materials because of their enormous magneto resistance. Manganite with
formula, Lnx Ae1−x MnO3; where, Ln = Lanthanide and Ae = alkaline earth metal.
The Lanthanum and Strontium atoms occupy the ’A’ sites in the ABO3 perovskite,
whereas the Manganese atoms occupy the ’B’ sites. The electrons in the manganese
atoms’ 3d shell play a significant role in their electrical and magnetic behaviour. The
interaction of the various manganese atoms determines the overall magnetic and
electrical behaviour. The LSMO acts like a half-metal, suggesting that it might be
used in spintronic applications [28]. Since it exhibits a FM with TC at around 360
K with a significant magnetic moment at ambient temperature. Here, the LSMO
is hole-doped manganite and is recognised to be an important material for device
applications [29]. The ground states of a "spin-canted insulator", FM insulator, FM
metal (FMM), AFM insulator and AFM metal are observed at low temperature (T
< TC), whereas paramagnetic insulator and metallic behaviour are observed at high
temperatures (T > TC) for various Sr doping concentrations [29]. In the process of
preparation of LSMO target for PLD, the LSMO has been synthesized by using sol-
gel method and sintered at different temperatures. Here we present result for two
different particle size materials and studied the structural, morphological and mag-
netic properties.

3.2.2 Experimental methods

The LSMO was synthesized by considering nitric acid with the initial precursor ma-
terials of metal oxides/carbonates, metal nitrates in stoichiometric quantities. To
make a clean transparent solution, the converted nitrates were put in double dis-
tilled water and carefully stirred. The metal nitrate solution was then mixed with
"citric acid" in a 1:1 "molar ratio". The "pH" value is adjusted at around 7 by the
addition of ammonia in order to speed up the reaction rate. This combination is next
stirred by keeping on a hot plate in the range of 70-80 ◦C continuously. After the
gradual evaporation of the water content in the combination, it resulted in a concen-
trated solution. To make a thick viscous gel, "ethylene glycol," was mixed, followed
by maintaining at 150-160 ◦C on a magnetic stirrer with continuous mixing. This
hardened gel was crushed into powder and it was heated at 700 ◦C for 4 h to get
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monophasic material. Finally, it was made into pellets and heated at 700 ◦C and
1200 ◦C . The samples were named as LSMO-700 and LSMO-1200.

The prepared samples were characterized structurally by XRD measurements
by using "Philips x-ray diffractometer" with Cu-Kα radiation source (λ = 1.5406 Å).
The surface morphology and composition of the samples were analyzed by FESEM
(Carl-ZEISS, ULTRATM-55) attached with EDX spectrometer. The microstructure,
particle size and shape were analyzed by using (FEI Tecnai 200 kV D2083) TEM. The
M-H loops of the samples at different temperatures were measured by using VSM
(LakeShore’ 7410, USA) .

3.2.3 Results and discussions

3.2.3.1. X-ray diffraction

The XRD measurements were carried out for LSMO-700 and LSMO-1200 samples at
RT. The measured diffraction patterns has been shown in Fig. 3.13. From the figure
it is clear that polycrystalline single phase of LSMO is successfully synthesized. The
Rietveld refinement also confirms the quality of the samples. The XRD data of these
samples were also compared with standard data with (JCPDS no. 00-022-1899). It
is having a rhombohedral structure with R3̄c space group. As it can be observed
from Fig. 3.13 that (012), (110), (202), (024), (116), (214), (208) and (036) are the dom-
inant reflections proving that the samples are stabilizing in perovskite structure. As
the sintering temperature increases, the intensity of the peaks are enhancing, but
the FWHM decreasing. The increase in intensity results in increased crystallinity,
whereas the reduction of FWHM results in increase in particle size of the samples.



3.2. La0.7Sr0.3MnO3 55

20 40 60 80 20

(2
0
2
)

In
te

n
si

ty
 (

ar
b
. 

u
n

it
s)

2q (degree)   2q (degree)   

LSMO-700

LSMO-1200 LSMO-1200

LSMO-700

FIGURE 3.13: The room-temperature XRD patterns of LSMO samples
along with Rietveld refinement of the patterns.

TABLE 3.2: The crystallographic data of LSMO samples.

Sample LSMO-700 LSMO-1200
a (Å) 5.504 5.499
b (Å) 5.465 5.467
c (Å) 7.729 7.750

Volume 232.5 233.1
Rp 11.8 13.1

Rwp 9.28 11.4
Rexp 5.25 4.41

Crystallite size (nm) 37 64
La (x, y, z) 0.0118, 0.0112, 0.2500 0.0105, 0.0110, 0.2500
Sr (x, y, z) 0.0118, 0.0112, 0.2500 0.0118, 0.0112, 0.2500

Mn (x, y, z) 0.5000, 0.0000, 0.0000 0.5000, 0.0000, 0.0000
O (x, y, z) 0.0108, 0.4921, 0.2500 0.0006, 0.5038, 0.2500

From Rietveld refined data, the lattice parameter values have been obtained. All
the crystallographic parameter values are tabulated in Table 3.2. The "Scherrer’s
formula" was employed to estimate the crystallite size.
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β =
kλ

Dcosθ
(3.5)

where, β denotes the experimental "FWHM" of XRD peak, D is the "average
crystallite size", k is "grain shape factor", λ is "wavelength" of Cu-Kα (1.5406 Å) ra-
diation source. It has been found that with increasing temperature from 700 ◦C to
1200 ◦C, the crystallite size increases, which shows that the crystallites are coalescing
to form bigger crystals. The average crystallite size and microstrain of the samples
were calculated from the y-intercept and slope of linear fit of βcosθ versus sinθ plots,
respectively. Figure 3.14 shows the W-H plots of the LSMO samples.
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FIGURE 3.14: The Williamson-Hall plot for the LSMO-700 and
LSMO-1200 samples.

3.2.3.2. FESEM

In the case of LSMO, the morphological characterizations are done for LSMO-700
and LSMO-1200. Fig. 3.14 (a) and (b) shows the FESEM images of LSMO-700 and
LSMO-1200, respectively. As it can be seen, the size of the grains are larger in case of
LSMO-1200 as compared to LSMO-700, meaning that the grains are coalescing and
become bigger in turn decreasing the surface energy of the system.

3.2.3.3. TEM

Fig. 3.15 (c) and (d) shows the TEM images of the LSMO-700 and LSMO-1200 sam-
ple. As it can be seen, a little change in "particle size" with increase in temperature.
The inset in Fig. 3.15 (d) shows the SAED pattern of the sample. This confirms the
polycrystallinity of the samples.
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FIGURE 3.15: The FESEM micrographs of LSMO samples.

3.2.3.4. Magnetic properties

Fig. 3.16(a) and (c) shows the M-H loop of the LSMO samples sintered at different
temperatures. Fig. 3.16 (b) and (d) shows the M-T measurement for LSMO-700 and
LSMO-1200 respectively. From the "M-H loop" at 300 K for LSMO particles and
exhibits FM behaviour at RT and the value of MS comes out to be 37 emu/g and is
in agreement with the existing literature [30]. As it can be observed, the coercivity
has decreased with increase in temperature. This can be attributed to the "pinning of
spins" at the grain boundaries. The dM/dT versus T graphs (shown in inset of Fig.
3.16 (b) and (d)) obtained from M-T plots of LSMO sample shows a sharp FM to PM
transition, which supports the nature of "single-phase" of LSMO.
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FIGURE 3.16: (a) and (c) M-H loops of LSMO-700 and LSMO-1200
respectively; (b) and (c) M-T plots of LSMO-700 and LSMO-1200 re-

spectively

3.3 Summary

In summary, different shapes and sizes of CFO particles (from 7 to 780 nm) were
successfully prepared by varying the sintering temperature (from 300 to 1200 ◦C)
using a polymetric method via the thermal decomposition process. The XRD con-
firmed the samples’ "single-phase" formation, and Rietveld refinement of the XRD
data confirmed the cubic crystal structure with Fd3̄m space group. The morphol-
ogy, microstructure, and particle size of samples changed dramatically when the
sintering temperature was changed, resulting in "spherical", "pyramidal", "lamel-
lar", "octahedral", and "truncated octahedral" shapes. The transition of M switch-
ing mechanism from "coherent rotation" ("single domain") to "non-coherent rota-
tion/domain wall motion" is clearly demonstrated by the variation of magnetic pa-
rameters as a function of particle size in these samples ("multidomain"). These
"single-domain" nanoparticles—"spherical" and "pyramidal" (14 nm) and "pyrami-
dal" (21 nm)—show BHmax, at 5 K and 300 K, because of a strong correlation between
magnetic anisotropy and particle shapes. In appropriate device applications, sam-
ples with significant BHmax and "single-domain" nature in compressed bulk form
can be suitable alternatives to "rare-earth permanent magnets".

Also, LSMO samples were prepared successfully at 700 ◦C and 1200 ◦C by sol-gel
method. The morphology and particle size shows an increase in grain and particle
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size respectively with increase in temperature. The temperature dependent mag-
netic measurements shows it to be FM well above RT. Hence this material can be
used for making magnetic devices and sensors for RT applications.
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Chapter 4

Structural, morphological and
magnetic properties of CFO thin
films

4.1 Introduction

The thin films of CFO are excellent systems for "high-density magnetic and magneto-
optic" recording due to their high HC, "magnetic anisotropy", and TC well above the
RT. The chemical stablity of this ferrite is an additional advantage for device appli-
cations [1–4]. In many magnetic device, CFO thin film has been used as a "pinning
layer" in "spin valve" structures and as a "spin filter" in "magnetic tunnel junctions"
[5]. However, the enhancement of M of the CFO layer for some of its prospective

uses, technological solutions are necessary. The bulk CFO exhibits an "inverse spinel
structure", with half of the Fe3+ ions on "tetrahedral" (A) sites and the other half on
"octahedral" (B) sites [6]. The CFO has been extensively studied for MEs in bulk
and heterostructure forms, owing to its magnetoelastic characteristics [7]. The crys-
tallographic structure, residual stresses, thickness, etc., may play a significant role
in defining its attributes mostly because of its implementation [8]. The interface
effect and microstructure have been acknowledged as major factors in determin-
ing coercivity and other magnetic characteristics in related investigations [9]. The
growth behaviour was investigated as function of thickness which has been varied
by changing the deposition time. The deposited films were characterized and phys-
ical properties were studied in connection with the deposition conditions.

4.2 Experimental

PLD was used to produce CFO films of various thicknesses on Pt-coated Silicon sub-
strates by changing the number of laser pulses. For all of the deposited films, a "KrF
excimer" gas laser with a λ of 248 nm, a laser fluence of 1.15 J/cm2 and a repetition
rate of 5 Hz has been used. A series of six thin film samples with varying thicknesses
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of 115 nm, 125 nm, 160 nm, 175 nm, 250 nm and 300 nm were deposited. The cor-
responding deposited films named as CFO-115, CFO-125, CFO-160, CFO-175, CFO-
250 and CFO-300 respectively. The deposition was carried out in an Excel Instru-
ments chamber with the target kept at 45 ◦ to the laser pulse and collinear to the
substrate, which is maintained in a vertical position. The substrate was maintained
at 4 cm distance from the target. Prior to each growth, the base pressure is main-
tained at 3 x 10−6 Torr. Infact, several factors that affect film quality, namely substrate
temperature (Ts), oxygen partial pressure (PO2), and annealing temperature (Ta), are
adjusted by systematically to determine the appropriate condition for film deposi-
tion. Here in the present case, Ts was fixed at 550 ◦C, PO2 was kept at 1.3 x 10−2 Torr
throughout deposition, and the Ta was kept at Ta = 650 ◦C with an increased PO2

of 250 Torr for 2 h. The XRD (PANalytical X’Pert3) was used for structural charac-
terization. The morphological analyses was carried out by utilising a "Carl-ZEISS,
ULTRATM-55 FESEM" coupled with EDX spectrometer to validate the composition
of the deposited films. The film thickness was estimated by using surface profilome-
ter at three different locations and the average thickness was estimated. The surface
smoothness and topography of the films were investigated by using AFM. The mag-
netic topography of the films were also examined by using MFM. As the magnetic
flux emanating from the sample surface is strong enough for domain creation, the
lift height was kept constant at 30 nm for the thickest sample and it was followed
for the next subsequent samples. VSM has been used to carry out magnetic mea-
surements both "in-plane" (IP) and "out-of-plane" (OP) (LakeShore’ 7410, USA) with
a maximum applied H-field of 20 kOe. For the OP measurements, the sample was
kept perpendicular to the field direction.

4.3 Results and discussion

4.3.1 Structural analysis

The XRD data collected for CFO films deposited on Pt-coated Silicon substrate (Pt-
Si) shows the formation of single phase with no trace of any secondary phase. The
XRD pattern of the target and the films have been presented in Fig. 4.1(a) and Fig.
4.1(b) respectively. The XRD pattern confirms the growth of the CFO films to be
oriented along its [111] direction. The reason behind was explained by Mishra et
al., according to them, in spinel ferrites closed packed (111) planes have the lowest
surface energy making it energetically favorable for the growth [10]. The peaks
corresponding to the Miller indices (311) and (511) also appears and intensifies with
the increase in thickness. A systematic variation in peak position with the change in
thickness was not observed showing the presence of non-uniform strain in the films.

The percentage of lattice mismatch (δ) between platinum coated silicon substrate
and CFO films was calculated taking the lattice parameter of Platinum (aPt = 3.920
Å) and CFO (aCFO = 8.390 Å)
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FIGURE 4.1: XRD peaks of cobalt ferrite thin films with varying thick-
ness.

δ = (2aPt − aCFO)/aCFO (4.1)

The δ value comes out to be -6.2%, indicating a compressive strain imposed on
the CFO film due to substrate. In general, there are two types of residual stress in
thin films: intrinsic and extrinsic residual stress [11]. The film growth circumstances
such as the stress due to epitaxial nature, stress due to phase transition i.e. changes
in phase or structure, stress due to defect, etc. will contribute to intrinsic residual
stress (related to the defects). The stress due to epitaxial and phase transition are
unlikely to exist in our films, although stress due to defect is possible. The difference
in the "thermal expansion coefficient" of the film and the substrate causes extrinsic
residual stress. An IP "isotropic" tension will be produced in CFO film as a result of
this mismatch after cooling from deposition temperature to RT. Despite its thinness,
the Pt under layer has a thermal expansion coefficient of around K1 = 9x106 ◦C,
which is lower than CFO, meaning that the heat expulsion rate differs for these two
materials and hence a strain will be generated. This generated strain is expected to
have influence on morphology.

As it can be noticed from the XRD pattern, CFO films have grown in an oriented
way. One set of plane is oriented towards [111] and has been considered as sym-
metric planes; the (311) and (511) planes are considered as asymmetric planes. The
lattice parameter is calculated for both the cases separately. It is observed that there
is an increase in the value of lattice parameter as the film thickness increases for the
symmetric planes. Similar trend has been observed for the asymmetric planes. This
change in lattice parameter can be ascribed to the strain generated in the film by
the substrate because of lattice mismatch. The strain generated has been calculated
using,

Strain% = (asample − abulk)/abulk)× 100% (4.2)
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The calculated strain values are tabulated on Table 4.1. The tabulated values in-
dicate that there is reduction in strain with the enhanced film thickness. This shows
that as the increase in film thickness effects the strain gradually and resulting the
value of lattice parameter close to the values of bulk sample (abulk = 8.362 Å). The
negative sign indicates that there is a tensile strain in the lattice.

TABLE 4.1: Variation of lattice mismatch, induced strain with the
change in thickness of CFO films.

Sample Lattice Lattice as-aa Strain % Strain % δs(%) δa(%)
code parameter parameter

(symmetric) (asymmetric) (symmetric) (asymmetric) (symmetric) (asymmetric)
as (Å) aa (Å) (Å) (Å) as (%) aa (%)

CFO-115 8.332 8.304 0.028 -0.35 -0.691 -6.282 -5.919
CFO-125 8.332 8.304 0.028 -0.35 -0.691 -6.282 -5.918
CFO-160 8.337 8.304 0.029 -0.332 -0.691 -6.301 -5.919
CFO-175 8.337 8.306 0.032 -0.291 -0.669 -6.344 -5.942
CFO-250 8.339 8.306 0.034 -0.262 -0.669 -6.376 -5.942
CFO-300 8.344 8.308 0.036 -0.212 -0.642 -6.429 -5.971

4.3.2 Morphological analysis

4.3.2.1 FESEM

Figure 4.2(a-f), shows the surface FESEM micrographs of the grown CFO films. Fig-
ure 4.2(g) depicts the composition of the film estimated from EDAX. The estimated
compositions of the constituent elements are in agreement with the nominal com-
position of the CFO proving the quality of the CFO films. Figure 4.2(h) shows the
thickness of the film obtained through cross sectional FESEM and it comes out to be
300 nm which is in agreement with the surface profilometer measurement. The 3-D
cluster island growth also can be observed from these micrographs. As the thickness
of the film is increasing, the cluster size is also found to increase significantly. This
kind of growth mechanism is referred to as Stranski-Krastinov growth (details are
already mentioned in Chapter-2).

The arrival of constituent atoms of the film on empty substrate regions or pre-
existing "cluster" surfaces usually determines the film growth (nucleation) pace on
a substrate. The "diffusion" of these atoms over the substrate or cluster surface re-
sults in the formation of mobile or stationary clusters. The atoms can also attach
to pre-existing film-atom clusters. The atoms can also re-evaporate from the sub-
strate/cluster. Also the atoms can get separated from a "cluster" and exist on the
surface of the substrate. The overall "free energy" of a cluster in relation to the col-
lection of the atoms will determine the balance between growth and dissolution of
the cluster. If the "derivative of the free-energy" change with respect to an atom
in the cluster is positive. Then the cluster is unstable and will decrease further. If
the derivative is negative, the cluster size is stable and will expand at a constant rate.
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Sample Wt. % At. %

Co 23.27 12.45

Fe 45.25 25.54

O 31.47 62.01

115 nm 125 nm

250 nm

175 nm160 nm

300 nm

300 nm

(a)

(d)

(h)
(g)

(e) (f)

(c)

(b)

FIGURE 4.2: (a)-(f) FESEM images of the sample with varying thick-
ness. (g) Inset shows the composition of the samples obtained
through EDAX. (h) Thickness of a 300 nm film obtained through cross

sectional FESEM.
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The cluster nucleation rate will grow as the size of the negative "volume free energy"
increases [12]. The "volume free energy per unit volume" of the cluster is given by,

∆Gv = − kBT
Ω

ln(P/Pe) (4.3)

here, P is "pressure of the arriving atoms", Pe is "equilibrium vapour pressure of
the film atoms", kB is "Boltzmann’s constant", T is "absolute temperature" and Ω is
"atomic volume" of atoms in film. When the cluster is small, the addition of atom
increases the cluster size and hence the total "free energy", till a critical nuclear size
is reached and from there it decreases upon addition of furthermore atoms. This
happens when the volume free energy is negative and the net "surface energy" is
positive. The negative gradient of cluster "number density" with respect to cluster
size will balance the net negative growth rate of clusters smaller than the "critical
size" in steady state [13].

4.3.2.2 MFM and AFM

To observe the magnetic morphology of the surface, the MFM imaging was recorded.
Figure 4.3 (a-h) shows the MFM images. As it can be observed, the bright spots refers
to the repulsive magnetic force gradient and dark spots refers to attractive magnetic
force gradient.

The reason behind the formation of domains (shown in Fig. 4.3(a-h)) can be
attributed to minimization of the competing energies arising because of "magneto-
static interaction" among exchange coupling, spins, anisotropy and Zeeman energy
due to applied field and "magneto-elastic interactions" [14]. The domain forma-
tion in thin films is determined by the link between "magnetostatic energy" and
"anisotropy energy". The film’s "effective anisotropy" (ke f f ) is the sum of its surface
and volume anisotropy. The volume anisotropy increases as the thickness increases,
and when it is similar to the "surface anisotropy", the system separates into domains.
In this case, the "magnetostatic energy" generated by flux closure is sufficient to sus-
tain domain creation. In the present investigation, MFM of CFO films was probed
using a magnetic tip with a height of 30 nm from the film’s surface. Here the mag-
netic domains with two distinct contrasts are visible in our MFM photographs. Be-
cause MFM is an important tool to measure OP signal and can be used to capture
the MFM picture at equilibrium, the M is classified as parallel or antiparallel to the
surface normal. The "domain size" is assessed by running a line scan through the do-
mains at various points, and it is found to be growing. This impact might be caused
by the enhanced thickness fast deposition at high temperature [12].

It can be seen in AFM imaging (Fig. 4.3 (g-l)) that as the film thickness grows,
the brighter spots of the sample gradually increase, indicating that the roughness
of the deposited films increases, which may be the plausible reason for the growth
of clusters or islands. The surface morphology changes when misfit dislocations
arise in thicker films due to the presence of strain field around the dislocations [15].
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showing the graineness of the samples with increasing thickness.
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The islands occur on the surface when dislocations nucleate resulting the rough-
ness in the systems, and this islands may be seen in AFM images. The existence
of islands/roughness indicates that the film is getting relaxed and dislocations are
forming [15].

4.3.3 Magnetization

The M-H loops of the CFO films, measured by VSM at RT and are presented in Fig.
4.4 (a-f). Both IP and OP magnetic measurements were carried out on the samples.
The diamagnetic correction was done by subtracting the M values of the substrate
from the deposited sample. It is evident from the graphs that the HC of the CFO thin
films shows a change for both the IP and OP measurements as the thickness of the
films increases. As it is clear from the figures,that with the increase in thickness of
the films, the MS also shows a similar behaviour as HC, both for IP and OP M values.
The observation is according to the "Stoner– Wohlfarth model" of oriented uniaxial
anisotropy that the "easy axis" of M is IP and "hard axis" is OP [16]. To attribute
this strong "in-plane magnetic anisotropy" in CFO films, many parameters should
be taken into account, and they add to the magnetic energy [8].

The parameters, MS and HC, are given in Fig. 4.5. It is important to observe
that here MS is not the actual MS of the film and only reported as technical MS at
20 kOe. The values of in-plane M of films are in the range of 100–175 emu/cc and
30-105 emu/cc for OP M at 20 kOe, which are compatible with polycrystalline CFO
films deposited using PLD on Pt coated SiO2/Si substrate at PO2 = 0.13 mTorr and
at a temperature 550 ◦C. However, these values are less than MS of bulk CFO (425
emu/cc) [11].

The reduction in IP MS with increasing film thickness suggests that the cation
distribution is reaching its thermodynamic equilibrium condition for higher film
thicknesses. This finding demonstrates that a local heating occurs during the deposi-
tion of thicker films, causing the temperature of the already formed layer to increase
above room temperature. As the film thickness increases, the latter portion of the
film will be grown efficiently at a higher TS, resulting in a decreased cooling rate.
This would result in a cation distribution that is significantly closer to the inverse
spinel ferrite’s thermodynamically equilibrium distribution, and hence a smaller MS

is obtained. Thus we get an understanding about our result, why the MS is found
to decrease with the increasing film thickness, in spite of the increasing "grain size"
[17]. In addition, as seen in the figure, the MS decreases sharply when the thickness
of the film is reduced (below 150 nm), which might be due to thin layer with differ-
ent magnetic characteristics near to the film interface [8, 18–20]. Moreover, in the
case of OP MS, when the thickness is less, the number of clusters or islands are less
and obviously the resulting M will be less. But with the increase in thickness, the
cluster number and size increases resulting in an increase in OP M (which includes
parallel and anti-parallel OP, and tilted ones). As more and more number of CFO
molecules are orienting in that direction increasing the M till a critical thickness is
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reached. After crossing that critical thickness, the contribution from other two di-
rections (parallel or anti-parallel/anti-parallel or tilted/tilted or parallel) increases
resulting in the decrease in M.

The HC is affected by several factors, viz., grain size, strain, defects and MCA.
The increase in HC makes easier for the "domain walls" to move [17].
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Figure 4.6 shows the fittings of the IP and OP M-H loops. The "effective magnetic
anisotropy constant" (Ke f f ) is an important parameter for understanding the mag-
netic nature of thin films. The value of Ke f f was calculated by applying the "law of
approach to saturation" given by Chikazumi to a initial M curve. The corresponding
equation is shown below:

M = MS(1−
b

H2 ) + χH (4.4)

where, MS represents the saturation magnetization, b
H2 represents the anisotropy

contribution. The term, χH is the induced M arising due to linear increase in M,
at high fields and H is "applied magnetic field". The parameter b is given by the
following equation,
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b = 0.0762(
K2

e f f

µ2
0M2

S
) (4.5)

where Ke f f is "effective magnetic anisotropy constant" and µ0 is permeability of
free space. The equation (4.3) has been used to fit the RT experimental data of virgin
curves, and the values of Ke f f were calculated using the best-fit parameters.
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Figure 4.7 shows the plot of effective magnetic anisotropy constant with the
change in thickness. From the figure it is seen that, both IP and OP magnetic anisotropy
plot trends similar to HC. One more interesting observation which can be noted from
the plot is that, the obtained anisotropic value is many times larger than the intrinsic
MCA of the bulk CFO value [22]. This shows the high values of anisotropy observed
in the film deposited on Pt-Si potentially originates from the large stress arising due
to the film and substrate "mismatch" [23].

4.3.4 Raman spectroscopy

"Raman spectroscopy" is a fingerprint method for recognising various chemical species
in a sample by studying the varied "vibrational modes" of the atoms situated in dif-
ferent places in lattice. It also provides quantitative information on cation arrange-
ment, notably in ferrites. The Raman measurements are beneficial in the current
investigation to determine the cation distribution of CFO. Raman measurements are
also extremely sensitive to the structure’s of the crystal. In light of this, the "Raman
spectra" of all the materials were measured at 300 K in the frequency range, 50-
2000 cm−1, and the associated spectra are presented in Fig. 4.8. According to group
theory, an AB2O4 spinel ferrite with Fd3̄m and cubic unit cell shows the following
collection of "optical phonon modes" [24, 25].

Eg(R)+ 3T2g(R)+A1g(R) +4 T1u(IR)+ T1g(IN)+ 2A2u(IN) +2 Eu(IN)+ 2T2u(IN)
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here, "R, IR and IN" indicated in brackets represent the "Raman", "infrared" and
"inactive" vibrational modes, respectively. The subscript "g" and "u" denotes the
"symmetric" and "antisymmetric" modes with respect to "centre of inversion". Out
of all, the five modes are "Raman active" (viz., Eg + 3T2g + A1g) and the next four
(viz., T1u) are "IR active", respectively. where, the "vibrational modes" with the des-
ignation "T", "E", and "A" denotes the modes in 3-D, 2-D, and 1-D, respectively [26].
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FIGURE 4.8: The room temperature Raman spectra of CFO thin films
of varying thickness.

The Raman active modes (Eg + 3T2g + A1g) are represented by the spectral peaks
found in the range 170 - 800 cm−1. The existence of five Raman peaks in the spec-
ified energy range, at first look, suggests the cubic spinel phase, which has been
confirmed by XRD data [27]. Due to "symmetric stretching" of "O" atoms with Fe2+,
Fe3+, and Co2+ cations in the tetrahedra, the high wavenumber first-order broad
Raman peak A1g(1) at approximately 690 cm−1, consists of "two shoulder peaks"
A1g(2) and A1g(3) at roughly 680 cm−1 and 620 cm−1 [28]. The prominent T2g(2)
"vibrational modes" noticed at 475 cm−1 are caused by "antisymmetric stretching" of
"Fe" with "O", whilst the noticed sub-peak at 460 cm−1 is caused by "antisymmetric
stretching" of "Co" with "O" in the cubic spinel structure’s octahedral sites. The T2g

(3) "vibrational modes" discovered at roughly 570 cm−1 indicate the ’antisymmetric’
bending of "O" with regard to the metal of the "octahedral" group. The T2g(1) "vibra-
tional mode" is identified at around 170 cm−1 due to the "translational motion" of
the "tetrahedron", i.e. metal cation at the "tetrahedral" site in conjugation with "O".
The ’Eg’ mode is caused by the "symmetric" bending of an "O" atom with respect
to the metal atoms in "octahedral" locations [29–31]. In fact, the position and inten-
sity of the "Raman" peaks are determined by the vibrating atom’s characteristics and
quantity, which further accounts for the variations and its polarization nature.
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The "symmetric stretching" of Fe, Co ions in the centre of a specific site will vi-
brate at various frequencies, resulting in wide vibrational peaks in this example.
Table 4.2 lists the various vibrational peaks associated with various ions.

TABLE 4.2: The deconvoluted Raman peak positions of CFO samples
with varying thickness.

Sample A1g(1) A1g(2) A1g(3) T2g(1) T2g(2) T2g(2) T2g(3) Eg
I(T2g(2)
I(A1g(1)

code (cm−1) (cm−1) (cm−1) (cm−1) (cm−1) (cm−1) (cm−1) (cm−1)
CFO-115 694 678 619 183 457 477 567 305 0.487
CFO-125 691 662 616 179 456 475 570 306 0.619
CFO-160 695 679 622 171 457 476 573 306 0.522
CFO-175 693 677 617 176 454 473 569 305 0.535
CFO-250 691 675 614 170 454 473 572 304 0.676
CFO-300 692 670 617 170 457 477 575 305 0.471

As shown in the above discussion, the "Raman vibrational modes" above 600
cm−1 are caused by "tetrahedral" (AO4) sub-lattice oscillations, while the "vibra-
tional modes" below 600 cm−1 are caused by "octahedral" (BO6) sub-lattice vibra-
tions, and these findings are consistent with previous studies for other ferrites [27–
31]. In order to comprehend the vibrations of the sublattice (viz., "octahedral" and
"tetrahedral") and cation site-occupancies as a function of increasing sample thick-
ness, the noticed "Raman peaks" were deconvoluted by "Lorentzian" profile fitting,
and best-fitted curves are given in Fig. 4.9. Table 4.2 shows the best-fit peak location
values. Because the strength of a "Raman" peak is related to the number of cations in
the sub-lattice, the existence of more than one kind of cation results in "shoulder-like"
Raman intensity peaks. As a consequence, in this condition, the primary intensities
and placements of A1g(1) and T2g(2), which represent the "tetrahedral" and "octahe-
dral" sites, respectively, were thoroughly investigated, and the findings are given
in Table 4.2. The ratio of intensity the deconvoluted peaks of A1g(1) and T2g(2) was
computed using I[T2g(2)]/I[A1g(1)], and the findings are displayed in Table 4. 2. The
ratio, I[T2g(2)]/I[A1g(1)] was used to compute the ratio between A1g(1) and T2g(2).
Because all of the samples had the same makeup, the ratios were found to be almost
same for all of them. In this situation, the occupancy of many atoms in the "tetra-
hedral site" is very low, resulting in constant I[A1g(1)], but the occupancy of many
atoms in the octahedral sites affects I[T2g(2). As seen in Table 4.2, the vibrational
peaks moved towards the lower wavenumber as the thickness increased. This peak
shift may be measured by determining the vibrating cation’s effective force constant.
Since a compound’s vibrational frequency is proportional to its "force constant (K)",
the force constants of octahedral (KO) and tetrahedral (KT) ions were computed us-
ing the equations below, [28, 32],

KT = 7.62×MT × ν2
T × 10−3 (4.6)

KO = 7.62×MO × ν2
O × 10−3 (4.7)



76 Chapter 4. Structural, morphological ... of CFO thin films

where, "MT" and "MO" denotes the "molecular weights" of ions in "tetrahedral" and
"octahedral" sites. Here, the νT and νO denotes the frequencies corresponding to the
A1g(1) and Eg peaks, respectively. The values estimated for KT and KO are shown in
Table 4.3.

TABLE 4.3: The force constant, cation distribution and magnetic mo-
ment values of CFO samples for different thicknesses.

Sample KT x105 KO x105 Cation distribution Magnetic
code moment

CFO-115 2.0821 1.1281 (Co0.281Fe0.719)T (Co0.719Fe1.281)O 4.819
CFO-125 2.0583 1.1329 (Co0.244Fe0.756)T (Co0.756Fe1.244)O 4.543
CFO-160 2.0863 1.1311 (Co0.295Fe0.705)T (Co0.705Fe1.295)O 4.918
CFO-175 2.0812 1.1213 (Co0.329Fe0.671)T (Co0.671Fe1.329)O 5.168
CFO-250 2.0615 1.1207 (Co0.258Fe0.742)T (Co0.742Fe1.258)O 4.649
CFO-300 2.0617 1.1311 (Co0.229Fe0.770)T (Co0.770Fe1.229)O 4.442

The obtained KT and KO values in Table 4.3 were discovered to decrease as the
sample thickness increased. With increasing thickness, the fluctuation in KT and KO

values may be explained as follows. The "force constant" is inversely proportional to
the bond length in general (viz., Fe-O and Co-O). These bond lengths in ferrites will,
in fact, affect the lattice parameter. As the thickness increases, the lattice parameter
increases, and the Raman peak moves to the lower wavenumber side. Based on
the intensity ratio of the obtained Raman data, the cation distribution of these CFO
samples have been determined by using the following formula,

nRaman = MB −MA (4.8)

where, "MA" and "MB" represent the atomic magnetic moments at A and B posi-
tions, respectively. Further, the cation arrangement deduced from Raman measure-
ments (given in Table 4.3), confirms the "inverse spinel nature" of the samples. Fur-
ther, the approximated cation distribution, the "magnetic moment" (nRaman) values
of CFO thin film samples were obtained using "Neel’s sublattice model". The esti-
mated magnetic moment (nRaman) given in Table 4.3. The magnetic moment values
are in agreement with the values estimated for CFO bulk/nano samples (discussed
in the previous chapter).

4.4 Summary

The CFO samples with varying thickness were successfully prepared using PLD
technique. The XRD results revealed the films are having single phase with poly-
crystalline nature. The morphological study shows that there is formation of clus-
ters showing the film to be Stranski-Krastinov growth. The observed clusters on the
film indicates an increase in stress due to mismatched lattice between substrate and
deposited film. The magnetic measurements clearly show the RT FM behaviour.The
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OP magnetic component increases with the increasing thickness that might be be-
cause of increment in cluster size or islands. Raman measurements also verify the
formation of single phase CFO. Moreover, the magnetic moment was also calculated
from the Raman data by analyzing cation distribution of CFO thin films of varying
thickness. In this chapter a correlation has been established between the structural
and magnetic properties of CFO thin films by studying the structure, morphology
and magnetic properties.
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Chapter 5

Structural and magnetic properties
of LSMO/PMN-PT heterostructures

5.1 Introduction

"Magnetic anisotropy" is one of the essential properties of "magnetic materials" and
plays a crucial role in many device applications, such as magnetic recording, mag-
netic "switching" devices, and "magnetoresistive sensors". The magnetic anisotropy
of materials in hetero-layers will most likely deviate from the anisotropy of their
bulk counterparts due to interfacial relations between the substrate and the cor-
responding film. As a result, understanding the relationship between strain and
magnetic anisotropy of the magnetic material is critical [1]. A suitable choice of sub-
strates, interlayers, and other factors might be used to tune the anisotropy.

The "perovskite" oxides, such as doped manganites, Re1−xAexMnO3(Re = "rare
earth metal", Ae = "alkaline earth metal") are an exciting class of materials because
they depict a substantial connection between "electron transport", "magnetism", and
"crystal lattice distortions", arriving at them very amenable to "charge"- and "strain"-
related changes. An oxygen octahedron surrounds a manganese ion in these per-
ovskite structured compounds in manganites. In the case of manganites, the distri-
bution of Mn3+/Mn4+ in a formula unit responsible for many physical properties
is defined by the doping concentration of "Ae", resulting in a complex phase dia-
gram [2]. This distribution can be affected by interfacial charge, and strain can pro-
duce rotations of MnO6 structure and variations in Mn-O bond [3]. The strain affects
orbital occupancy as well. The triply degenerate t2g and doubly degenerate eg levels
of Mn3+ in an octahedral crystal field are split into three non-degenerate t2g energy
levels, and two non-degenerate eg energy levels. The Jahn-Teller effect lifts the de-
generacy of the eg orbital occupancy, resulting in a MnO6 octahedra distortion [3].
By decreasing the symmetry of the crystal field, epitaxial strain exerts a similar ef-
fect, favoring one direction of MnO6 distortions. The conflict between the localizing
impact of a strong "electron-lattice coupling" and the eg electron itinerancy leads to
FM because of DE coupling, which governs the physics of doped manganites [2].
Here, in this chapter, the strain-induced changes in M of LSMO has been discussed.
The LSMO deposited on PMN-PT substrates of different orientations induces strain,
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which propagates through the magnetic layer making M of the LSMO film orient in
a particular direction. This chapter clearly demonstrates the magnetic anisotropy of
the LSMO films originating because of the orientation of the PMN-PT substrate, and
the underlying mechanism has been presented.

5.2 Experimental

The LSMO film with 50 nm thickness was deposited on PMN-PT single crystal sub-
strates orientated along [001], [011] and [111] by using PLD. An Nd: YAG laser with
a wavelength of 266 nm was used for the deposition. The substrate was ultrasoni-
cated to eliminate the physisorbed contaminants prior to mounting it in the deposi-
tion chamber. The chamber’s base pressure was pumped down to 3×10−8 Torr. The
PO2 of 0.5 Torr was maintained in the chamber, and the substrate temperature was
kept at 650 °C. While deposition, the repetition rate of 10 Hz was used for the laser
and it’s energy was kept constant at 32 mJ. The deposited LSMO film was removed
from the chamber and characterized by using XRD. The XRD experiment was car-
ried out using a "Bruker D8 Discover diffractometer" with a Cu-Kα radiation source
(λ = 1.5405 Å). The thickness of the deposited layer was examined using a surface
profilometer. A VSM (Lakeshore Cryotronics, Inc., 7407) was used to detect IP M-
H loops at various rotation angles. The M-T measurements were carried out in the
temperature window, 200-400 K with an applied H-field of 100 Oe.

5.3 Results and discussion

5.3.1 Structure

The structural characteristics of LSMO thin films deposited on PMN-PT substrate
oriented along [001], [011] and [111] were studied by using the high resolution XRD
for OP (θ-2θ) mode. Figure 5.1 depicts the measured XRD patterns of LSMO/ PMN-
PT with different orientations. It is worth to note from the figure that the LSMO
(0 l l) reflections appear along with the PMN-PT (0 l l) reflections. A thorough ex-
amination of PMN-PT XRD data indicates that it has a cubic structure, with P4mm
and the estimated lattice parameter of 4.0166 Å, 4.0135 Å, and 4.0062 Åfor PMN-PT
oriented along [001], [011] and [111] respectively. The lattice mismatch of the pseu-
docubic LSMO film was computed taking (001), (011), and (111) reflections of LSMO
and found to be -4.3%, -4.06%, and -3.7%, respectively. It is found that a strained
interface causes a change in lattice parameters. The negative sign here indicates the
presence of "tensile strain" in the LSMO film [4]. As the size of the lattice mismatch is
less than 5 %, LSMO growth on PMN-PT comes out to be epitaxial/oriented, as evi-
denced by the (001), (011) and (111) reflections of the XRD pattern for three different
oriented samples [5]. The substrate’s preferred orientation promotes the epitaxial
development of the film, LSMO. The film’s epitaxial development on the substrate
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FIGURE 5.1: XRD (θ-2θ) patterns for LSMO films deposited on PMN-
PT substrates oriented along [001], [011] and [111] directions.
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causes the material to link smoothly with the substrate in order to avoid the cre-
ation of "dangling bonds", causing the film to create an IP tensile strain [4]. The
LSMO/PMN-PT heterostructure produced epitaxial strain is fit-in by a minute IP ro-
tation of the LSMO lattice [6]. As a result, substrate-induced strain causes a change
in the LSMO unit cell’s lattice parameter without affecting its structure. The mag-
netic structure of the LSMO film is controlled, which alters the easy axis of M [7].
As a result, a link between structure and static magnetic characteristics has been ad-
dressed in relation to the growth condition of LSMO on PMN-PT. Despite the fact
that the lattice strain effect in FM thin films induced by substrate has been widely
investigated, a proper exploration of the impact is still required, both in terms of
basic and practical factors. For device manufacture, it would be especially benefi-
cial to develop quantitative correlations between the characteristics of thin films and
associated lattice strain effects.

5.3.2 Magnetic Properties

The magnetic response of LSMO/PMN-PT heterostructures were carried out by us-
ing a VSM. Figure 5.2 depicts the plot of M as a function of temperature. From the
plot, it can be observed that at RT, the LSMO film exhibits strong IP FM behavior.
The M-T graph is obtained while heating, followed by zero-field cooling below the
RT. The M-T data was measured by applying an IP H-field of 100 Oe. The M-T has a
"Brillouin-like" curve that indicates a reduction in M as temperature rises. The film
exhibits a magnetically soft behavior with MS very close to that of the stoichiometric
bulk LSMO. The M-T measurements were used to test the LSMO film’s magnetic
resilience. From M-T curves, dM/dT has been plotted as a function of temperature
and has been shown in Fig. 5.2 (inset). The plot shows that the TC remains the same
for all the samples, indicating their RT FM behavior.
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5.3.2.1 LSMO/PMN-PT(001)

Figure 5.3 demonstrates the M-H loops for LSMO deposited on PMN-PT(001). The
sample has been rotated in-plane parallel to the applied H-field, with an angular
difference of 15◦ while measuring the individual loops in the in-plane applied H-
field.
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The data shows that the film having an orientation towards [001] has an in-plane
MS of 320 emu/cc. The Hc of the sample is 50 Oe. This shows that the sample
is soft FM in nature. The ratio of Mr and MS obtained after diamagnetic correc-
tion and plotted as a function of the "azimuthal angle", θ. A clear difference has
been observed, revealing the presence of IP anisotropy of the LSMO film. Figure
5.4 shows the Mr/MS versus θ plot in polar form. The resulting graph shows an in-
plane biaxial anisotropy for LSMO deposited on PMN-PT(001). The obtained graph
has been fitted using the mathematical equation: |sinθ| for LSMO deposited on
PMN-PT(001)(shown in a solid red curve).

The reason behind the 4-fold anisotropic behavior of LSMO/PMN-PT(001) can
be attributed to the fact that PMN-PT(001) has 8 intrinsic polarization directions
along [1̄10], [1̄1̄0], [11̄0] and [110], which corresponds to 4 structural domains. The
projections of the polarization directions give the resultant polarization directions.
The resultant polarization directions of the PMN-PT drive the M vector of LSMO
towards these directions. The mechanism has been shown schematically in Fig. 5.5.
In Fig. 5.5(a), the unit cell of PMN-PT(001) with polarization directions along [001] is
shown. The top view of the (001) plane with projections of polarization directions is
depicted in Fig. 5.5(b) and (c), which depicts the 90◦ orientation of the polarization
direction with each other. Fig. 5.5(d) shows the orientation of LSMO along the [001]
direction of the PMN-PT.
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tions of LSMO on PMN-PT.

5.3.2.2 LSMO/PMN-PT(011)

Figure 5.6 shows the M-H loops for LSMO/PMN-PT(011). The sample was rotated
in-plane parallel to the applied H-field, with a difference of 15◦ while measuring the
individual M-H loops in an applied H-field.
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LSMO/PMN-PT(011) heterostructures.

For LSMO having orientation [011], the in-plane MS shows 400 emu/cc. The Hc

of the sample is 70 Oe. The ratio of Mr and MS obtained after diamagnetic correction
was plotted as a function of the azimuthal angle, θ. A clear difference has been ob-
served due to the in-plane anisotropy in the sample. Figure 5.7 shows the (Mr/MS)
plot in polar form. The resulting graph shows an in-plane uniaxial anisotropy for
LSMO deposited on PMN-PT(011). The obtained graph has been fitted using the
mathematical equations: |cosθ| for LSMO deposited on PMN-PT(011) (shown in a
solid red curve).

The reason for the observed uniaxial anisotropy of LSMO grown on PMN-PT has
been explained by the illustrations presented in Fig. 5.8. This figure shows the unit
cell of cubic PMN-PT with the polarization directions along [011]. The polarization
directions have been displayed in Fig. 5.8 (b). Figure 5.8(c) depicts the resultant
polarization direction of PMN-PT. A uniaxial LSMO growing along [100] and [011̄]
influenced by the consequent polarization direction of PMN-PT is illustrated in Fig.
5.8 (d).
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5.3.2.3 LSMO/PMN-PT(111)

Figure 5.9 shows the M-H loops for LSMO/PMN-PT(111) sample. The sample was
rotated in-plane parallel with the applied H-field, with a difference of 15◦. The indi-
vidual M-H loops were measured in an in-plane applied H-field.
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For LSMO having orientation [111], the MS shows 270 emu/cc of MS. The Hc

of the sample is 80 Oe. The ratio of Mr and MS obtained after diamagnetic cor-
rection was obtained as a function of the "azimuthal angle", θ. The plotted graph
indicates that the LSMO/PMN-PT(111) is magnetically isotropic. Figure 5.10 shows
the Mr/MS versus θ plot in polar form. The obtained graph has been fitted using
the mathematical equation: sin2θ + cos2θ (shown in a solid red curve).

The polarization of PMN-PT along [111] shows 3-fold symmetry. The XRD mea-
surement suggests that the (111) plane of LSMO has grown epitaxially on PMN-
PT(111) plane. The in-plane magnetic measurements suggest that LSMO deposited
on PMN-PT orients its spin along the direction of polarization of PMN-PT. An illus-
tration of the IP lattice arrangements of the pseudocubic LSMO unit cell on the cubic
PMN-PT substrate is shown in figure 5.11. Figure 5.11(a) shows the cubic unit cell of
PMN-PT along with the (111) plane. Figure 5.11(b) shows the resultant polarization
on the (111) plane. Figure 5.11(c) shows the 2-D view of the PMN-PT(111) surface
along with the polarization direction [8]. Figure 5.11(d) shows the magnetization
direction of LSMO. Figure 5.11(e) depicts the orientation of M direction of LSMO
along PMN-PT(111).
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5.4 Summary

In summary, epitaxial oriented films of LSMO have been formed on PMN-PT with
orientations of [001], [011] and [111], respectively. The films are FM at RT, and the
TC is about 350 K. At RT, in-plane M-H measurements indicate that the films formed
on PMN-PT (001), (011) and (111) have magnetic 4-fold and 2-fold axis and isotropic
symmetry, respectively. The LSMO sample deposited on PMN-PT(111) is magneti-
cally isotropic in nature. These findings suggest that the symmetry observed for the
film strain, and hence the film’s magnetic anisotropy, are significantly connected to
the FE domain configurations of the substrate. The magnetic anisotropy at the FE-
FM interface via strain-mediated ME coupling might be possible to generate mag-
netoelastic coupled devices.
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Chapter 6

Ferromagnetic resonance studies of
LSMO/PMN-PT heterostructures

6.1 Introduction

FMR originates from the coupling between an electromagnetic (EM) wave and the M
of a magnetic material. A substantial amount of r f power is lost because of the cou-
pling. The precessing M ("Larmor precession") of the material absorbs the power,
resulting in a loss in the form of heat. The frequency of EM wave equals the pre-
cession frequency of M ("Larmor frequency"), the resonance condition is satisfied,
and the coupling occurs. The orientation polarization of the wave must match the
orientation of the M. Therefore, this can be used in FMR probing the precession of
M, at GHz frequencies. The FMR technique allows researchers to investigate spon-
taneous M, "magnetic anisotropy", and the Landé g factor by analyzing resonance
frequencies and magnetic damping by examining linewidth. Hence, it is an excel-
lent technique for extracting magneto-dynamic properties of magnetic materials [1].
It is a standard tool for probing "spin waves" (SW) and spin dynamics. The FMR
is very similar to the "electron paramagnetic resonance" (EPR) and also to "nuclear
magnetic resonance" (NMR).

In order to get generation and transmission of spin motion with minimum en-
ergy, the FM medium should have low Gilbert damping value, which enables to
develop a desirable SW device. Non-conducting magnetic materials may show low
damping coefficient than hetero-epitaxial magnetic-metal film in which spin dissi-
pation of conduction e processes does not occur. The thin-film "yttrium iron gar-
net" (YIG) magnetic insulator has exhibited significantly low damping on the scale
of 10−4. Apart from YIG, the Gilbert damping parameter for magnetic isolators is
only restricted in investigations. This highlights the difficulties in using microwave
FMR techniques to perform the research on insulating thin-film materials. The soft
magnetic spinel NiZnAl-ferrite thin films have recently been described, with a low
Gilbert damping value (3x10−3) [2]. The LSMO has a damping value of 10−2, which
is lower than that of typical FM metals, indicating that it is a suitable material to
use in magneto-dynamic devices [3]. Furthermore, Liao et al. discovered that ei-
ther strain or interfacial oxygen MnO6 interaction might tune the "magnetic" and
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"electronic" anisotropies of LSMO, which in turn influences the magneto-dynamic
constant. As a result, the LSMO is a good candidate for FM thin films in multi-
ferroic heterostructure fabrication [4]. The FMR technique is frequently employed to
measure the "g-factor", "magnetic anisotropy" constant, and interlayer magnetic cou-
pling of films and substrates. Although damping constants may be obtained from
line-width (Hpp) values which define static magnetic characteristics, are calculated
from the resonance field (HR) of FMR spectra. The "Gilbert damping constant" (α) of
FM materials is crucial for achieving different magnetic switching applications [5].
The FMR has been performed to detect the influence of epitaxial strain-induced ME
coupling on magneto-dynamic properties of both isotropic and anisotropic LSMO
films. Also, to explore E-field-controlled FMR of LSMO thin films, the LSMO/PMN-
PT heterostructures were electrically poled, and FMR measurements were under-
taken.

6.2 Experimental

The FMR measurements were carried out at RT with a "vector network analyzer"
in the frequency range of 1 to 20 GHz. The applied H-fields of up to 4000 Oe were
employed IP along with the three different LSMO directions after placing the LSMO
films on a CPW. The CPW was masked with a SiO2 non-conducting layer to prevent
electrical contact between the LSMO films and the CPW. The CPW was exposed to
a 5 dBm rf power, and the S21 parameters were measured, from which the α value
was calculated. As a background, the spectra measured at 2780 Oe was subtracted
from every measured data.

The PMN-PT substrate was deposited with a 100 nm-thick Cu-layer as a bot-
tom electrode by the thermal evaporation process to obtain good electrical contacts
for electrical poling measurements. The LSMO/PMN-PT samples were electrically
poled positively and negatively by applying a maximum 10 kV/cm E-field.

6.3 Results

6.3.1 LSMO/PMN-PT(001)

6.3.1.1 Lineshape measurements

The FMR measurements were carried out both on LSMO/PMN-PT(001) un-poled
and poled samples in three different crystal orientations, viz., [010], [110] and [100]
happen to be magnetically differently oriented directions. Figure. 6.1 shows the
observed field-dependent "transmission signal" (S21) lineshape curves measured at
different frequencies. The data were acquired by changing the external H-field from
4000-0 Oe field values at fixed GHz frequency. It is found that the Hr enhances with
the enhanced frequency, which is not uncommon for a FM thin film [6]. As it can be
observed from the graph, with the increase in an applied magnetic field, the peak
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shifts towards a higher value of the magnetic field, and there is an increment of
FWHM. This happens for both poled and un-poled samples.
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FIGURE 6.1: The lineshape plot of LSMO/PMN-PT(001) with a fre-
quency ranging from 1-20 GHz by varying applied magnetic field

from -400 to 4000 Oe in different directions.

The FMR absorption line shape is usually considered to be symmetric Lorentzian
for metallic samples [7]. However, in the case of non-conductive materials, the gen-
erated microwave "eddy currents" in the film can alter the "line-shape symmetry" [3].
The relative phase between E-field and H-field components can also impact the line
shape in an experimental setup comprising waveguides, coaxial cables, etc. [7, 8].
As a result, the FMR absorption to a linear mixture of symmetric and antisymmet-
ric contributions, as defined by the parameters in equation (6.1). As it can be ob-
served from the line-shape plots that the multiple resonance peaks arise from the
LSMO/PMN-PT (001). The combination of the "absorptive" and "dispersive" com-
ponents causes distortions in the FMR line shapes in general [3]. The absorptive and
dispersive components shown by L and D, respectively, and were fitted by using,

S21 = L
∆H2

(Hext − Hr)2 + ∆H2 + D
∆H(Hext − Hr)

(Hext − Hr)2 + ∆H2 + C (6.1)
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where, S21 is comes from "Lorentzian" and "dispersive" line shape, L and D are
amplitudes of the "absorptive" and "dispersive" parts, Hext is the "external magnetic
field", Hr is the "resonance field", ∆H is the "FWHM", and C is a "constant". While
fitting, ∆H and Hext has been treated as free-fitting parameter. The observed FMR
absorption agrees well with the Lorentzian fit calculated using equation (6.1).

6.3.1.2 Kittel fit

Kittel equation describes the relationship between frequency and resonance field.
Fig. 6.2 shows the Kittel fit for the LSMO/PMN-PT (001). The extracted Hr values
from the fitting and MS obtained from the M-H data was used to fit all the obtained
dispersion curves using equation 6.2 mentioned below;

fFMR = γ[(Hr + HK)(Hr + HK + 4πMS)]
(1/2) (6.2)

where, fFMR is the FMR frequency and γ = gµB/h is the "gyromagnetic ratio". Hk

is the effective anisotropic field, and 4πMS is the "effective magnetization field". In
the above equation, Hk and γ have been taken as the free fitting parameter, and MS

from M− H data is used in the fitting procedure. From Fig. 6.2, it can be observed
that the magnetic easy axis points towards [-110] for both the un-poled and poled
sample, which matches with the polar plot shown in Fig. 5.4 in the previous chapter.
The value of the effective anisotropic field comes out to be -115 Oe for the hard axis
and -21 Oe for the easy axis for the LSMO/PMN-PT (001) sample.
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FIGURE 6.2: The plot of absorption frequency versus resonance
field for (a) un-poled (b) positively poled and (c) negatively poled
LSMO/PMN-PT(001) samples in different directions. The solid (red)

lines show the Kittle fit.

6.3.1.3 Gilbert damping factor

The LLG equation describes M precession in the material and provides the impor-
tant information about the magnetic system under investigation. This has attracted
considerable attention to the scientific community over many years due to its im-
portance in "information storage" and SW applications. In particular, the damping
constant, α can be important in many controlling processes of spin dynamics phe-
nomena [9]. The basic concept of α arises from M precession relaxation in the ab-
sence of an external agency. However, a proper knowledge of its origin is still need
to be explored [10]. A combination of "spin-orbit interaction" and "s-d scattering"
into FM band "electrons" by "phonon" is believed to be the reason for magnetic re-
laxation resulting to an intrinsic α of the LLG type [9, 10].
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This magneto-dynamic damping constant (α) is calculated from FMR linewidth.
To characterize α, frequency as a function of linewidth (∆H) for LSMO/PMN-PT
(001) is plotted and shown in Fig. 6.3 for unpoled and poled sample in both mag-
netically easy [010] and hard [1̄00] axis directions. The data has been fitted using the
equation,

∆H( f ) = ∆Hin−homo +
4πα f

γ
(6.3)

where, ∆Hin−homo is the linear relation between "linewidth" and "frequency", which
can be used to extract the damping parameter α and inhomogeneous linewidth
broadening ∆H.
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FIGURE 6.3: The linewidth versus frequency plot of unpoled and
poled samples of LSMO/PMN-PT(001) applying H-field along the

easy axis (a) and hard axis (b) directions, respectively

The plot shows that both the poled and unpoled samples behave linearly. In-
homogeneity of the sample LSMO/PMN-PT(001) arising because of the extrinsic
contribution to the linewidth is evident from the zero-frequency intercept (∆H0). A
significant change is observed when the sample is measured in easy and hard axis
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directions showing the direction dependence of the inhomogeneity of the sample.
The α has been obtained using equation 6.3 and tabulated in Table 6.1.

TABLE 6.1: The Gilbert damping constant α for LSMO/PMN-PT(001)
in different directions with and without electric poling.

Sample code Easy axis Hard axis

Un-poled 5.60 x 10−2 2.65 x 10−2

Positive poled 9.77 x 10−2 2.78 x 10−2

Negative poled 6.71 x 10−2 2.35 x 10−2

The table shows that the α varies with the change in magnetic orientation. The
damping is less along the hard axis direction than in the easy axis direction, meaning
that the SW excited and measured corresponding to the easy-axis direction will get
damped faster than on the hard axis.

It can also be noticed that when the sample is electrically poled, the damping
constant value changes. There is an increment in damping when the sample is poled
as compared to the un-poled sample. With the application of an electric field, the
polarization results in the strain. The piezoelectric coefficient of PMN-PT(001) is
d33 = 1281 pC/N for the PMN-PT(001) substrate, the LSMO film between the two
electrodes suffers a "tensile strain" in x-direction and a "compressive strain" in y-
direction in an applied electric field, E = 10 kV/cm and suffers opposite strains at E
= -10 kV/cm [11].

6.3.2 LSMO/PMN-PT(011)

6.3.2.1 Lineshape measurements

The FMR measurements were carried out both on LSMO/PMN-PT(011) un-poled
and poled samples in three different magnetic orientations viz., [100], [11̄1], and
[011̄]. Figure 6.4 shows the observed field-dependent S21 lineshape curves measured
at different frequencies. The observations are similar to that of LSMO/PMN-PT(001)
sample.
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The lineshape curves were fitted using equation 6.1. The observed FMR absorp-
tion agrees well with the Lorentzian fit calculated using equation 6.1.

6.3.2.2 Kittel fit

The extracted Hr values from the fitting and MS obtained from the M − H data
were used to fit all the obtained dispersion curves using equation 6.2 mentioned
above. Figure 6.5 shows the plot for LSMO/PMN-PT(011). The dependence of Hr

on applied "microwave frequency" can be analyzed by Kittel’s formula for the films.



6.3. Results 103

F
re

q
u

en
cy

 (
G

H
z)

F
re

q
u

en
cy

 (
G

H
z)

F
re

q
u

en
cy

 (
G

H
z)

0 1 2 3 4
H

r
 (kOe)

(a)

Unpoled

[100]
[111]
[011]

[011]

[111]

[100]

[011]

[111]

[100]

(b)

Positive poled

(c)

Negative poled

0

5

10

15

_

0

5

10

15

0

5

10

15

_

_

_

_

_

FIGURE 6.5: The plot of absorption frequency versus resonance field
for (a) un-poled sample (b) positive poled and (c) negative poled
LSMO/PMN-PT(011) in different directions. The solid lines shows

the Kittle fit.

From Fig. 6.5 it can be observed that for both the un-poled and poled sample, the
magnetic easy axis points towards [011̄], which matches with the polar plot shown
in Fig. 5.6 in the earlier chapter. The value of the effective anisotropic field comes out
to be -380 Oe for the hard axis and 80 Oe for the easy axis for LSMO/PMN-PT(011).

6.3.2.3 Gilbert damping factor

Magneto-dynamic damping is also a significant parameter as calculated from FMR
linewidth. To characterize the α, frequency as a function of linewidth (∆H) for LSMO
(011) is plotted as shown in Fig. (6.6) for unpoled and poled sample in both easy
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and hard magnetic axis direction. The zero-frequency intercept (∆H0) shows the
presence of the inhomogeneity of the sample. The data has been fitted using the
equation (6.3) mentioned earlier.
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easy axis (a) and hard axis (b) directions, respectively.

TABLE 6.2: The Gilbert damping constant α for LSMO/PMN-PT(011)
in different directions with and without electric poling.

Sample code Easy axis Hard axis
Un-poled 11.08 x 10−3 4.3 x 10−3

Positive poled 8.83 x 10−3 1.79 x 10−3

Negative poled 11.78 x 10−3 1.33 x 10−3

From the tabulated values, it is clear that the damping constant varies with the
change in magnetic orientation. The damping is less along the hard axis direction
than in the easy axis direction, showing the SW getting damped faster along the
"hard axis direction" than in the "easy axis direction". It can also be observed that
when the sample is electrically poled, the damping constant value changes. There is
an increment in damping along the hard axis when the sample is un-poled compared
to the poled sample.
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With the application of E-field for LSMO/PMN-PT(001), along z-axis, the direc-
tion of polarization, [1̄10], [1̄1̄0], [11̄0] and [110] squeezes towards the z-axis. With
the application of positive E-field on the piezoelectric PMN-PT(011), the projection
of polarization [100] and [011̄] rotates towards the z-direction. This induces a con-
traction along x-axis and an extension along y-axis. Similarly when negative field
is applied, at-first the polarization direction rotates towards in-plane and with the
further increase of field moves towards [11̄1̄] and [1̄1̄1̄]. Consequently, the strain
response behaves similar to the z-axis poling [12]. Similar to an un-poled sample,
the Kittel formula was used to fit the extracted data from the dispersion curves. To
calculate the value of α, equation (6.3) was used to fit the obtained ∆H values. It
can be seen that there is quite a massive difference between the poled and un-poled
sample, although positive and negative poling does not bring that much change in
the value of α as the amount of strain generated remains almost the same. The slope
of the linear plot measures the value of the damping constant α.

6.3.3 LSMO/PMN-PT(111)

6.3.3.1 Lineshape measurements

Figure 6.7 shows the field-dependent S21 signal of the LSMO sample obtained at
different frequencies. As observed from the lineshape plots, very feeble resonance
peaks arise for LSMO/PMN-PT(111).
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quency ranging from 1-20 GHz by varying applied magnetic field
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6.3.3.2 Kittel fit

The extracted Hr values from the fitting and MS obtained from the M-H data were
used to fit all the obtained dispersion curves using equation (6.2) mentioned above.
The value of effective magnetic anisotropy for LSMO/PMN-PT(111) comes out to be
-170 Oe along [011̄] and -160 Oe along [2̄11] amount showing the magnetic isotropy
of the sample.
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6.3.3.3 Gilbert damping factor

Magneto-dynamic damping is also one of the significant parameters as calculated
from FMR linewidth. To characterize the magneto-dynamic constant (α), frequency
as a function of linewidth (∆H) for LSMO/PMN-PT(111) is plotted as shown in Fig.
6.9 for unpoled and poled sample in three directions. The data has been fitted using
equation 6.3 mentioned earlier.
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TABLE 6.3: The Gilbert damping constant α for LSMO/PMN-PT(111)
in different directions with and without electric poling.

Sample code Easy axis Hard axis

Un-poled 2.74 x 10−2 2.63 x 10−2

Positive poled 1.80 x 10−2 1.72 x 10−2

Negative poled 1.58 x 10−2 1.56 x 10−2

From the Table 6.3 it can be observed that the variation in damping is very neg-
ligible in case of LSMO/PMN-PT(111). This shows that the damping of the excited
spin-wave will remain be directional independent. Even after poling the damping
constant does not change much.

For LSMO/PMN-PT(111), piezoelectric coefficient, d33 = 81 pC/N for the PMN-
PT(111) substrate is so small that the E-field has almost no influence on the substrate
[11].

6.4 Summary

In summary, coplanar waveguide-based FMR measurements were carried out on the
epitaxial and magnetically oriented samples. From the Lorentzian lineshape fittings,
resonance field and linewidth were obtained. The dispersion curves were obtained
and fitted using the Kittle equation, proving to agree with the obtained data. The
"Gilbert damping constant" obtained from the linewidth fitting shows directional
dependence both in the case of poled and unpoled samples. The easy axis of M for
the LSMO grown on PMN-PT (001) and (011) has a larger damping constant value
as compared to the hard axis. The change in the Gilbert damping factor because
of the E-field poling shows the presence of ME coupling in the LSMO/PMN-PT
heterostructures.
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Chapter 7

Summary and conclusion

7.1 Summary and conclusions

Magnetic anisotropy and magneto-dynamic damping are the two main important
parameters of magnetic materials, which play a vital role in developing device ap-
plications [1]. The concept of energy saving in devices without Joule heat dissipation
in miniaturized devices is not only feasible by modulating magnetism locally using
E-field and lattice-strain, but also challenging job to execute for devices at ultra-low
power consumption [2]. The control of magnetic anisotropy by manipulating the
nanoparticles’ shapes and sizes and selecting suitable hetero-interfaces is also an
important aspect and demands systematic research. In view of that, the present re-
search work was carried out by choosing CFO and LSMO as magnetic materials and
PMN-PT as ferroelectric material in the form of heterostructures.

The nanoparticles of both CFO and LSMO were synthesized by the sol-gel method.
These material systems were studied systematically by varying particle sizes from
nano to bulk. In order to realize strain-mediated manipulation in magnetic and
magneto-dynamic properties, the thin films of CFO and LSMO were deposited by
using the PLD technique, and some of them are explored in the form of heterostruc-
tures. The major outcomes from the present research have been compiled in the
thesis and described chapter wise below:

The first chapter presents an overview of the research work undertaken. It in-
cludes a brief introduction to magnetic interactions, static, and dynamic properties
of M, followed by the aims and objectives of the thesis to be fulfilled by choosing
CFO and LSMO as suitable materials. Finally, the organization of the thesis was
clearly mentioned at the end of the chapter.

The second chapter deals with the synthesis of bulk, nanoparticles, and thin films
of CFO and LSMO materials. The working/operational principle behind the instru-
ments/techniques used for characterization and physical property measurements
were presented with suitable schematics diagrams/photographs. The data acquired
by these instruments were discussed in subsequent chapters.

The third chapter consists of the preparation of the targets, CFO and LSMO. The
single-phase CFO and LSMO were synthesized successfully by using the sol-gel
method by varying the sintering temperature. The phase purity for the obtained
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samples was confirmed through XRD data and Rietveld refinement analysis. Partic-
ularly in the case of CFO samples, significant changes in physical parameters were
obtained with varying particle size. The surface morphology and microstructural
studies of CFO show different shapes of particles with varying particle sizes. The
surface morphology changes from spherical to pyramidal to lamellar to octahedral,
then to truncated octahedral structures with sintering temperature. The 2-D TEM
micrographs confirm the transformation of these structures with varying particle
size. The observed shapes have been explained by considering the crystal growth
energy for different facets of the structures. The magnetic behavior of the spheri-
cal particles ensures SPM behavior. Further, the variation of HC with particle size
depicts the single domain to multi-domain transformation upon the increase in par-
ticle size. Keeping the application of these materials in mind, the B-Hmax values are
also calculated. The results clearly ensures that the single domain with large HC

particles can be used for making permanent magnets, which are alternative to rare-
earth-based magnets. In conclusion, this chapter establishes the strong connection
between the CFO particles’ size, shape, and magnetic nature.

The magnetic behavior of CFO thin films has been studied in fourth chapter. The
CFO thin films were deposited by varying thicknesses from 115 nm to 300 nm. The
structural and morphological studies of the deposited films show monophasic poly-
crystalline with different morphology. The growth of the films is interpreted to be
Stranski-Krastinov growth in the present investigation. The MFM micrographs en-
sure the presence of OP M, which was confirmed by the magnetization measure-
ments. From this chapter, it can be concluded that increased film thickness can pro-
mote the OP M, which might have originated because of the clustered or island (the
Stranski-Krastinov) growth of the CFO thin films.

In fifth chapter, the strain-induced ME coupling was demonstrated in heterostruc-
tures of a 50 nm LSMO grown on PMN-PT single-crystal substrates with different
orientations [001], [011] and [111]. The structural studies show the epitaxial growth
of LSMO films on PMN-PT substrates oriented in [001], [011] and [111] directions.
The IP M − H loops measured in different directions show interesting anisotropic
behavior. The polar plots (Mr/Ms versus angle between magnetic field and sample,
θ) obtained from the M-H loops of LSMO deposited on PMN-PT(001) exhibit a four-
fold anisotropy, whereas LSMO on PMN-PT(011) exhibits a two-fold anisotropy, and
finally, LSMO deposited on PMN-PT(111) comes out to be isotropic in nature. From
this chapter, it has been concluded that the strain generated across the interface of
LSMO/PMN-PT oriented single crystal substrates establishes the strain-mediated
ME coupling and interface-driven magnetic anisotropy. The possible mechanism
behind this coupling was also presented in this chapter with suitable schematic rep-
resentations.

In chapter six, FMR studies of LSMO/PMN-PT samples with different orienta-
tions were carried out, and from the obtained data, Gilbert damping factor, α was
estimated. It has been observed that the value of α is high along the easy magnetic
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axis direction as compared to the hard magnetic direction. Therefore, it has been con-
cluded that the anisotropy-driven α is a potential guiding parameter for SW based
applications and is useful for ultra-low power consumption devices. As PMN-PT is
a piezoelectric material, the strain generated in PMN-PT can influence the magnetic
nature of LSMO and, in turn, α. Therefore, E-field-dependent FMR measurements
were also performed. The significant changes observed in α show the pathway to
miniaturized communicating devices at gigahertz frequencies. From this chapter,
it has been concluded that a microwave signal generated along the easy axis will
get damped faster than the hard axis orientation. Also, the change in α value with
the application of electric field further confirms the electric field-controlled FMR in
LSMO. It paves the pathway to ultra-low-power magnetic devices at RT.

Finally, the thesis concludes with the seventh chapter, summary and future scope.

7.2 Future scope

In light of the present research results mentioned in the thesis, it is evident that
the current research area has a lot of scope for further investigations of magnetic
anisotropy and magnetoelastic coupling in oxide heterostructures. Some of them
are mentioned below:

In this research, the fundamental characteristics of CFO nanoparticles were in-
vestigated. These particles may have scope from an application standpoint, partic-
ularly in targeted drug delivery biomedical applications [3]. In addition, the CFO
nanoparticles have a large surface area, which allows for surface functionalization
with antibodies and receptors, and their porous shape allows for good absorption
in many medical applications [4]. The epitaxial growth of CFO on a single crystal
substrate with low lattice mismatch will aid in studying thickness-dependent MCA
behavior and their use in M switching applications without applying a H-field.

A fundamental investigation of the thickness dependence of LSMO on mainly
oriented PMN-PT substrates to evaluate variations in anisotropic magnetic behavior
may be undertaken. In view of the present research, there exists a ME coupling be-
tween LSMO and PMN-PT; this research may be investigated by employing various
approaches to determine the level of coupling between the two materials qualita-
tively. Due to promising ME coupling, this pair of materials in the form of het-
erostructure can be explored for prototype device applications that can demonstrate
functionalities at low power consumption [5]. Based on the FMR results obtained in
the present thesis, there is a lot of scope for SW excitation, propagation, and detec-
tion at RT in FM oxides [6]. Additionally, SW characterizations can be carried out
on the LSMO/PMN-PT samples, and their suitability can be checked for fabricating
SW devices. The strategies employed for LSMO/PMN-PT system can be used for
other oxide materials and their combinations. Finally, the present research opens the
gateway to more developments in SW and magnonic technology. Due to the unique
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features of SW spectra, the magnonic devices should be able to provide significant
new functionality, which was not realized yet in photonics or electrical devices [7].
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