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Preface

Technological advancements realized through destes and inventions are
inevitable for the modern living. Furthermore mamiatural inquisitiveness has
always been a driving force in the innovations atekper understanding of a
physical system. The present era is developing gstoiiree main technologies;
Information technology, Biotechnology and Nanotesbgy. For each of these
technologies, information storage and access igredit importance. Its efficiency
depends upon how fast and economic it can be. Mioly, access and storage of
information is implemented through binary logic &éadsFERAM (ferroelectric
random access memory), MRAM (magnetic random acoessory) and various
other auxiliary magnetic memory systems. FERAMsatvated by electric field,
where as MRAMs and auxiliary magnetic memory urai® energized with
magnetic field. Now scientists are trying to crassuple these two types of
memories and energizing fields. The spark for ithitkative can be traced way back
from Maxwell's equations in electrodynamics. Theanfal equivalence of four
differential equations of electrostatics and magsikttics in polarizable media
explained numerous similarities in the thermodyreambf ferroelectrics and
ferromagnets, for example their behaviour in exefields, anomalies at a critical
temperature, and domain structures. The proposatougple the electric and
magnetic fields for tuning the material propertyswat forward even in 1950s, but
due to the lack of availability of materials exhibg both ferroelectric (FE) and
ferromagnetic (FM) the idea could not be realiZEdis was due to the apparently
different origins of ferroelectricity and magnetisMagnetism is related to ordering
of spins of electrons in incomplete ionic shellkeneas, ferroelectricity results from
relative shifts of negative and positive ions timgice surface charges, which made
them mutually exclusive. Anyhow the beginning o tAf' century witnessed the
growth of the different series of materials, witk Bnd FM co-existing, and the
name multiferroic was coined. Many of the multitecs exhibited magnetoelectric
coupling, where, electric polarization could beuodd by magnetic field and vice
versa due to the interplay between electric andnetig properties. The search for

these materials is driven by the prospect of cdiiigpcharges by applied magnetic



fields and spins by applied voltages, and usingdh® construct new forms of
multifunctional devicesHowever, the effort to synthesize new multiferroic
materials is being carried out by many researchugso The magnetoelectric
responses of the existing multiferroics are eitheatively weak or occurs at
temperatures too low for practical applicationstHe research work presented here,
for the first time synthesization and charactermabf single phase Bi-substituted
Co,MnQy, is undertaken, as a multiferroic material. In viefsthe practical device
applications, both the bulk targets and thin filmgere characterized for
magnetoelectric properties. Finally, the magnetigte multiferroic properties were
tuned by swift heavy ion (SHI) irradiation. Both-&ibstitution and SHI irradiation
have improved the magnetoelectric properties of ttobalt based spinel oxide.
Basically, the modifications observed in the magakctric prospects can be
attributed to the frustration in the magnetic omigrwhich is strongly influenced by
the non-magnetic Bi ion, along with the enhanceettelc polarization. So this
spinel oxide material, Bi-substituted £8nQ,, is supposed to assure its candidature

in multiferroic applications.

Bulk samples of single phasexBo,«MnO, (0 < x < 0.3) were synthesized
using conventional solid-state reaction techniqgueereas the polycrystalline thin
films of the sameon different substrate have been grown using Pulsaeser
Deposition (PLD) technique. The structural, eleeti electronic structure and
magnetic characterizations of both the bulk anah thim samples have been
performed using different techniques such as xdiffyaction (XRD), near edge x-
ray absorption fine structure (NEXAFS) spectroscagiglectric, dc magnetization
and magnetocapacitance measurements. Further,derstand the morphological
features, scanning electron microscopy (SEM) andhit force microscopy (AFM)
have been used for bulk samples and thin filmseesgely. X-ray magnetic circular
dichroism (XMCD) has been used for confirmatiomtdgnetic ordering in the thin
films. For the modification of magnetoelectric pesties, the thin films were
irradiated with SHI irradiation using the 15 UD Ie&lon Accelerator at IUAC, New
Delhi. Chapter 1 describes the general introductmthe present thesis work and

the relevant theoretical background, comprisingginos of different types of



magnetism, dielectric polarization, ferroelectsicind magnetoelectric behaviour of
the magnetically frustrated oxides. Structure ohelpoxides and brief introduction
to magnetoelectric multiferroics is also given. Qliea 2 covers experimental details
of various techniques related to structural eleatrimagnetic and magnetoelectric
properties of the systems studied along with a isendescription of the swift heavy
ion (SHI) irradiation facility utilized for this w#. Chapter 3 comprises the
experimental results that include the structuradl atectrical properties of bulk
samples prepared by the solid-state reaction tqakniln chapter 4, Raman
spectroscopy and NEXAFS studies are included tda@xstructural distortion and
cationic distribution in the synthesized bulk spiogide to describe the magnetic
and magnetoelectric behaviour. Chapter 5 highligts structural, electrical,
magnetic and magnetoelectric characteristics gE&i,MnO, thin films grown by
PLD. Chapter 6 briefly describes the effect of 208V, Ag**ion irradiation on
electrical and magnetic behaviour of the thin filkgally, the concluding chapter

is an overview of the previous chapters and offecpe for future work.

Vi
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Chapter 1

General Introduction

This chapter presents a brief description of the different categories of magnetism,
dielectric and ferroelectric properties, and cubic spinel oxides along with
magnetoelectric behaviour to understand a phenomenon where both magnetism
(ferromagnetism/and antiferromagnetism) and ferroelectricity co-exist Rnown as
magnetoelectric-multiferroic materials.
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1.1 Introduction

The rapidly advancing science and technology fdamhands new generation
materials to cater its expanding requirements wicdefabrication. Magnetoelectric
multiferroic materials, which possess both magnatid ferroelectric ordering have
found wide ranging applications in magnetoelecsansors, magnetocapacitive
devices, and electrically driven magnetic dataagierand recording [1-3]. Many of
the oxide materials have characteristic ferroelea@nd magnetic properties, and
have been investigated by the researchers durentpth few years. Recently, there
has been upsurge in research on multiferroic systire to its good magnetoelectric
coupling exhibited by thin films of some of the nsition metal oxides [2-3].
Ferroelectric polarization and magnetization aredu® encode binary information
in FeRAMs (ferroelectric random access memoried) MRAMs (magnetic random
access memories), respectively and the coexistesfcemagnetization and
polarization in a multiferroic material allows threalization of four-state logic
devices [3]. Magnetoelectric property originatemtirthe coupled action of charge
as well as spin nature of electrons that leaddlignee of electrical and magnetic
properties in the same material. The recent advaeonts in the characterization
techniques and materials processing techniques Rapanded the realm of
materials functionality. One of such new generatimaterials used to realize smart
devices possessing multifunctional properties,his multiferroic materials, with
sufficient amount of coupling among elasticity, if@and spin degree of freedoms.
Unlike the natural multiferroics having weak magm¢ctric coupling, the newly
developed multiferroic composites yield giant mageé&ectric coupling response
near to the room temperature, enabling them reay wider technological

applications [1, 2].

In this chapter, a short review of the origin ofgnatism and definition of its
subcategories such as; the phenomenon of diamagnetparamagnetism,
ferromagnetism, antiferromagnetism and ferrimagnetis presented. Curie-Weiss

law, for the antiferromagnetic and ferro/ferrimatinematerials are described in
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detail. Dielectric and ferroelectric materials aiso discussed to understand the
phenomenon where both magnetism (ferro/ferrimagmetind antiferromagnetism)
and ferroelectricity coexists known as multiferronaterials. A brief description is
provided about Cobalt based cubic spinel oxidesmbich the present thesis is
based. At the end, magnetoelectric effect is dsmtisn terms of Dsyaloshinskii-
Moriya interactions, applicable for the magnetigdtustrated systems, like complex

multiferroic oxides.

1.2 Magnetic materials

In general, magnetism is exhibited by all the mal® The magnetic nature
of a material is determined by the magnetic monoétite electrons, atoms and ions
in the material. An understanding of the mechanidimmagnetic behaviour is

necessary to modify the magnetic properties ofriheerials [4].

The magnetic moment of an atom originates mairdynftwo contributions:
orbital angular momentum of electrons circulatih@ hucleus and spin magnetic
moment arising from their ‘spin’. The spin and ¢eabangular moments are coupled
to yield the total magnetic moment, based on Pawkclusion principle, Hund’s
rules and different coupling schemes like spintfkb8), Russel-Saunders
coupling(R-S) and total angular momentum couplifg). ( The response of a
material to an applied magnetic filed H, is givgnnagnetic induction B, as

B = o (H + M) or simply B = uH (in Sl system) ---(1.1)

where M is the magnetization of the material, pthe material dependent
characteristic called magnetic permeability agdspthe permeability of free space.

M & Ho are related through relative permeability, f the medium ag. = p/
u, [5]. For a magnetic material of volume v, with neagnetic moment m,

magnetization is obtained as,
M= % emu/cm3 ---(1.2)
The magnetic susceptibility) of a material is defined as

" =% emu/cm?/0e ---- (1.3)
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Magnetic materials are classified into four maintegaries, namely,
diamagnetic, paramagnetic, ferro/ferrimagnetic antiferromagnetic. All materials
in broad sense, belongs to any one of these typesagnetism (Fig 1.1 a-f), and
their behaviour depends on both the individual netignmoments of constituent
ions, atoms or molecules and on how these dipolements interact in response to

applied magnetic field.
1.2.1 Diamagnetism

Diamagnetism is the weak form of magnetism and cen all atoms
including atoms with completely filled electron #ikelt is induced by a change in
the orbital motion of electrons due to an appliedgnetic field. The induced
magnetic moment is extremely small and is in thedatfion opposite to that of the
applied field. However, in other type of magnetiatarials diamagnetic effect is
overshadowed by much stronger magnetic interactiomsng to the weak magnetic
capability, diamagnetic materials do not find widege of applications, apart from
the newly explored applications in the magneti¢dfiaduced alignment of liquid
crystals [6]. Nevertheless, the use of these nas$en the scientific applications and
research is of great importance, as most of thersopductors are diamagnetic.

1.2.2 Paramagnetism

Paramagnetism is characterized by a positive stibdi#p and a magnetic
permeability greater thamo. In paramagnetic materials, constituent atoms or
molecules will be having individual magnetic mongeriiut weakly coupled to each
other and thermal energy causes the random alignofethe magnetic moments.
When a magnetic field is applied, a fraction of theividual moments are aligned

into the field direction;(pam is around 19 andy, is slightly greater than 1. Curie-

Weiss law for the paramagnetic materials can beessed as,

c
Zpara T 19 ---- (1.4)
T = 6, represents the phase transition into the spoateshe ordered state ar@ =

2

p is the Curie constant (m is the magnitude of tftBvidual magnetic moment).
B

Langevin’'s theory and Curie-Weiss law provide tbeusate description of most of
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the paramagnetic materials including transition aheaixides. Also, there is a
category of temperature independent paramagnetieriais like Na, Al etc, called
Pauli paramagnets, which needs quantum mechanicallar&tions [7].

Paramagnetic materials are used in the productfomery low temperature, by
adiabatic demagnetization. The quick removal ofipplied magnetic field, forces
the spins to randomize, which necessitates the \wgdinst the remaining field at

the expense of their own internal energy and gelecb

1.2.3 Ferromagnetism

Ferromagnetic (FM) ordering occurs when all thenmanots contribute
equally to the spontaneous magnetization. FM nadtegxhibit parallel alignment
of magnetic moments to one another resulting in spEntaneous magnetization
even in the zero magnetic field. If the magnetiameat is large enough, an applied
dc magnetic field can force a nearest neighbor lignan the same direction
provided the interaction is larger than the therewargy, kT, of the atom in the
lattice. The interaction between atomic magneticraots is of two types: the
dipolar interaction and exchange interaction, whiepresents the difference in the
Coulomb energy between two electrons with spins dne parallel and antiparallel.
The Curie temperature €J is the temperature at which the interaction eyasg
greater than the thermal energy so ferromagnetistnro Ferromagnetic materials

exhibit paramagnetism above the Curie temperaﬁl}e;(}erm is always positive

and high. Classically FM materials obey the Curiei$¥ law based on molecular
field. Above Curie temperaturecF 6, they turn into paramagnetic. Molecular field
in this case is strong enough to magnetize thetanbs even in the absence of
externally applied magnetic field. Following Langes theory and Curie-Weiss

law, Tc can be obtained in terms of molecular field camstaas

2

TC=

e - (1.5)

It is obvious that a large value fgieads to a high Jrevealing that FM materials
with strongly interacting magnetic moments requarelarge thermal energy to

disrupt their magnetic ordering and to induce phasesition to paramagnetic




Chapton 1: Genenal Introduction

phase. Greater accuracy can be obtained in thegsipn for FM E, by coupling
the quantum mechanical Brillouin function with Lawin’'s theory, along with
appropriate choice of as

T. = YNg?J(J+1)pp 2
.=
3kp

- (1.6)

However, Langevin’s theory and Curie-Weiss law,applied in the above
case of localized magnetic moments is found inadieqto explain the fractional
magnetic moment/atom exhibited by some FM materi&igctional magnetic
moments were explained later on the basis of dolleelectron theory, also called
band theory. Here the mechanism of inducing magmetis identified with an
exchange energy that gives rise to Hund’s rulesfin allocation in atoms [7]. The
exchange energy is minimized when all the electrbage the same spin. The
exchange interaction in transition metals can besicered as the shift in energy of
the 3 band for electrons with one spin direction. If #ermi energy lies within the
3d band, then the band displacement will lead to netgetrons of the lower energy
spin direction, resulting in spontaneous magnetnent in the ground state and

external magnetic field is not required to inducagmetization.

The magnetization exhibited by a bulk FM matebalow T, is less than
what would have been, if every atomic moment wdiggad in the same direction.
This is due to the existence of domains, which regions where all the atomic
moments align in the same direction so that wigdnoh domain the magnetization is
saturated (possessing its maximum possible valdeyvever, the magnetization
vectors of different domains in the sample arealbparallel to each other, so the
total magnetization is less than the value for tbenplete alignment of all the

moments [5].

When the dc magnetic field is applied, it incesaghe magnetic moment of
the sample. Initially, as H increases, M increagesl a saturation point, Mis
reached. When H is decreased from the saturation, pd does not decrease to the
same value as it possess while increasing the. field higher on the curve of the

decreasing field, creating a hysteresis, as showiid.1.1 (d). This effect occurs
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because the domains that were aligned with theasing field do not return to the
original orientation when the field is lowered. \Whél is returned to zero, the
material still has a magnetization, referred asn@mh magnetization; MIn order to
remove remnant magnetization, a field is to be iagph the opposite direction to
the internal field. This field is known as coercifield (Hc) [9]. A full cycle of
magnetization (M) of a material in response to apliad magnetic field (H) is
called a hysteresis loop. MM, and H, all strongly depend on the ferromagnetic

material and the condition by which they are sysitted.
1.2.4 Antiferromagnetism

Antiferromagnetic (AF) materials are characterizég having weak
magnetic susceptibility of the order of paramagnetaterials. In AF materials, the
interaction between magnetic moments tends to ahgnmoments antiparallel to
each other. These materials can be considered ags@m consisting two
interpenetrating but identical sublattices of mdgnéns, in which one set of
magnetic ions is spontaneously magnetized belovitiaad temperature called Neel
temperature, y and the second set is spontaneously magnetizdtelsame amount
in the opposite direction. Consequently, AF matsri@ve zero net magnetization.

Zantiferro is positive with very low value. In fact Curie-Vgsitheory is found more

suitable for AF materials since most of them aredalts with localized magnetic

moments, but with a negative value &br

c c

T—o - T+o = (L7)

Zantiferro -

Negative value ob is suggestive of the negative Weiss moleculad fteht causes

the magnetic moments to align antiparallel. Below 'E(amiferm is found to

decrease slightly with temperature. If A and B dhe two interpenetrating
sublattices of magnetic ions, on the assumptionthef domination of nearest
neighbour interactions A-B, from Curie-Weiss law ig possible to obtain

magnetization of A-sublattice in terms of magndimaof B-sublattice as,
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OMp
Tn

M, = — - (1.8)

AtTy = 6 My, = —Mp; anyhow in practicé is found larger tharTy. This
necessitates the inclusion of next nearest neiginb@raction in addition to the A-B
interactions. Also magnetic anisotropy plays an anent role in AF materials
which results in the preferred alignment of magnetoments perpendicular rather
than parallel to the applied magnetic field, wigins ‘pinning’ along the preferred
axis [7]. A higher external magnetic field is requa to overcome the pinning. In the
case of magnetic oxides, a superexchange interatisdween magnetic cations
mediated through 8§ leads into the overall AF alignment in which ogpgdonates
up-spin and down-spin electrons from ifg-&bital to the 3d-orbital of magnetic
ions, like Mrf, Cc* ions. AF materials are now explored for spin-valve

applications.
1.2.5 Ferrimagnetism

Ferrimagnets also behave like FM and exhibits spmtdus magnetization
below a critical temperature,cTeven in absence of external magnetic field. They
are also related to AF materials, in that exchangapling between adjacent
magnetic ions results in antiparallel alignmentstloé localized moments. The
overall magnetization exhibited by the ferrimagoetaterials is because of the
imbalance in the magnetization of the oppositeigredd sublattices. Ferrimagnetic
materials also can be better explained using We@scular field theory, as most of
these materials are ionic solids with largely lomd electrons. Ferrimagnetic theory

was developed by Neel, in continuation with theotigeon AF.

However, in the case of ferrimagnetic materialgeehinteractions are
considered as the A and B sublattices are nottanalty identical. This consists of
nearest neighbor A-B interactions that align thegnedic moments of the two
sublattices antiparallel, and FM-next nearest rimghA-A and B-B interactions.
Here A and B represents the atoms/ions at the sitedifferent symmetry, like

tetrahedral and octahedral sites in cubic spirétéa
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Fig. 1.1(a-f).Behavior of different kinds of magnetism in resgotissmagnetic fiel
and temperature.

Curie\Weiss law for ferrimagnetic materials up tc is,

_Cc
T+(g)

where X, is a constant based on total molecular field agisiom all the three type

Xferri = - (19)

of interactions. Thentersection o ﬁvs.T plot on temperaturexis is the
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ferrimagnetic Curie-Weiss constarét, Below T, both A and B sublattices have
spontaneous magnetization$, and My respectively, resulting into a net non-zero
magnetization, M [7]. The dependence of M with Tedhenot be monotonic, as

M, and My depend upon all the molecular field constants asiiloution of A and

B type ions. Often seen, especially in the casmaiy cubic spinel oxides, is the
typical increase in the spontaneous magnetizatidth vemperature, rising to a

maximum and then falling to zero & .

1.3 Electric polarization in solids

Electric polarization refers to a phenomenon of riflative displacement of
the negative and positive charges of atoms or mt#scthe orientation of existing
dipoles toward the direction of the field, or theparation of mobile charge carriers
at the interfaces of impurities or other defect nmaries, caused by an external
electric field. Electric polarization can also b@uaght of as charge redistribution in
a material caused by an external electric fieldarGa redistribution and the energy
loss involved in the redistribution process reqe@nergy [10].Polarization process
is performed at the expense of the potential eneelyased because the total
potential energy of the system in an electric fiddsmaller after the electric
polarization than before it.

1.3.1 Dielectric material

One of the important electrical properties of ditlie materials is
permittivity (or relative permittivity, which is gerally referred to as the dielectric
constant). For most materials, the dielectric camists independent of the electric
field strength for fields below a certain criticlield. From the basics of
electrostatics and Gauss’s law, one can deternfieedielectric constant of a
material considering the geometry of a parallelgptapacitor as,

gore = s ---- (1.10)

SoE

where o, is the surface charge density on the capacitoteplande, IS the

permittivity of free space or vacuurhhe dielectric constant depends strongly on the

10
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frequency of the alternating electric field or trete of the change of the time-
varying field. It depends on the chemical structamd the imperfections (defects) of
the material, as well as on other physical pararsételudingtemperature, pressure,
etc. Polarization in a dielectric material is given

P=aE ----(1.12)
where a is the polarizability. Dielectric properties issal expressed in terms of
. e No . . -
relative permittivity,e' = e/eg = 1 +X, wherex = —is the electrical susceptibility.

(0]

The polarization due to the elastic displacemenelettron clouds of atoms and
molecules require a very little time, while the gritation involving the orientation

of permanent dipoles or the migration of electronsons, requires a much longer
time to perform. All types of polarization encounieertia that counter the change

and, involve some dielectric loss.
1.3.2 Complex permittivity

When a time-varying electric field is applied ac@sparallel-plate capacitor
with the plate area of one unit and a separatiahbaftween the plates, then the total
current is given by,

dD dE
Jr=dt—=l+e — - (1.12)

where J is the conduction current angt is the complex permittivity, which is
introduced to allow for dielectric losses due tce tifriction accompanying
polarization and orientation of electric dipolesisimay be written as,

& =(+j&") g ---- (1.13)

in which &’is called the dielectric constant antithe dielectric loss. The sinusoidal

monochromatic ac field applied be represented as,
E = En exp(jt) ---- (1.14)
Then from eqn.1.12 and 1.13,

Jr=(0+ weNE +jae’E - (1.15)

11
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where o is the electrial conductivity of the materialsee the equivalent circt
depicting the response of the parallel plate capashown in Fig.1.. The first
term on the RHS$s a los component due to the inelastic scatterin conducting

charge carriers during their migration, which isgent at Il frequencies, includin

w = 0 (dc fields); thesecond term is also a loss component d the friction in the

polarization processes, wh disappears whew = 0 and increasesith w; and the

third term is a lossless compon which is, in fact, thelisplacement curre [10]. In

most cases the contribution of first term can be neglected. Thiess facto,
tand=¢"/ & ---- (1.16)

Generally,e”/ e’ 1,tand 9 called as loss angle.

[yA joe' || oe W Qo ©¢Ef
o - 3

OE 0&'E
Fig. 1.2. The response of a parallel plate capacitor wunit plate area and it:

equivalent circuit under an alternating electrielfi.

1.3.3Real dielectric material

In reality, there is no perfect dielectric mate All real dielectric material
contain somanobile charge carriers. If suct real material has the total chal
carriersn perunit volume, each carrying a charg andhaving an average mobili
v, then the conductivi of this materialo is nqv. For dielectric material of lo
conductivity, anequivalent circu (Fig.1.3)can be used to describe the respons
the material under the applied field between the ¢ivarged metal plat [10]. R: is
the leakage resistance of the mat, C= ¢€'/d is the capacitance per L area,Ry
is theresistance per ul area. Both ¢ and R varies with time andare derived

directly from the polarization proce

Thus, att = 0, just after the insertion of the material |the vacuum spac
' - &, and R, - o, and att = t;, €' - & and R, —» . The value of th

resistance Ris finite only during the period <t <t

12
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Fig.1.3.The equivalent circuit of a real dielectric matdr

But the leakage current through leakage resistance. Rill continue to drain th
charge from plate Ao plate B, makin(os decay with time, as

a(t) =05(0) - (1.17)

where =pgsis the dielectric relaxation tin andp is the resistivity of the materie
is the time required for the originally induced cha to decay 36.7% of it
original value. canbe very larg, for materials with a very higresistivity (i.e.,

low conductivity).
1.3.4 Various types of polarization in a dielectric materal

The various mechanisms olectric polarizationn a dielectric medium ca
be categorized as, IElectronic polarization, 2)Atomic or ionic polarizatio,
3) Dipolar polarizationd4) Spontaneous polarization andiBjerface or space char
polarization. As ach type of polarization requires time¢ perform,the degree of th

overallpolarization depends on the time variatioithe electridield [1Q].

Electronic polarization(optical polarization): The electric field cause
deformationor translation of the originally symmetri distribution of the electro
clouds of atoms or molecules. This is essentially displacement of the out

electron cloudsvith respect to the irer positive atomic cores.

Atomic or ionic polarization: The elect field causes the atoms or ions ¢
polyatomic molecule to be displaced relative each other. This is essentially f
distortion of the normal lattice vibration, and also referred to as vibratior

polarization.

13
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Orientational polarization: This polarization ocgsuionly in materials
consisting of molecules or particles with a pernmrdéipole moment. The electric

field causes the reorientation of the dipoles talhe direction of the field.

Space charge polarization: At higher fields, carrlejection becomes
important. For materials consisting of a high conion of charge carriers,
polarization due to the migration of charge casri¢o form space charges at
interfaces or grain boundaries becomes importans fiype of polarization is called

space charge polarization.

Electronic polarization is always present in atamsnolecules in all kinds
of materials; ionic polarization is present onlyrraterials made of two or more
different kinds of atoms that form ions due to sharing of the valence electrons of
one or more atoms with the others. For both elaatrand ionic polarizations, the
dipole moments are induced by electric fields, Iseytare classified as induced
dipole moments. In short, both electronic and iopadarizations are due to the
translation (or deformation) of the valence eletctrdouds from their original
thermal equilibrium state to a new equilibrium stakhese types of polarization are
only slightly dependent on temperature because dneyntramolecular phenomena.
However, orientational polarization occurs only tile materials composed of
molecules with an asymmetrical structure in whible tentroid of the negative
charge (mainly electrons) and that of the positharge (mainly nuclei) are not
coincident, so they possess permanent dipole mamernhe absence of external
fields. The directions of these permanent dipolen@iats are randomly distributed
in the material. An electric field will cause thémreorient toward the direction of
the field, resulting in orientational polarizatiohhe net polarization will return to
zero after the removal of the external field beeatisermal agitation tends to
randomize the alignment. This is why polarizatioacr@ases with increasing

temperature. The total polarizability of materialanprises foucomponents [10],

O =0e+0j+ 0+ 0g ---- (1.18)

wherea. , O , 0, anday are the polarizabilities due to electronic, atomic,

orientational, and space charge polarizations, edsgly. For ferroelectric

14
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materials, there is also a component, called speoias polarization, under certain

conditions.

The two possible ways in which space charge pa@tom manifested are
hopping polarization and interfacial polarization.a dielectric material, localized
charges (ions and vacancies, or electrons and)hoégshop from one site to the
neighboring site, creating so-called hopping paktion [11]. These charges are
capable of moving freely from one site to anothie $or a short time, then
becoming trapped in localized states and spendingt nof their time there.
Occasionally, these charges make a jump surmouatipgtential barrier to other
sites. In fact, the movement of ions or vacanaieimic crystals and the movement
of electrons and holes in glasses and amorphougseductors are essentially due
to the hopping process [12]. Interfacial polariaatis produced by the separation of
mobile positively and negatively charged particlesler an applied field, which
form positive and negative space charges in th& bfilthe material or at the
interfaces between different materials. These sphaeges, in turn, modify the field
distribution. This is relevant for composite digtec like a specimen comprising

layers of different materials.
1.3.5 Maxwell-Wagner interfacial polarization

To measure the dielectric constant of a complexiexdystem, a capacitor
structure has to be made so that an ac electhitdan be applied to it. The response
to the electric field will contain at least one aajpive (dielectric) term and one
resistive (leakage) term. Since the work functimfselectrode and dielectric
material are rarely identical, band bending mayuoaear the electrode-dielectric
interfaces, causing charge injection from the etetet into the dielectric or vice
versa (charge depletion ). In either case, theomoécwould be the formation of a
layer near the electrode interface with a differdansity of charge carriers, and
hence different resistivity than that of the cdfethe dielectric is not a very good
insulator, this can cause the electric field torbestly dropped in the charge-
depleted interfacial area rather than in the cdrth® material, yielding artificially

high apparent dielectric constants. This effectlieen documented in several oxide
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materials, including manganites [13-15] and maypespnot only at dielectric-
electrode interfaces but also at grain boundameseramics [16] and inter-slab
interfaces in superlattices [17]. The dielectriogarty of this kind of heterogeneous
materials can be described by the Maxwell-WagneiWMcapacitor model. This
effectively consists of two leaky capacitors iniser(Fig. 1.4). The dielectric
constant (the real part of complex impedance) ohsausystem under an ac field can
be obtained as [17, 18],

1 747, T+ 0%T7TyT
Co(R; +Rp) 1+ w?t?

g(w) = ---- (1.19)
where subscriptss and b refer to the interfacial-like and bulk-like layers,
respectivelyR = resistanceC = capacitancep = ac frequencyr; = CR,, T = CpR,,

T = (TiR*+TR) / (R +Ry), Co=€0A/ t, A = area of the capacitor, ahet thickness. In
this equation the absolute thickness is actuaislerant, what counts instead is the
thickness ratid; / t,.. The frequency dependence can be interpretedllasvéo At
high frequencies charge carriers do not have tommesgpond to the field, so that the
measured capacitance is simply that of two (inswdgatcapacitors in series. At low
frequencies, on the other hand, the charge carietee low resistivity layer do
respond, so that most of the field is dropped actios layers with bigger resistivity,
and thus the apparent decrease in dielectric tegknresults in an increased
capacitance. This suggests that intrinsic capamtashould be measurable at
frequencies faster than the conductivity cut®fC(time constant). It is also worth

noticing that the capacitance is maximal aroundlfR€ frequency.

(a)

Fig. 1.4. Capacitor systems with Maxwell-Wagner behavior: fEmogeneous
material with charge-depleted interfacial layerb) Guperlattice, and (c) clustered
material or fine-grained ceramic with depleted grdioundaries and modeled by

two leaky capacitors in series (d).
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Since resistance changes \ temperature, capacitanaél show a peak when RC
coincides with the measurement frequency. Titemperatureand frequency
dependent dielectrioehavior can also mimic that of relaxcbutin fac, it is only a

resistive artifact [1719).

1.3.6 Dielectricrelaxation

All types of polarization may be grouped two major regimes: th
resonance regime atlde relaxation regime. Polarizations assoc with vibrations
of electrons (i.e., electror or optical polarization) or with vibrations atoms or
ions (i.e., atomic or ionic polarizatic belong to the resonance regime becaus
the polarization a resonance will occur when frequency of the excitation field
close to thenatural frequency of the vibration or oscillal of system. Polarizatior
involving the movements of charges either by od&ah (i.e., orientation
polarizaion) or through the migration charge carriers (i.e., hopping or sp
chargepolarization) belong to the relaxation reg because during the polarizati
or depolarizationprocesses, a relaxation phenomenon o due to the time
required for the chge carrier to overcome the inertia arising from the surroug
medium in order to proceed in tt movement. The variation @f, £ anc tandwith
frequency shown irthe Fig.1.5 illustratesschematically the typical dispersi
behaviorfor polarizationsin the relaxation regim§lQ], for cases with negligibl

contribution ofo due to carrier migratio

Fig. 1.5.€, £" and tand as functions of frequencyy.

It is likely that not all dipoles in a solid ¢ situated in the same environment,

some are more free taove than others. Even in a singteystal, dipoles may fin

17



Chapton 1: Genenal Intrduction

certain orientationamore favorable than others and certain transi between
orientations easier than oth¢ The variation of such local transition probabik
reflects the vaation of the activation ener for dipole orientation and henowes
different relaxationtimes (t). In a different way C.G.Koops [ROproposed i
phenomenological theory to explain the observeged®on behaviour of zNi
ferrite system, where electies were not influential on dielectric propertiHe
assumed a dielectrgolid to consis well conducting grains (19eparated by poor!
conducting layers (2)while the current is assumed to flow along thealie

alignments of the grains, as in Fi®© [20].

Fig.1.6.Grain structured conductor. Poorly conducting layeseparate the grair

He calculated the theoretical frequency dispersibe and tand (see Fig.15), by
taking proper values to the thicknesses, resig&/itand dielectric constants
conducting and non conducting regions, and assursatig consising only two
relaxation times. Ajood agreemerbetween theoretical and experimental disper
were observedand the deviation hence means more than two rétextime

constants and evendastributior of relaxation time constants.
1.4 Ferroelectric materials

A ferroelectric material is normally in single ctgine or polycrystalline
form and possessege@versible spontaneous polarization over a cet&iperature
range. There is a critical temperature, called €teimperature, which marks t
transition from the ordered to the disordered phase this temperature, tr
dielectric constant may reach ues three to four orders of magnitude higher the
the disordered phase. The ordisorder phase transition involves the displacer
of atoms so that crystals or crystallites exhilitferroelectric phenomena must

noncentrosymmetric. This impliehat a phase transition will induce a mechar
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strain, tending to change not only the volume dmedshape of the material body, but
also the optical refractive index. Thus, ferrogliecimaterials exhibit not only
ferroelectric phenomena, but also piezoelectricioghectric, and electro-optic
effects, which can be used for many technologicaplieations. In general,
ferroelectric materials also have electrically ioeld polarizations, but these are
negligibly small compared to spontaneous polamratiLike ferromagnetics,
ferroelectrics exhibit a spontaneous electric poddion below the Curie
temperature, a hysteresis loop, and an associatzhanical strain. However,
ferroelectrics differ from ferromagnetic in theimdamental mechanisms and also in

some of their applications.

Ferroelectric behavior is delimited by a transitipaint called the Curie
temperature .. At temperatures abovE, the crystal is no longer ferroelectric and
exhibits normal dielectric behavior. Ferroelecmaterials usually, but not always,
exist in a nonpolar state at temperatures ablyyeand have anomalously high
dielectric constants, especially near the Curie penature. Typical dielectric

constant—temperature characteristic is showiRig.1.7 [10].The dielectric constant

increases very rapidly to a very high peak valueTatAt T > Tc, anomalous

behavior follows closely the Curie—Weiss relation,

- (1.20)

whereC is known as the Curie constant. At the transitiom{s, there are anomalies
not only in the dielectric constant and polarizafidut also in piezoelectric and
elastic constants and specific heat, because ofclimmge in crystal structure.
Ferroelectrics are characterized with reversiblensgmeous polarization. The word
reversiblerefers to the direction of the spontaneous poldamahat can be reversed
by an applied field in opposite direction. The Sjameous polarizatioRs usually

increases rapidly on crossing the transition paintd then gradually reaches a
saturation value at lower temperatures. The masnhprent features of ferroelectric
properties are hysteresis and nonlinearity in #iation between the polarizatiéh

and the applied electric field.

19



Chapton 1: Genenal Intrduction

f AN

-

| [
T, T I
(a) (b) (©)

v

v

Fig. 1.7. Schematic illustration of the variation of the diefric constanie” with
temperature for three typical ferroelectric crystal(a) Barrium titanat-BaTiOs

with T, = 120°C, (b) KDFKH,PO, with T, = -150°C, and (c)Rochelle Sa-
KNaC4H406—4H20 with Te =24°C.

A typical hysteresis loop is shown in . 1.8 [10]. When the field is smal
the polarization increases linearly with the fi¢ This is mainly dueo field-induced
polarization; because the field is not large enougl cause orientation of tt
domains (portionOA). At fields higher than the lovield range, polarizatic
increases nonlinearly with increas field, because all domains start to ori
towardthe direction of the field (portioAB). At high fields,polarization will react
a state of saturatiazorresponding to portioBC, in whichmost domains are aligne

toward the directionf the poling field.

G

Fig.1.8.Schematic diagram of a typical ferroelectric hystas loor
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Now, if the field is gradually decreased to zerbe tpolarization will
decrease, following the patBBD. By extrapolating the linear portio@B to the
polarization axis (or zero-field axis) &, OF represents the spontaneous
polarizationPs andOD represents the remnant polarizat®nThe linear increase in
polarization fromPs to P, is due to the normal field-induced dielectric paation.

P, is smaller tharPs because when the field is reduced to zero, someaithsnmay
return to their original positions due to the straituation, thus reducing these
domains’ contribution to the net polarization. Foost ferroelectric materials, the
component due to the normal field-induced dielecpolarization is very small
compared to the spontaneous polarization; therefimre most applications, this
component can be ignored. The field required tagthe polarization to zero is
called the coercive fiel&: (portion OR on zero polarization axisk. depends not
only on temperature, but also on the measuringuéregy and the waveform of the
applied field. When the field in the opposite difex decreases to zero, the
polarization is reversed, indicating that domaiasehalready been formed before
poling and that the motion of the domain walls hessin the change of direction of
polarization. The hysteresis arises from the enesgded to reverse the metastable
dipoles during each cycle of the applied field. Erea of the loop represents the
energy dissipated inside the specimen as heatgledaoh cycle (hysteresis loop is
measured with AC fields at low frequencies, 60 HZowver, to avoid heating the
specimen).

In general, ferroelectricity is harder to demortstran polycrystalline
materials composed of crystallites, such as cemgrttian in a single crystal because
of the random orientation of crystallites. Thiswhy in some single crystals the
polarization reverses quite abruptly to form a sguaop while in most ceramics the
loop is rounded because of the more sluggish ralenghich is due partly to the
axes of the unit cells in the randomized arrangeéraéthe non uniform crystallites

[10]. It is quite natural that the hysteresis loop beesmradually diminished at>

Tc, eventually degenerating to a straight lineTanuch larger tharTc, when the
ferroelectric behavior disappears completely. Havesome ferroelectric materials

can be driven from the paraelectric state to aé&ectric state af > Tc by applying

a large electric field
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1.4.1 Capacitance-Voltage (C-V) loop:

C-V loop has been used for many of the multifernmiaterial [21-27], to
demonstrate the ferroelectric nature. &ual [26] has modeled dielectric non-
linearity of the ferroelectric materials using Cldbp and has been verified with the
data of barium strontium titanate thin films. A igg butterfly C-V loop shown in
Fig. 1.9 [27] is a signature of ferroelectricity-\Cmeasurement can be performed
with the help of a precision LCR meter.
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Fig. 1.9. Butterfly shaped Capacitance-Voltage (C-V) loop ilexéd by
Bi3_2d.80_75Ti3012 thin films.

1.4.2 Effect of Bi-lone pair on ferroelectricity

The “lone pair’ in Bi-based oxides is believed torrh due to the
hybridization of & and 6 atomic orbitals with & electrons filing one of the
resulting orbitals in Bi or Pb in their oxides. Tlme pair is then considered to be
chemically inactive, not taking part in the forneatiof bonds but sterically active.
The hybridization causes the lone pair to lose sipherical symmetry and is
projected out on one side of the cation, resulimgn asymmetry of the metal
coordination and distorted crystal structures. Ttmesstereochemically active lone-
pair electrons results into the displacements oé tBi atoms from the
centrosymmetric to the noncentrosymmetric structamel leads to polarization,

consequently ferroelectricity [28].
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1.5 Cobalt based cubic spinel oxides

Cobalt based cubic spinel oxides are mixed valmetal oxides with
chemical species contained in the general formiBalh, where A and B represent
divalent and trivalent cations respectively. Theghibit a variety of interesting
functional properties depending on the species atmichiometry of cations
occupying the two cation sites, A and B, such asltifeuaoic properties,
thermoelectric property, Colossal magnetoresistiiCMR), superconductivity,

spintronics, magnetic recording, etc [29-35]. Thesemplex oxides mainly
crystallize into normal spinel with a space grﬁ]ijdﬁm [36] and each unit cell

contains 8[ABO,] formula units and therefore 32?Oons. This close packing
contains 64 tetrahedral interstices and 32 octahémterstices coordinated with?0
ions (Fig. 1.10). The charge distribution of thermal spinel is represented by
[A*16dB2>T16d04%]326 in Which Wyckoff positions & denote the tetrahedral sites
and 16l the octahedral sites surrounded bijidDs at 32 sites. Empty interstitial
space is comprised of 16 octahedral sites)(46d 56 tetrahedral sitesh(@nd 48).

The substituted trivalent metal ion occupies thmloedral sites while cobalt ions are

distributed over both octahedral (diamagneti¢*dons in low spintggJ state) and

. , , N a3
tetrahedral sites (magnetic €oions in high spinegt;,

state). All spinel-like
structures are characterized by an oxygen paramétaving a value around 0.375.
For u = 0.375, the arrangement of Gons is exactly a cubic close packing (FCC

structure).

In actual spinel lattice, there is deviation frahe ideal pattern, withu
>0.375, resulting in a deformation of oxygen tetdrbes and octahedrons [36, 37].
CoCr0O4, CoMnO,4, CoMNO,4, CoFeO4, NiCo0O4, CuMnCoQ and InFeCoQare
some of the important cobalt based ferrimagnspmel oxides,nvestigated by
many of the research groups[29-35] owing to thaniaty of interesting functional

properties.
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Tetrahedral A-site Octahedral B-site
Fig. 1.10.Crystal Structure of a cubic spinel.
1.5.1 Magnetic interactions in spinel oxides

In order to understand the origin and nature of iiegnetic behaviour
associated with spinel oxides, mainly three typésmagnetic interactions are
considered between the transition metal ions atafd B-sites through the
intermediate oxygen ions {Qi.e., superexchange interaction. These are A-&, A
and B-B interactions. Since cation-cation distareeslarge, direct interactions are
negligible. It has been verified experimentally tthlaese interaction energies are
negative favouring antiferromagnetism when dherbital of the metal ions are half
filed or more than half filled, while a positiventeraction accompanied by

ferrimagnetism results whehorbital is less than half filled.
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The magnitude of the interaction energy betweenrvagnetic ions I' and

M" depends upothe following
(@) The distances dhese ions to the oxygen ions through which intesacccurs

(b) The angle MO-M" represented b® as shown in Fig. 1.11For 6 = 180,
where the interatomic distance is shortest, thénaxge energy is found to
highest. The energy decreases rapidlith increasing the distance a

decreasing the angle toward<.

Fig. 1.11.M -O-M " angles inspinel oxides

In spinel structure, the-O-B angle is in the neighbourhood of *, while
A-O-A and B-OB angles are closer to °. Thus, with A-OB interaction
predominating, the spins of the-and Bsite ions will be oppositely magnetiz
with a resultant magnetic moment equal to the difiee between those o-and B-
site ions. Gorter [389ave various possible configurationsthe ion pair in spine
oxideswith favorable distances and angles for an effecthagnetic interaction. |
general, it is found that the magnitude o-B, B-B and AA interactions ar
negative withA-B|[>>|B-B|>>|A-A|.

1.6 Magnetoelectric multiferroics

Multif erroic materials are simultaneously ferromagnetid &erroelectric

often ferroelastic too. In magnetoelectric materddctric polarization is induced |
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the application of an external magnetic or vicesaeproviding an additional degree
of freedom for the design of new devices. PierreieCiirst postulated this effect at
the end of the nineteenth century. Following theotktical prediction by
Dzyaloshinskii [39] in 1959 and the first experin@robservation by Astrov [40] in
1960, the magnetoelectric effect was studied ikehsin the 1960s and 1970s [41]
and has attracted continuing interest for more ttoam decades. In recent years,
however, the term magnetoelectric-multiferroics basome more popular, this term
comprises not only ferro-electromagnets but alsthal materials in which any two

of the following ferroic orders co-exist.

i. Ferroelectric materials possessing a spontaneolevigation which can be

switched hysteretically by an applied electricdiel

ii. Antiferroelectric materials that possess ordergubléi moments which cancel

each other completely within each crystallographit cell.
Ferromagnetic materials possessing a spontaneogsetization which can be

switched hysteretically by an applied magnetiaifiel

iv. Antiferromagnetic materials having ordered magnatmments that cancel each

other completely within each magnetic unit cell.

v. Ferrimagnetic materials in which the magnetic moneoamcellation is incomplete

\Y

in such a way that they possess net magnetizatiah ¢an be switched
hysteretically by an applied magnetic field.
i. Ferroelastic materials that exhibits a spontanetmisrmation that is stable and

can be switched hysteretically by an applied stress

Several multiferroics have been identified to ddixamples are some
boracites; NjB;O13l, C03;B7014l, etc [42], some fluorides; BaMKM = Mn, Fe, Co,
and Ni) [43, 44], magnetite E®, [45], hexagonal manganites;YMpCOHOMNG;,
etc. [46-47], perovskites ABLOhaving a Bi or Pb ion at the A site and transition
metal at the B site; BiFe(J48], and BiMnQ [49], CdCkS, [50] and hexagonal
ferrites; LuFeO,4 [51]. Even though, the magnetoelectric effect aratynetoelectric
multiferroics have been studied for more than fdecades, still in most of the
multiferroics, the temperature scale for ferroglecorder is much larger than for
magnetic order (Table 1.1), and the origins of éh@slers are quite different and do
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not strongly interfere with each otl [52, 53]. Fig.1.12chematicallyrepresents a
relationship between multiferroic and magnetoelectnaterials andTable 1.1
depicts important multiferroic oxides and theirréelectric and magnetic transiti

temperatures.

T T

Multiferroic ~ Magnetoelectric
materials materials

Fig.1.12. Relationship between multiferroic arinear magnetoelectric material
Multiferroic materials (area 1) and linear magneleetric materials (area2) ma
overlap giving rise to an enhancement of the inltsrpbetween dielectr and

magnetic properties (area

Table 1.1.Multiferroic materials and transition temperatures.

Material Ferroelectric | Antiferromagnetic | Ferro/ferrimagnetis
transition(c. transition(Ty) transition(lc.em)
e)
BiFe(;[48] 1103K 647K -
BiMnO3[54] 750K - 105K
YMnOj3[55] 950K 80K -
YCrO;[26] 440K 140K -
ErMnQO;[56] 830K 80K -
ThMnO;[57] 28K 43K -
DyMnO;[58] 19K 39K -
LuMnO;[59] 900K 90K -
HoMnQ;[60] 875K 72K
GaFeQ[61] 220K - 225K
BiMn,Os [62] 35K 39K -
GdMn,0s[63] 30K 40K -
TbMn,0s[64] 39K 42K -
CoCnr0,[29] 26K 93K
*Bi 0.1C01.0MNO,[65] 366K - 184K

*From the series investigated in this the
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Most ferroelectrics are transition metal oxideswimch transition ions have
emptyd shells. These positively charged ions tend to forolecules’ with one or
several of the neighbouring negative oxygen iortss Tollective shift of cations
and anions inside a periodic crystal induces bulkctdc polarization. The
mechanism of the covalent bonding (electronic pgjriin such molecules is the
virtual hopping of electrons from the filled oxygshell to the empty shell of a
transition metal ion. Magnetism, on the contragguires transition metal ions with
partially filled d shells, as the spins of electrons occupying coralyidilled shells
add to zero and do not participate in magnetic rimge The exchange interaction
between uncompensated spins of different ionsngivise to long range magnetic
ordering, also results from the virtual hoppingetéctrons between the ions. This
reveals a kind of similarity in the nature of ongof the two mechanisms, but
obviously, at the experimental level one cannotpfyndo away with the difference
in filling of the d shells required for ferroelectricity and magnetismich makes
these two ordered states mutually exclusive. Inniienal ferroelectrics materials,
structural instability towards the polar state,cagsted with the electronic pairing, is
the main driving force of the transition. On theexthand, polarization is only a part
of a more complex lattice distortion related to metgr ordering, for

magnetoelectric systems [66].

The field of magnetoelectric multiferroics gainedterest in recent years
after the observation of gigantic ferroelectricgg@dation in one of the conventional
multiferroics, BiFeQ@ [67], and the discovery of a new class of multiders
showing a large magnetoelectric effect. A large meagelectric effect (a sudden
change of electric polarization by the applicatioh magnetic fields) has been
observed at the onset field in BiFe@ was established recently that, in a class of
materials known as ‘frustrated magnets’, like tleeopskites RMn@ RMn,Os (R:
rare earths), NV,Os, CuFeQ, spinel CoCsO,, MNWQ,, and hexagonal ferrite
(Ba,Sr}ZnyFe ,0,; [29, 68-74], the control of electric properties fagnetic fields
can be easily achieved. However it is to be mertothat uniqueness of these

materials is not the strength of the magnetoeteciupling or high magnitude of
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electric polarization (in fact electric polarizatiés two to three orders of magnitude
smaller than in typical ferroelectrics), ratheiisithe high sensitivity of the dielectric
properties achievable by the characteristic com@pix structures of frustrated
magnets in an applied magnetic field [70, 75-81heSe studies indicate the
emergence of a new class of ferroelectrics with me#igally controlled
ferroelectricity, which is quite different from kwnm ferroelectrics. This
magnetically induced ferroelectricity leads to sganagnetoelectric coupling and
consequently large magnetoelectric effects. Suchemass, in which electric
polarization can be tuned by magnetic ordering,theebest candidates for useful

multiferroic device applications.

From the fundamentals of electricity and magnetignis known that the
electric polarizationP and electric fieldE change sign on the inversion of all
coordinates,r — —r, but remaininvariant on time reversal, — —t, while the
magnetizatiorM andmagnetic fieldH transform in precisely the other way: with
the time reversal changing the sign and spatiarsion leaving them unchanged.
Because of this difference in transformation prapsy thelinear coupling between
(P, E) and M, H) described by Maxwell’'®quations is only possible when these
vectors vary both in spacand in time: like, the spatial derivatives Bf are
proportionalto the time derivative off and vice versarhe coupling between static
P andM can only be nonlinear. Nonlinear coupling resutterf the interplay of
charge, spin, orbital and lattice degrees of foeed For cubic crystals, the allowed

form of the magnetically induced electric polanaatis [76, 77, and 80],
Px[(M:-V)M -M(V - M)] ---- (1.21)

Here the frustration induces spatial variationsnmdignetization. The period of
magnetic states in frustrated systems depends@mgsits of competing interactions
and is often incommensurate with the period of taylattice. For example, a spin
chain with a ferromagnetic interactich< 0 between neighbouring spins has a

uniform ground state with all parallel spins.
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Fig. 1.13.Frustrated spin chains with the nearest-neighboivt &nd next nearest-
neighbour AFM interactions J and H)(ground state is a magnetic spiral for 3" /|J |
> 1/4 (b) The chain has the up—up—down—down ground stat& f/|J | > Y.

An antiferromagnetic next-nearest-neighbour intéoac]l” > O frustrates this simple
ordering, and when sufficiently strong, stabilizespiral magnetic state, &ee Fig.

1.13a & b)[66]. Similar to the other types of magnetic ordgrithe magnetic spiral
spontaneously breaks time-reversal symmetry. Initiaddit breaks inversion

symmetry, because the change of the sign of alidioates inverts the direction of
the rotation of spins in the spiral. Thus, the syetisnof the spiral state allows for a
simultaneous presence of electric polarization,diga of which is coupled to the

direction of spin rotation [66].

Spiral states are characterized by two vectorswinee vectoQ and the axis
e around which spins rotate. Wheéhis parallel to the chain direction, as shown in
Fig 1.13(a) and 1.14(c), induced electric dipolemmeat, which will be orthogonal

both toQ ande, can be obtained as,
PllexQ - (1.22)

Ferroelectricity induced in many of the magnetigradp was attributed to the
antisymmetric Dzyaloshinskii—Moriya (DM) interaatio [78-82], which is
determined a®npi1 - S X Si1, WhereDp e is the Dzyaloshinskii vector [83, 84].
This interaction is a relativistic correction teetbsual superexchange interaction and
its strength is proportional to the spin—orbit cling constant. The DM interaction
favours non-collinear spin ordering. It generategakv ferromagnetism in

antiferromagnetic layers of k@uQ,, the parent compound of many of the high-
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temperature superconductors [85]. It also transfotire collinear Néel state in
ferroelectric BiFe®@ into a magnetic spiral [86]. Ferroelectricity irdal by spiral
magnetic ordering is the inverse effect, resulfirgm exchange-striction; that is,
lattice relaxation in a magnetically ordered stdtke exchange between spins of
transition metal ions is usually mediated by ligarike oxygen ions, forming bonds
between pairs of transition metals. The Dzyalogtiingctor D, n+1 iS proportional
to X X rnn+1, Wherer,n41 iS @ unit vector along the line connecting the nedig ions

n andn+1, andx is the shift of the oxygen ion from this line (déig. 1.14a)[66].
Consequently, the energy of the DM interaction éases withx, depicting that the
degree of inversion symmetry breaks at the oxygenls the spiral state the vector
productS, x S,+1 has the same sign for all pairs of neighbouringpspSo DM
interaction pushes negative oxygen ions in onectime perpendicular to the spin
chain formed Dby positive magnetic ions, and induedsctric polarization
perpendicular to the chain [81] (see Fig. 1.1f88]. Generally, ferroelectricity
owing to magnetic frustration is found more prolealsl perovskite RMng) with

rare earth, R of lower ionic radius.

(a)
""""" 0/0\0/0 O/O\o ﬁ M,y eax
02~ Cu?'
b)
@ Pxe x Q
.. 052 g .0-..2.¢.%.g..! O........ o
02~ Mn2" =~ ‘\ I /. ‘/.

Fig.1.14. Effects of the antisymmetric Dzyaloshinskii—-Moriy#eraction. (a)
Dsyaloshinskii—-Moriya interaction (b) Weak ferromagsm (LaCuO,) and (c)
Weak ferroelectricity (RMng).
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Fig.1.14 (a)66] represents the interactibtpy = D12 - [S; X S;]. The Dzyaloshinskii
vector D, is proportional to spin-orbit coupling constantand depends on the
position of the oxygen ion (open circle) between twagnetic transition metal ions
(filled circles), D1 a Ax x r"1o. Weak ferromagnetism in antiferromagnets (for
example, LaCyO, layers, as in Fig.1.14b) results from the altenuat
Dzyaloshinskii vector, whereas (weak) ferroeledyiccan be induced by the
exchange striction in a magnetic spiral state, twipashes negative oxygen ions in
one direction transverse to the spin chain formegdsitive transition metal ions. In
other words, two non-collinearly coupled magneticonments (canted spin
configuration) displace the oxygen sandwiched by tlvo moments through the
electron — lattice interaction, as pointed out leyginko & Dagotto [81]Thus,
canted spin configuration polarizes the oxygen nidgahrough electron-lattice
interaction.

1.7 Aim of present work.

It is well known from the literature that till dathere is no material which
has magnetoelectric properties i.e. ferroelecyriaitd ferromagnetism in the same
phase at practically useful temperatures. So, teeeldpment of such type of
material, which has magnetoelectric propertiesames phase at useful temperatures,
will be a milestone for the modern technology. Hien of the present work is to
develop a new multiferroic material.

These materials have potential applications imtkenory devices where one
can write ferroelectrically and read magneticalig aice versa. In the present thesis
we have taken the magnetic &#mO, having spinel structure and substituted
magnetic cations with non-magnetic®Bhaving stereochemically active *6fone
pair of electrons. The motivation behind Bi-sulsitn is the electric polarization it
can induce through non-centrosymmetric charge ordeand the magnetic
frustration through lattice distortion, in the sgb cubic spinel oxide. A detailed
study on the magnetoelectric multiferroic propesrt® Co-based spinel oxides is
rarely found in the literature. Cofd,;, CoMnO4, CoMNnO,4; CoFeO, NiCOy,
CuMnCoQ, InFeCoQ are some of the important cobalt based ferrimagseinel
oxidesinvestigated owing to the variety of exciting fuocial properties. These
materials are time honored systems due to theirzempamagnetic and electric
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properties in which one can certainly envisage raetagiectric property that can be
tuned by changing the chemical composition throcagion redistributiof87, 88].

This thesis presents such a detailed investigatfahe structural, electrical
and magnetic properties, starting from the scrap.afy technological application,
thin films with good electrical and magnetic praps are desired, which
necessitates the fabrication of thin films of spiorides. Of the several growth
techniques available in this context, pulsed lategosition stands far ahead than
any other technique by virtue of its stoichiomeatmgintaining nature in the film as
that of the target and non equilibrium nature sfriteraction with the target.

Further, the interest in the swift heavy ion (SHixdiation on spinel oxides
is because of the effect of irradiation on the sepehange interactions, which are
highly sensitive to any disorder in such materidlse multifunctional properties of
the magnetoelectric materials (ferroelectric ordaragnetic properties) are known
to be tunable by introducing some defects. Thetdvafivy ion irradiation is known
to create the controlled defects in the materiajgedding on the choice of ion and
its energy. SHI has been widely used to understaeddamage structure and the
modification in the physical properties of the metis. Moreover, SHI has been
proved a good source to produce a wide variety efeats which can create
structural strain and disorder in oxide materiakssponsible for modifying the
physical properties of materials.

By considering all the above mentioned issues thegmt thesis aims:

1. Substitution of non-magnetic Bihaving stereochemically active?ésne pair of
electrons in CgMnQO, spinel oxide, in order to introduce ferroelectsicalong
with magnetic frustration, and to understand stmadf electrical, electronic,
magnetic and magnetoelectric properties.

2. From the application point of view, the synthesmatof thin films using pulsed
laser deposition (PLD). First, the optimization gowth conditions and then
characterization of the thin films.

3. To investigate the effect of swift heavy ion (SHtadiation on the structural and
magnetic properties and setting up the optimizedarpaters such as ions,
fluence, energy etc. for engineering multiferroiogerties of materials.
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Chapter 2

Experimental Techniques for Preparation and

Characterization

This chapter presents a brief description of material processing techniques; solid-
state reaction route for the polycrystalline bulk, samples and pulsed laser ablation
technique for thin films. An outline of swift heavy ion irradiation is also provided.
The characterization techniques opted for the study of structural, electrical,

magnetic and magnetoelectric properties of bulk, and thin films have been
discussed.
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2.1 Synthesis of bulk materials

2.1.1 Solid-state reaction technique

Various types of methods are known for the synshekthe bulk materials
such as solid-state reaction [1-6], sol gel [7] awdprecipitation [8, 9]. In the
present thesis, the polycrystalline bulk samplesBb$ubstituted CgMnO, have
been synthesized by solid-state reaction techniginéch involves a simple and

straightforward process. This process is carrigdrovarious steps such as:

(i) Mixing the required oxide powders in appropria@dtiometric proportion
(i) Calcination
(i) Pelletization

(iv) Sintering
0] Mixing of powders

For the preparation of BLo,xMnO, samples, high purityX 99.99% pure)
fine powders of cobalt oxide (@04), manganese oxide (MaPand bismuth oxide
(Bi»O3) were weighed and mixed in stoichiometric progmrtthoroughly. This was
followed by grinding in highly pure acetone usingartar and pestle. This process
is carried out for several hours in order to achigeod homogeneity in the mixed

powder.
(i) Calcination

The decomposition of the mixed powder by heatiapl its melting point
is known as calcination. The intention of calcioatiprocedure is to felicitate the
decomposition of the substituent oxides/carbonatesloss of moisture in order to
establish the course of nucleation for the graowdin. Mixed powders were kept in
alumina crucible and heated in the box furnace nrbiant environment. During
calcination, homogeneously mixed powder is heatedan intermediate high
temperature, lower than the final sintering tempem For B{Co,.xMnO, samples,
the powders were calcined at 800 for 12 hours. Calcination was repeated three to
four times with intermediate grinding and every dirmalcination temperature was
kept higher than the previous step.
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(i)  Pelletization

In order to increase the solid state reaction gjba oxides used and for the
purpose of the experimental characterizationsc#igined powders must be brought
into the required high densities and shapes, befieréinal sintering process. This is
achieved by using die-press technique in whicheaofliproper shape was filled with
calcined powder and pressed using hydraulic preds tan. In the present case,
pelletization was done using a dye of 10 mm andmib diameter and circular
pellets of thickness ~ 2 to 3 mm were made.

(iv)  Sintering

After pelletization of the calcined powder, thellgs are sintered at
relatively higher temperature and for longer dwmatiThis is followed by slow
cooling with a suitable predefined rate, which ssemtial and important to bring in
the required oxygen content in the material. FQCBi,MnO, bulk pellets, the final
sintering temperature was maintained at 1000for 24 hours followed by slow
cooling at the rate of 3C /minute and the heat treatment was repeated twitte
intermediate grinding. Fig. 2.1 shows the flow ¢hesed for the preparation of bulk
samples.

SOLID-STATE REACTION TECHNIQUE

AR GRADE OXIDES IN STOICHIOMETRIC AMOUNTS

Co0304 I[ MnO» ]l I[ Bi,O3 ]I

MIXED THROUGHLY AND GRINDED USING MORTAR AND
PESTLE FOR ~TWO HOUR

PELLETS OF CIRCULAR SHAPE COMPRESSED FROM
DRIED POWDER USING 2% PVC

L 14

FINALSINTERINGAT 1000 °C FOR 24 HOURS

L

FINALPRODUCT (BULK MULTIFERROIC) SAMPLES OF
BixCo0,4xMnO 4

Fig. 2.1.Flow chart for the preparation of bulk samples
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2.2 Thin film deposition: Pulsed Laser Deposition®LD) Technique

The various techniques for thin film depositiom gmulsed laser deposition
(PLD) [10-15], chemical vapour deposition (CVD), tadeorganic chemical vapour
deposition (MOCVD) [16-20]DC and RF sputtering [21-25], molecular beam
epitaxy (MBE) [26], thermal evaporation [27], sag[28] etc. Among these
techniques, PLD is one of the most commonly usedtte thin film growth of
multicomponent systems. The basic process invoivedll the film deposition
techniques is to evaporate the material to prowatignic or molecular species in
sufficient background pressure and carry them &pioperly heated substrate of
particular choice. The choice of substrate fortthia film deposition is guided by
the lattice parameter of the compound and subsiisateell as the orientation of the
substrate. It has been established that high gugdih films of multicomponent
oxides such as E®,;, CoFeO, BiFeQ;, AMg1xFeO, (A = Zn, Ti), SpCoO,,
MnFe0,, YBaCuwO7-5and several other materials can be successfullyrgtoy
PLD [29-36].

The advantage of PLD technique lies in the fact thenaintains the target
stoichiometry in the films, which has been foundfidlilt for other conventional
techniques such as evaporation, sputtering, ettntex lasers such as Xek £ 352
nm); XeCl(A = 308 nm); KrF X = 248 nm); KrCI A = 222 nm); ArF X = 193 nm);
and K (A = 157 nm) are commercially available and can bel use thin film
deposition. It uses a pulsed laser beam, usualty nod necessarily, from an
ultraviolet Excimer laser with pulse energy of abbul. The typical duration of the
laser pulse is a few tens of nanosecond. Becausaabf a short duration of pulse,
tremendous power (~ 10 - 100 MW/pulse) is delivarethe target. This is because
of the nonequilibrium nature of PLD, in the sensat tthe absorption of energy and
ablation take place in a very short time, usuallghim a nanosecond, before

thermodynamic equilibrium is reached.

When a laser beam of energy density above the maktiEpendent critical
value is incident on the target, a large amounerrgy is deposited into a few

hundred-nanometer depth from the surface withirery ghort time scale. Due to
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such a transient energy transfer, temperature efstirface layers is raised to a
sufficiently high value (higher than the meltingmgerature of the material) and
thus the melting of material starts at the surfdd¢e process taking place in a very
short duration of time scale causes a rapid ejeaifothe laser-induced plasma of
materials at right angle from the surface of thegdt in the forward direction
towards the substrate. The plasma plume containrfouga excited atoms,
molecules, ions and neutral species. This plasnekiguexpands away from the
target towards the substrate where the adiabagiareston of plasma at the surface
of the heated substrate takes place and leade tgréfwth of the desired thin film.
While PLD is recognized to transport the stoichitnpérom the target to the film,

there are several parameters, which immenselyendia the growth and properties

8 nm Exci
Laser Sourc

of thin films.

Substrate

(AR

Fig. 2.2.A schematic view of pulsed laser deposition tecaleiq
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These parameters are laser energy density fallmghe surface of the target,

ambient background pressure during and after deposipulse repetition rate,
temperature of the substrate, choice and oriemtatiche substrate itself, target to
substrate distance etc. Laser energy density istah factor, which affects the
properties of films. If the energy density is Ialwve complex target molecules do not
evaporate congruently and if very high, dropletdkef particles is deposited on the
substrate. The oxygen partial pressure too iscatifior the thin film growth of the
multiferroics to compensate the loss of oxygerhim ¢eramic target itself or during
the course of transfer of the excited atomic/mdkacspecies from the target to the

substrate.

For this research work, thin films of Bi-substitit€ ,MnO, were grown by
PLD technique. Typical schematic of the pulsedra@eposition technique is shown
in Fig. 2.2. The thin film deposition was performadUGC-DAE Consortium for

Scientific Research, Indore, India.
2.3 Characterization techniques

2.3.1 X-ray diffraction

X-ray diffraction (XRD) was first demonstrated Bhyon Laue in 1912.
Today, x-ray diffraction [37] is a routine technetfor the characterization of the
materials. A rich variety of information can be raxted from XRD. This is an
appropriate technique for both forms of samplesthia film as well as bulk. Using
this technique, one can get the information regarthe crystallinity of the material,
nature of the phase present, lattice parametegeaid size [38]. In the case of the
thin films, the change in the lattice parametehwéspect to the bulk indicates the

nature of the strain present in the films.

The basic principle behind XRD is explained the Bragg’'s equation which
gives the condition for the constructive interfererior the scattered x-ray from the
successive atomic planes formed by the crystatéatif the material. The Bragg's

diffraction condition is given by

2dsingd = nA ---(2.1)
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where A is the wavelength of the incident X-ray, d is tHestance between

interatomic planesfis the glancing angle amdis an integer representing the order

of diffraction.

Incident X-rays Scattered Aetector

Fig. 2.3.A representation of X-ray diffraction.

In thin films, X-rays are diffracted by the oriedterystallites at a particular angle to
satisfy the Bragg's condition. By knowing the valoied and A, one can calculate
the interplanar spacing. The XRD pattern can bertak various modes such és
26 scan modeg - 26 rocking curve, andp scan. In thed - 26 scan mode, a
monochromatic beam of X-ray is incident on the slang an angle of with the
sample surface. The detector motion is coupled thighX-ray source in such a way
that it always makes an anglé ®ith the incident direction of the X-ray beam (Fig
2.3). The resulting spectrum is a plot betweenirthensity recorded by the detector

versus &.

] ]
Fig. 2.4.X-ray diffractometer machine used for this work.

47



efp@pfw 2: Enperimental and @/LWGZ%W(M 7@0/%&%

In this work, Bruker D8 Advanced Diffractometer €sEig.2.4) with Cu K
(A = 1.542 A) was used for the phase detection ok polwders and thin films at
Inter-University Accelerator Centre, New Delhi. Rodemperature powder X-ray
diffraction (XRD) studies of the samples were perfed within the 8 range of 1%
to 75. The lattice spacind was calculated using Bragg's equation (see ed), 2.
which is further utilized to calculate lattice ctarst. The analysis of the XRD
pattern was done using Powder-X software [39].

2.3.2 Near Edge X-ray Absorption Fine Structure Spetroscopy (NEXAFS)
studies

X-ray absorption fine structure (XAFS) refers te thetails of how x-rays are
absorbed by an atom at energies near and abowtldevel binding energies of
that atom [40]. When the x-rays hit a sample, tkeillating electric field of the
electromagnetic radiation interacts with the etmtdrwhich are bound in an atom.
Either the radiation will be scattered by thesetetans or absorbed, which excite the
electrons. A narrow parallel monochromatic x-ray beam of isignl, passing

through a sample of thicknesswill get a reduced intensity according to the
expression:
I =loexp (-4 X) --(2.2)

wherep is the linear absorption coefficient, which depend the types of atom and
the densityp of the material. At certain energies where theoglifon increases
drastically, gives rise to an absorption edge.

Scattered x-ray

Floresoence X-ray

I

Fig. 2.5.Schematic diagram of x-ray absorption phenomenon.
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Each such edge occurs when the energy of the mcya®ton is just sufficient to

cause excitation of a core electron of the absgrhtom to a continuum state, i.e. to
produce a photoelectron. Thus, the energies oaliserbed radiation at these edges
correspond to the binding energies of electronthéK, L, M, etc, shells of the
absorbing elements. The absorption edges are thhel¢he order of increasing

energy, K, L, L, L, M,,...., corresponding to the excitation of an electhimm

the 1s 2(Sl/z), 2s (281/2), 2p (2P1/2), 2p (2P3/2), 3s (231/2), ... orbitals (states),

respectively. An x-ray absorption spectrum is gelyerdivided into four sections
(see Fig. 2.6): (i) pre-edge (E <)E(ii) x-ray absorption near edge structure
(XANES), where the energy of the incident x-rayeia E = E + 10 eV; (iii) near

edge x-ray absorption fine structure (NEXAFS), he tegion between 10 eV up to
50 eV above the edge; and (iv) extended x-ray gtisor fine structure (EXAFS),
which starts approximately from 50 eV and continupgo 1000 eV above the edge.
The minor features in the pre-edge region are lysdak to the electron transitions
from the core level to the higher unfilled or héled orbitals (e.gs— p, orp —

d). In the XANES region, transitions of core eleaoto non-bound levels with
close energy occur. Because of the high probatfityuch transition, a sudden rise
in absorption process is observed.

2.0 — ;
S
I
| FEXAR EXAFS
: 1 e
1.5 Cl i
1 I
i I
1 ] 1
1 1 1
i ] I
1 1 1
1 ] 1
[} ] ]
1.0 edge | | | |
Al
i I ]
1 ] ]
1 1 1
1 ] ]
| 1 1
0.5 - |
| 1 1
I ] ]
In.
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1 1
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Fig. 2.6. X-ray absorption spectrum in pre-edge, XANES, NEXARd EXAFS
regions
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In NEXAFS, the ejected photoelectrons have low tinenergy (E-Eis small) and

experience strong multiple scattering by the fasid even higher coordinating

shells. In the EXAFS region, the photoelectronsehbigh kinetic energy (E-Hs

large) and single scattering by the nearest neigidp@atoms normally dominates.

In the present work NEXAFS measurements QCB;.xMnO, (0.0< x < 0.3)
along with C@0O,4, CoO, MnO, MnQ, and BjO; at O K, Co s, and Mn L3, edges
were performed at the soft x-ray beam line 7B1 XWST of the Pohang Light
Source (PLS), operating at 2.5 GeV with a maximtonagje current of 200 mA. All
the samples were scraped with diamond foil prioth® measurements in order to
remove the surface contaminants. The spectra viendtaneously collected in the
total electron yield (TEY) mode and the fluoresaengeld (FY) mode at room
temperature in a vacuum better than 1.5%T@rr. The spectra in the two modes
turned out to be nearly identical indicating thia¢ systems are so stable that the
surface contamination effects are negligible evethe TEY mode. All the spectra
were normalized to incident photon flux and thergpeaesolution was better than
0.2eV.

2.3.3 X-ray Magnetic Circular Dichroism (XMCD) studies

In optics, the term "dichroism" refers to changestlhe absorption of
polarized light on passing through a material iro tdifferent directions. First
verification of XMCD was done in 1987 by Schugrz al [41] and thereafter this
technique in XAS has become a widely useful toolaagrobe for the element-
specific characterization of magnetic materialse Tdrowing interest in XMCD
stems partly from the growing availability of tumebhigh brilliance x-rays
(synchrotron) and is partly from the unique posybito analyze the magnetic
moments not only element specific, but also sepdraito their spin and orbital
contributions. The concepts of XMCD are illustratadrig. 2.7 [42]. Simple sum
rules can be used to separate out the spin antlocbintributions to the magnetism
[43, 44]. The first x-ray absorption sum rule lirtke total intensity of thejdand L,
resonances with the N number of empty d stateeg¢hollhe d valence shell can

hold up to 10 electrons which are filled into batates up to the Fermi level and the
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number of filled states is therefore 10 -N. For agmetic material the d shell has a

spin moment which is given by the imbalance of sprand spin-down electrons or
equivalently (except for the sign) by the imbalantepin-up and spin-down holes.
In order to measure the difference in the numbet bbles with up and down spin,
we need to make the x-ray absorption process sgpertient. This is done by the
use of right or left circularly polarized photonshish transfer their angular

momentum to the excited photoelectron.

Fig. 2.7 represents the electronic transitions anventional L-edge x-ray
absorption (a), and x-ray magnetic circular x-raghtbism (b, c), illustrated in a
one-electron model. The transitions occur from ghm-orbit split 2p core shell to
empty conduction band states. In conventional xatagorption, the total transition
intensity of the two peaks is proportional to themer of d holes (first sum rule).
By use of circularly polarized x-rays, the spin mesrh(b) and orbital moment (c)
can be determined from linear combinations of tiokrdic difference intensities A
and B, according to other sum rules. To separaespin and the orbital part of the
magnetic moment contribution of transition metal{T following formulae is used

as per sum rule [43, 44]:

_2(A+B) L
(L) == N (2.3)
_(A-2B)
(8= N @4

In the above equation8,andB are the areas under thg and L-edge respectively
for the XMCD curvesC in the above equations is the area under theelge
XANES spectra andll is the number of holes in tt3el orbital of TM. The sum rules
have been tested by comparison with experimentasorements and theoretical
calculations [45]; they are generally accurate wnigbout 10% error. One possible
source of error is found for the early transitioretats, such as Cr, where the
multiplet effects are larger than thp &pin-orbit coupling and hence the &nd Ls-

edges cannot be separated, however, it will nehbease here.
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Fig. 2.7. Concepts of XMCD.

XMCD measurements presented in this thesis at £0abhd Mn Ls; edges
were performed at the European Synchrotron Radidtarility (ESRF) ID08 beam
line, which uses an APPLE Il type undulator givirRg100 % linear/circular
polarization. All scans were collected simultandpus both total electron yield
(TEY) and total fluorescence yield (TFY) modes, wimgy both surface and bulk
sensitivities. The spectra werermalized to incident photon flux and the base
pressure of the experimental chamber was bettarara0" Torr.

2.3.4 Raman spectroscopy

When light is scattered by a molecule most photmeselastically scattered.
The scattered photons have the same energy (freguand therefore the same
wavelength, as that of incident photons. Howevesmall fraction of light (~ 1 in
10" photons) is scattered at optical frequencies wiffe from, and usually lower
than, the frequency of the incident photons. Thecgss leading to this inelastic
scattering is called the Raman effect [46].
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Raman scattering can occur with a change in vilmati rotational or

electronic energy of a molecule. The differencemergy between incident photon
and Raman scattered photon is equal to the endrgjpbtion of the scattering

molecule. A plot of the intensity of scattered tiglersus energy difference is the
Raman spectrum. Raman spectroscopy is a spectiosteghnique used in

condensed matter physics and chemistry to studyibiational, rotational and other
low frequency modes in a system. It relies on istidascattering, or Raman
scattering of monochromatic light, usually fromaadr in the visible, near infrared
or near ultraviolet range. The laser light intesagith phonons or other excitations
in the system, causing the energy of the laserguisdbeing shifted up or down. The
shift in energy gives information about the phonaodes in the system. Typically, a
sample is illuminated with a laser beam and thght [from the illuminated spot is

collected with a lens, and sent through a monochtomWavelengths close to the
laser beam, due to elastic Rayleigh scatteringfikeed out while the rest of the

collected light is dispersed onto a detector. Spomdus Raman scattering is
typically very weak, and as a result the main diffy of Raman spectroscopy is the
separation of the weak inelastically scatteredtliffiom the intense Rayleigh

scattered laser light. Raman spectrometers typiaadle holographic diffraction

gratings and multiple dispersion stages to achéeligh degree of laser rejection. In
the past, photomultiplier tube (PMT) was used dedlers for the dispersive Raman
setups, which necessitated longer acquisition tinkésvever the recent use of
charged coupled devices (CCD) detectors facilitadéspersive Raman spectra,
where acquisition is much faster.

Basic theory

The Raman Effect occurs when light impinges upomoéecule and interacts
with the electron clouglof the bonds of that molecule. The incident phat®nites
one of the electrons into a virtual state. For spentaneous Raman Effect, the
molecule will be excited from the ground state toirdual energy state, and relax
into a vibrational excited state, which generatésk& Raman scattering. If the
molecule was already in an elevated vibrationafgnstate, the Raman scattering is

then called Anti-Stokes Raman scattering (Fig.2.8).

53



efm/p/fw 2: Enperimental and @é@@of‘%%ﬁ(m 7@0/%1%%%

A change in molecular polarizability or the defotioa of the electron clou

with respect to the vibrational coordinate is regdifor the molecule to exhibit tl
Raman Effect The change of polarizability will determine theansity ofRaman
spectra, where the Raman shift is equal to theatidomal levels involves

. Virtual
A state
........ A R
- Incident Stokes Incident Anti-Stokes
Energy photon scatter photon scatter
v  Linal Initial
Vibrational
Initial vy Final levels
(a) (b)

Fig. 2.8.Energy level diagram of Raman scatter

In thiswork, Raman measurements were performed by usimgoMRamar
spectrometer(Model H-800, Jobin Yvon) employing He-Ne laser € 488 nm).
The measured resolution of the spectrometer is ™. Spectra were collected
backscattering geometry using charge coupled def@€&D) with laser power
mW and incident laser beafocused into a diameter of 2um. Notch filis used to
suppress the Rayleigh lig

2.3.5Scanning Electron Microscop' (SEM)

Scanning electron microsce (SEM), shown in Fig. 2.9, isse( for probing
of the surfaces and microstructural characterinatibthe solid sample«47]. This
technique iswidely used to get information about the topogragphifeatures
morphology, phase dribution, crystal structure, csyal orientation and tr
presence and location of defe In SEM, the electron beams are moved by
electric field to scan the samy In this techniquea beam of electron is produced
heating of a metallic filament. The electron bearmgused with the help «
electromagnetic lensefalls on the sample with energy typicall33-keV When the

beam strikeson the surface of the sam; backscatterectlectrons,secondary
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electrons, Auger electrons and photons are ejeftted the sample with typical

energy values.

Filament
Electron Gun
(Thermionic)

Bias
Resistor _’

High Voltage
Supply g

Condenser
Lens

Objective

— | S—
Working | Lens
Distance
Ivergencg’| X
gle E Specimen

(@) (b)

Fig. 2.9.(a) Automated SEM set up afio) Schematic diagram of scanning electron

microscope (SEM)

Detectors collect the secondary or backscattemtirehs and an image is produced
on a cathode ray tube screen by recording the sitjenf the detected signal as a
function of position. The signal magnitude varissaaresult of differences in surface
topography as the electron beam is scanned adressample surface. In this way,
SEM can be employed to visualize surface featuréls a good resolution of the

order of nanometers.

In this work, morphological and microstructural tig@s of BiC0, «MnO,
were investigated with a scanning electron micrpec&EM Hitachi (Japan) model
No: S3400N and quantitative analysis was made wath electron beam
microanalyser equipped with an energy dispersiveayx-analysis (EDAX)

capability.
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2.3.6 Atomic Force Microscopy (AFM)

Atomic force microscopy [48] is a powerful techngqdor probing the
surface of the thin film and deducing valuable infation of its topological features
fastly and accurately. AFM operates by scanning@isi very sharp and tiny tip
attached to the end of a cantilever across the Isasysface (Fig. 2.10). The tip
approaches the surface of the sample and intengittst via Vander Waals forces.
The interaction translates in a cantilever deftactor a change in the cantilever’s
oscillating frequency, depending on the operationatle of the AFM;contact or
tapping. The deflection or the frequency changeb®fcantilever are detected by an
optical system consisting of a laser beam, whicteflected on the cantilever. The
vertical and the horizontal deflections are measuseng a split photodiode detector
that analyses the reflected beam. The displacewfetiie cantilever in the three
directions is done by means of a piezoelectric msegncombining independently
operated piezo-electrodes, for X, Y and Z directioto a single tube. The two
operating modes that have been used, contact-Add tapping—AFM, are

described in more detail in the following text.
2.3.6.1 Contact mode AFM

As mentioned already, the changes in the cantievdeflection are
monitored with a split photodiode detector when tipeis scanning the sample
surface [49]. A feedback loop maintains a constigfiection between the cantilever
and the sample by vertically moving the scannesaath data point to maintain a
‘set-point’ deflection. By maintaining a constardantilever deflection, the force
between the tip and the sample remains constamt.fdite F is calculated from
Hook’s law: F = -k x, wherek is the spring constant amdis the deflection. Spring
constants usually range from 0.01 to 1.0 N/m, texsylin forces ranging fromN to
UN. The distance that scanner moves vertically eh gmint (x, y), is stored by the

computer to form the topographic image of the sigfa
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2.3.6.2 Tapping mode AFM

In tapping mode, the cantilever is oscillated niggrresonance frequency
with the amplitude ranging typically from 20 to 1@én. The tip lightly ‘taps’ the
surface while scanning, and make contact with tinfase at the bottom of its swing.
The feedback loop maintains constant oscillationplaode by maintaining a
constant RMS of the oscillation signal acquiredthy split photodiode detector. In
order to maintain constant oscillation amplitudes scanner has to move vertically
at each point (x, y). The vertical position of se&anner is stored by the computer, to
form the topographic image of the sample surfat¢his work, to study topographic
and morphology of the Bi-substituted SnO, thin films, AFM measurements
have been carried out using Nanoscope Il a (Oigistruments) at Inter-University
Accelerator Center, New Delhi, INDIA.

—— Feedback loop 4’@
’ Laser

@

i
Detector o
7 [ Scanner tbe
- Piezo
Splitdgileiit;fiode \\ I L™ Tip & cantilever

‘ Sample surface

Fig. 2.10.Schematic diagram of Atomic Force Microscope (AFM)

2.3.7 Magnetic Force Microscopy (MFM)

The magnetic force imaging is a feature providedthy magnetic force
microscope. This method is similar to AFM but tie af AFM is changed to the

magnetic tip of silicon nitrite coated with cobeltfomium. Magnetic force
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Microscope was operated in a phase detection md@eely a cantilever is forced
to oscillate at its resonance frequency and snielhge in phase due to magnetic
interaction is detected. The image obtained isdahthe force gradient dF/dz above
the sample such thatyp = -Q(dF/dz)/k where Q is the quality factor of the
cantilever and is the spring constant. The force acting on thgmatc tip in the z

direction is related to the interaction enekyysuch thaf, = dE/dz

In MFM, measurement tip is first scanned over thegle in order to obtain
the topographic information. After each scan lithe, feedback is turned off and the
tip is raised above the sample to a user-defineghh€20-100 nm) to perform a
second scan of the surface measuring any far &ieidribution, such as magnetic
forces (at that height only long range forces cardbtected, while Vander Walls
forces related to the topography are negligible)e Topography data acquired
during the first scan are used to maintain thetip constant height. The existence
of magnetic forces shifts the resonant frequencyhef cantilever by an amount
proportional to vertical gradients in the magneficces on the tip. Resonant
frequency shifts are very small (from 1 to 5 Hz &oresonant frequency of about
100 Hz) and can be detected either by phase dmteatiode or by amplitude
detection mode. Phase detection measures theesamtd oscillation phase relative
to the piezo-drive, and amplitude detection meastine oscillation amplitude. In
both cases, the measured signal is proportiontlesecond derivative of the stray
field, emanated from the sample [50]. Phase detedcsi much superior to amplitude
detection. In the present work, to probe the domgattern in the thin films,
Magnetic Force Microscopy (MFM) has been carried o a Nanoscope Il a

(Digital Instruments) at Inter-University AcceleratCentre, New Delhi, INDIA.
2.3.8 Electrical transport measurements

In the present work, the dc conductivity measuremenhthe samples were
performed by an automated resistance measurinqisedt IUAC, New Delhi;
consisting a standard four-probe unit and Keittdsctrometer (Model 617), in the
temperature range 150 K to 400 K. A cryostat camgjsof variable temperature
probe, inserted in liquid nitrogen (IN container (Fig. 2.11) is used for the
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measurement. The temperature was controlled witluracy of +50 mK using
Lakeshore (Model 340) temperature controller.

2.3.9Dielectric measurement set up

The dielectric properties of the multiferroic \Bio, \MnO, samples have
been carried out with the automated dielectric measent set up at IUAC, New
Delhi. The dielectric constant as a function of pemature reveals the ferroelectric
property of the material. For measuring the dielectonstant of ferroelectric
materials as well as high dielectric materials @aiv Itemperature, a variable
temperature probe has been utilized. By insertimg in liquid nitrogen (LN)
container, one can vary the temperature from 700K5 The detail of the setup is
shown in Fig. 2.11. The system is capable for Wiy type of measurements:

1. Frequency dependent dielectric properties.
2. Temperature (80 K — 500 K) dependent dielectripprbes.
3. Temperature (80 K — 500 K) dependent C-V measurémen

The sample can be electrically connected usingisipaste. The temperature of the
sample is controlled using the Lakeshore tempezatontroller (Model 340) and
stabilized within £50 mK. This setup is fully autated and program has been
written using LabView software. The dielectric ctamg for the bulk sample was
calculated by measuring the capacitance of the mahtéfhe capacitance as a
function of frequency and temperature was measusaty HP4192 precision LCR
meter. Shielded test leads were used for the alatttonnections from the analyzer
to the sample in order to avoid any parasitic ingmee. The samples in the form of
circular pellets were used for the dielectric measwents. Before starting the
measurement the samples were heated a?@@6r 1 hour, so as to homogenize the

charge carriers and to remove the moisture confteanrty.

For the dielectric measurement, surfaces of théetseilvere polished and silver
coated, which were kept at 2@0for 2 hours for stabilization of electrodes.

The value of the dielectric constan?) (was calculated using the formula;

e'=C/C, - (2.5)
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where is the real parof the dielectric constang is the capacitance of the mate!

inserted between the electrodes ay, is the capacitance of the medium as air o
medium between the electrodes. TC, for the parallel plate capacitor can

calculated using the following relati,

Co=6H - (2.6)

KF 40 for connectors

[i%4] — To rotary pump

Stainless steel tube —— M M 4

Valve
"""""""""""""""""""""""" Liquid nitrogen
dewar
: | [
Stainless steel cup ——
; . : Stainless
; steel rod
Sample— A = PL00 sensor
Copper sample _r_1—| «———————— Hole for heater
holder :

Fig. 2.11.Schematic diagram of ttcryostat.

For calculating the dielectric const, the dimensions of the pellet used
measurement were measured with the ve calipers. Using edtions 2.3 & 2.4,

we getfollowing relation for th: calculating the dielectric constant

—Cxt —
“= e

whereg, is permittivity in vacuun~ 8.854 X 10 F/m, C is the capacitance of t
specimen, t is the sample thickness and the area of the specimen ir’. The

imaginary component of dielectric constae") is calculated using the formul

g'=¢&'tand ---- (2.8)
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where tad is the loss tangent, proportional to the ‘losseokrgy from the applied

field into the sample (in fact this energy is disded into heat) and therefore
denoted as dielectric loss. The ac conductivitycasculated from the data of

dielectric constant and loss tangent §amsing the relation

O, = E€,wtand ----(2.9)
where w = 2rt.

2.3.10 Vibrating Sample Magnetometer (VSM)

Most widely used technique for determining the meig properties of wide
variety of magnetic samples is Vibrating Sample Mggmeter (VSM). With this
technique, the magnetic moment of a sample candssuned with high accuracy.
An illustration of VSM is shown in Fig. 2.12. TheSWl is based upon Faraday’s
law, according to which an e.m.f is induced in anductor by a time-varying
magnetic flux. In VSM, a material is subjected tardaform magnetic field and is
made to undergo mechanical vibrations in the Migiof pick-up coil, which causes
the change in magnetic flux. This induces a voltagéhe pick-up coils, which is
proportional to the magnetic moment of the sample.

Vibration unit

Sample

1

Pick-up coil
Magnet unit

Fig. 2.12.An illustration of Vibrating Sample Magnetometer.
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In this study we have used the VSM for the magaétn measurement of
BixC0,.xMnO4 bulk samples from 5 K to the room temperature. iitagnetization
measurements were carried out using the VSM omfoRPMS set up (Quantum
design), within a temperature range, 5 - 300 KearoZield cooled (ZFC) and field
cooled (FC) modes under a constant magnetic fidld 1 kOe). Field dependent
magnetization measurements (M-H) were performedadbus fixed temperatures.

All the measurements were carried out in warmingyges.
2.3.11 Magnetoelectric measurements

The low temperature high magnetic field facility][5lused for
magnetoelectric measurement can cool down to 1.6 Kemperature and can
generate magnetic field up to 8 tesla magnetid figithout liquid cryogen. With
separate attachments the sample space can be ¢oo80 mK (helium 3) and
heated up to 1000K (encapsulated oven). It is glesicompressor open-ended
system purchased from M/s Cryogenics of UK. The p@ssor is water cooled and
requires continuous supply of chilled water (~ 14T the rate 7 lit/minute. The
cooling powers at the first and second stage celtle are 34 W @ 40 Kand 1 W
@ 4.2 K, respectively. The second stage coolirgh&éged between the sample space
and the Nb-Ti superconducting maggi= 9 K). The first stage is connected to an
ultra pure aluminium radiation shield. The magmelaiched to the second stage of

the compressor. A condensation pot is attacheuetotagnet.

When low pressure helium gas from a separate algs&e reservoir is
brought in contact with condensation pot the gamefies and with suitable
pumping, the base temperature of 1.6 K can be aethidt is to be emphasized that
the process is entirely liquid cryogen free. Furtsiace the sample space is always
cooled by the helium vapour, the vibrations duentechanical movement of
displacer do not interfere with the measuremertts. @lock diagram of the cryogen-
free system is shown in Fig. 2.13. The cryostab ateludes a vertical column
where the sample is inserted using a dip-stickidsée temperature insert or VTI), a
superconducting magnet and a condensation pot. Emeperature of the

superconducting magnet always remains at ~ 4 Kpggxoe small variation of the

62



efm/p/fw 2: Enperimental and @ém@%ﬁaﬂ 7@0/%&%

order of 0.5 K during charging and discharginglef tnagnet. The condensation pot
is connected to a separate helium gas recycle stonggiof a reservoir (50 litre

helium gas at 3 psi pressure), an air filter andnapump. The helium gas gets
liquefied locally at the pot and its vapour flown¢atherefore the temperature) in
VTI chamber is controlled by a needle valve. Tahea.6 K, a pressure of 8 mbar is
maintained in the VTI chamber. Controlled heatiggat?5 W-heater near VTI base,

dictates the temperature of the helium vapourestimple space.

Temperatnre Scanner Temperatnre controller 16 pin Connector for
Keithley - 2700 Lakeshore-340 sample characteriration
probes

=T |

— |

VTI pressure Airlock

| ___— valve
Compressor \ .)Fb-'/

Sumitomo O Magnet Power
CSW-71 Supply SMS
120C

T VTI

Cryosiat

Superconducting
magnet

Condensation
o SO }—" pot

il Sample
U holder

Fig. 2.13 Block diagram of the GM cycle based cryocooler arybstat.

Resistive temperature sensors are placed at vapounds in the cryostat
such as the first stage, shield, second stage, ehagondensation pot, and
exchanger exhaust to continuously monitor the sygp@arameters. The resistance
(temperature) at these points is measured usingithl&y 2700 multimeter with a
10 channel scanner. The temperature in the VTl amdthe sample holder is
measured and controlled by Cernox sensors usingkadhore 340 temperature

controller. The Magnet power supply is cryogenic ddbo SMS 120 C. The
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maximum of 8 tesla magnetic field requires currotv of 108 Ampere. The

magnet is fitted with a persistent switch that desivery stable homogeneous field.

The various attachments already implemented wiih gistem installed at
JNU, New Delhi; includedc and ac, resistivity, Hall effect, magneto-resistance,
dielectric constant, andRF penetration depth. The interfacing software and
automation have been developed using LabView soéwehe attachments and the
sample can be taken out of the system without wagnthe system to room
temperature (unlike the Quantum Design PPMS). Thiachieved by an airlock
valve. In this work magnetocapacitance studiesb®en performed by measuring
capacitance as a function of temperature with egpiagnetic field ranging from 0
to 3 Tesla on the bulk and thin film samples. Tieédfis applied parallel to thab

plane of the thin film samples.

2.4. Swift Heavy lon (SHI) Irradiation

To understand the impact of swift heavy ion irréidia on the
magnetoelectric properties of ,Bio, \MnO, thin films, we have utilized Pelletron

accelerator and materials science beam line at [U¥e€v Delhi.
2.4.1 Pelletron accelerator

The 15 UD Pelletron, as shown in Fig. 2.14, is esatle, tandem type of
electrostatic heavy ion accelerator. This is imsthin a vertical configuration in an
insulating tank of 26.5-meter height and 5.5 métediameter. In this machine,
negative ions are produced and pre-accelerate®@0 keV by the cesium sputter
ion source known as SNICS (Source of Negative ln€esium Sputtering) (Now
it has been replaced by MCSNICS (Multi Cathode SB)IT’ he pre-accelerated ions
are injected into strong electrical field inside accelerator tank filled with SF
insulating gas maintained at a pressure of 6 tamospheres. The ion beam is
selected by injector magnet, which selects the mafsghe ion using mass
spectroscopy. The ions are mass analyzed by aedipafinet called injector magnet

and are tuned vertically to downward direction. Tites then enter in the strong
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electrical field inside the accelerator. A termirgell of about 1.52 meter in

diameter and 3.61 meter in height is located atc#dmer of the tank, which can be
charged to a high voltage (~15 MV) by a pellet givag system. The negative ions
on traversing through the accelerating tubes freendolumn top of the tank to the
positive terminal get accelerated. On reachingtémminal they pass through the
stripper (foil or gas), which removes electrongsrirthe negative ions and transforms
the negative ions into positive ions with high cestate. For very heavy ions (A >
50), the lifetime of the carbon foils used in thepper are limited to a few hours
due to radiation damage. Therefore a gas filledalcan a combination of the gas
stripper followed by a foil stripper is used forawg ions. The transformed positive
ions are then repelled away from the positivelyrghd terminal and are accelerated
towards ground potential to bottom of the tankthis way same terminal potential
is used twice to accelerate the ion in tandem. Eletice name given to this

accelerator is a Tandem Pelletron Accelerator.
The final energy of the emerging ions from the &reor is given by,

E; = [Edecpot + (1 + Qi) V] ""(2-10)

wherekE; is the energy of the ions having a charge statdter stripping,V is the
terminal potential in MV andk gecpotiS the deck potential of the SNICS source. On
exciting from the tank, the ions are bent into bomtal plane using analyzing
magnet. This magnet works as an energy analyzerdapdnding on the dipole
magnetic field, ions of particular energy travel tire horizontal direction. The
switching magnet diverts the high-energy ion beato selected beam line of the
beam hall. The ion beam kept centered and focusedj tsteering magnets and

guadruple triplet magnets.

The beam line of the accelerator is in ultra higlcuum (UHV) condition
(~10* mbar). The beam is monitored by beam profile m@&M) and the current
is observed using Faraday cups. The entire madkigemputer controlled and is
operated from the control room. The acceleratoraaelerate ions from proton to

uranium from a few MeV to hundreds of MeV (200 Madépending upon the ion.
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Fig. 2.14.Schematics of the 15UD Pelletron at IUAC, New D&MDIA.
2.4.2 Materials science beam line

The accelerated beam from the Pelletron accelemtorought to the beam
hall and can be switched to any of the seven beaes Iby using the switching
magnet. Materials Science beam line is &t th5the right with respect to the zero
degree beam line. This beam line has three chamfitigh vacuum chambers, ultra
high vacuum chamber and goniometry chamber. Thha faruum chamber is a
cylindrical shaped multiport stainless steel chamBeview of the high vacuum
chamber is shown in Fig. 2.15 (a). The irradiatexperiments were performed in
high vacuum chamber (~ P@nbar) at room temperature in materials science beam
line (see Fig. 2.15(b)). Thin film samples to badiated were mounted on the four
sides of the target ladder (on copper block). Thelesbody of the ladder is made of

stainless steel and a perforated square coppek lidobrazed at the end of the
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ladder. The target ladder is mounted through aMikeal from the top flange of the

chamber. This top flange is connected to the chaittiveugh a flexible bellow that

can be expanding up to 11 cm from its minimum pasit

Fig. 2.15 An overview of (a) Experimental chamber and (b)amals science beam

line at Inter-University Accelerator Center, NewlBieIndia.

A stepper motor in conjunction with suitable medbahassembly is used to
control the up and down motion of the ladder. Tlearb on the ladder can be
observed by observing the luminescence of the lmathe quartz crystal mounted
on all sides of the ladder. After the observatadnthe beam on the quartz, the
sample to be irradiated is brought to the sametipasas that on the quartz by
moving the ladder in the desirable position. A CE&inera is attached to one of the
ports of the chamber for viewing the sample anddisx@rtz position. The positions
can be monitored using close circuit television {®Cin the data acquisition room.
The magnetic scanner (that can sweep the beam by x-direction and 15 mm
in y-direction) ensures the uniform irradiationsaimples. A cylindrical enclosure of
stainless steel surrounds the sample ladder, whikkpt at a negative potential of
120 V. This enclosure suppresses the secondaryraieacoming out of the sample

during the irradiation. An opening in the suppresstows the ion beam to fall on
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the sample. The total number of particles/chargdéng on the sample can be
estimated by a combination of the current integratal the pulse counter (Faraday

cup) from which the irradiation fluence/dose camieasured.

The counts for the desired ion fluence for eachpamtan be calculated
using the following relation:

Dosexqx1.6x1019

No.of Counts = ;
Pulse Height

- (2.11)

2.4.3 lon solid interaction

When an energetic ion passes through the mattexxpiériences a series of
elastic and inelastic collisions with the atoms athiie in its path. These collisions
occur because of the electrical forces betweenntieus and electrons of the
projectile and those of the atoms which constitite solid target. During this
collision the energetic ions transfer its energytelei (by elastic atomic collision)

and electron (by ionization and excitation) of tagyet material by two processes:

1. Elastic collision with the target atoms leadingitsplacement of atoms from
their regular lattice sites. This mode of energnsfer is known as nuclear
energy loss denoted by (dE/@XOr S.. It is well known mechanism of defect
creation in the low energy regime (10 keV ~ few dinels of keV) and it has

negligible contribution in high energy regime (1@Wland above).

2. Inelastic collision with the target electrons cagsitheir excitation/
ionization. This mode of energy transfer is refdrte as electronic energy

loss (dE/dX) or S.

Fig. 2.16 shows the schematic of the two mechasithat occur during the
ion solid interaction. It is well known fact thaten a material is bombarded by the
heavy ion irradiation, it creates damage zonehemtaterial. When swift heavy ion
passes through, the material in the vicinity ofithes trajectory may be transformed
into a disordered state, giving rise to the scechlatent track (damage zone created

along the path of the swift heavy ion).
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Fig. 2.16. lon-solid interaction: Demonstratioiof electronic and nuclear ener:

loss of an ion.

In case of SHI irradiatic, electronic energy loss is the most consider
energy loss process. The emergence of these fimaties result of local electron
energy deposition along the ion path. There, a number of experimental rest
have shown that the higher electronic excitatioms énduce the structur
modifications. This implies that all thS. dependent effects induced in differ
materials are probably related to the basic engegysferbetween the incident ior
and the target atoms. Tvbasicmodels of microscopic energy transfer mechan
namelythermal spike and the coulomb explosion have beseul Wo establish tf
relevant parameters governing the basic energgfeaproces

2.4.3.1 Thermal spike model

Thermal spike model is based on the transient theprocess. This mod
was developed to explain the phase transformation atfter SHI irradiation
According to this model the heavy ion irradiationaynincrease the lattic
temperature that induces solic liquid phase transformationtma localized zone ¢
few nanometer (nm), which is followed by the thermaenching(10™® K/s) of a
cylindrical molten liquid along the ion track. Thresults in the formation ¢
amorphize latent track. The threshold value for the creatd the latent tracks
associated with the energy needed to induce adliphase along the ion pat52,
53].

69



efm/p/fw 2: Enperimental and @ém@%ﬁaﬂ 7@0/%&%

In this process, the incoming ion gives its endrgthe electron gas in ~10s
which is calculated from the collision time of iomith electron. The local
thermalization in electronic system will take™£G to complete. Heat transfer from
the electronic to atomic subsystem becomes sulmtamtl0*to 10*? s depending
on the magnitude of the coupling (electron-electconpling and electron-phonon
coupling) between the subsystems. The electronngiocoupling implies the

ability of electrons to transfer their energy te thttice.

2.4.3.2 Coulomb explosiomodel

In the Coulomb explosion model [54, 55], it ssamed that the incoming ions
scatter the target electrons and create a colufimdey of ionized atoms and the
excited electrons are ejected by the Coulomb réepulsThe electron excitation
energy is rapidly shared with other electrons \&cteon phonon interaction. The
mutual Coulomb repulsion of the ions produces atodisplacements leading to a
dense cloud of interstitial atoms and vacanciesi@lihe original ion trajectory.
This model seems to be well suited for the insotatinaterials. In metals, which
have large electronic mean free path, the freetreles carry away the excitation
energy so efficiently that the sample warms up ashale without considerable

atomic motion.

In the present work, the thin films of ,Bio,«MnO, samples deposited on
various substrates have been irradiated with 209 Mg ions. The Ag ions were

selected to create the columnar defects.
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Chapter 3

Structural and Electrical Studies of

Bi,C02Mn0; (0 S x < 0.3)

This chapter presents detailed study of structural and electrical, properties of the
series of polycrystalline multiferroic Bi,Co, MnO; system prepared by a solid-state
reaction route. The effect of BP** substitutions in Co;MnO, has been studied using
x-ray diffraction (XRD), Scanning Electron Microscopy (SEM), frequency and
temperature dependent dielectric, and dc T ac conductivity measurements.
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3.1. Introduction

Mixed transition metal oxides with general formulaB,O, (A = Zn, Fe,
Co, Ni, Mn, Mg, Cd etc; B = Co, Fe, Cr, Al, Ga, Metc.) where A and B represent
divalent and trivalent cations respectively, ametihonored systems owing to their
interesting magnetic and electric properties, whoetm be tuned accurately by

changing the chemical composition through catiatisteébution [1-5].The crystal
structure of a cubic spinel AB,belongs to B3m (site symmetry Q) space group.

Each unit cell contains 8[AB,] formula units and therefore 32Qons. This close
packing contains 64 tetrahedral interstices and@ahedral interstices coordinated
with O ions. The charge distribution of the normal spiielrepresented by
[A%]8dB2>116d04% 1326 in which Wyckoff positions & denote the tetrahedral sites
and 1@l the octahedral sites surrounded bYidds at 32 sites. Empty interstitial
space is comprised of 16 octahedral sites)(46d 56 tetrahedral sitesb(@nd 48).

All spinel-like structures are characterized byoaggen parametar having a value
around 0.375. Fom = 0.375, the arrangement of Gons is exactly a cubic close
packing (FCC structure). In actual spinel lattidegre is deviation from the ideal
pattern, withu >0.375, resulting in a deformation of oxygen tetdrbes and

octahedrons [6, 7].

Depending on the species and stoichiometry of satmccupying A and B
sites, some of the spinel phase may show multifepmperty. In case of magnetic
spinel chromites, appearance of ferroelectricitg baen explained based on the
conical spin modulation [8]. Spin related ferroéleity was also observed in many
distorted perovskite type magnetic systems [9, E6froelectric and ferromagnetic
properties exhibited by bismuth based magnetic ysértes were attributed to the
covalent bonding between bismuth and oxygen atobis 12]. Recently, first
principles calculations have shown that it is magalistic to have ferrimagnetism,
instead of ferromagnetism, through B-site catiakeoing in the multiferroic oxides
[13]. Subsequently, different ferrimagnetic oxides/e been experimentally probed
for the multiferroic properties. MnWQ[14], TmFeO, [15], MnCr,O4 [16] etc
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belong to the class of ferrimagnetic multiferroieghich are explored by many
research groups and much progress has been madenderstanding their
mechanisms. The geometrical frustration of theickttdegrees of freedom is
considered as the origin of multiferroic behavidrcabic sulpho-spinels [17]. We
have chosen GO, as a starting compound, a very interesting matewaich
exhibits an antiferromagnetic ordering at very l@mperature (¥ ~ 20K) and two
non-equivalent sites of Co. In this material, tistabedrally coordinated Gbexists
in low spin state and the antiferromagnetic oradgerindue to weak A-A interactions.
From the substitution point of view, there is a tdtscope to substitute various
trivalent cations by replacing fraction of €@ns by Al, Mn, Ni, Cr, Ti etc [18]. It
is well known that the cobalt manganese {®m.Os) spinel oxides [19, 20]
crystallize in cubic form (space groupld) for x < 1.2 and tetragonal 41/amd)

type structure for x > 1.2.

The motivation behind the substitution ofBions having 65lone pair of
electrons was to develop the new class of mulbfermaterials with sufficient
magnetoelectric coupling, since it is well knowrfr the literature that Bi can
introduce noncentrosymmetric charge ordering am$eguent polarization [12, 21]
in transition metal oxides that lead into multiféer property. The improved
ferroelectric property with Bi-substitution in @dn0O,4 suggests that this material is
a good candidate for the technological applicationsolving magnetoelectric
multiferroics. In this chapter, we studied the effef Bi ion on the structural and

electrical properties of GMnOs,.
3.2 Results and discussion

3.2.1 Structural (XRD) and morphological (SEM) chagacterizations

The X-ray diffraction (XRD) patterns obtained atomo temperature for
BixC0,xMNnO4, with x = 0.0, 0.1, 0.2 and 0.3 are shown in Eiy.Results of
indexing and refinement of XRD patterns indicate firesence of a single-phase
polycrystalline structure for the synthesized mater The X-ray patterns confirm
the existence of spinel structure with the reflactarising from 111, 220, 311, 222,
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400, 422, 333, 440 and 533 planes. All the samme® good crystallinity and can
be indexed with the Joint Committee on Powder Bdfion Standards (JCPDS) file

80-1544, assuming face centered cubic (FCC) stmrictlihe prepared samples
correspond to the space groug3i, as a disordered spinel in which cations occupy
two non-equivalent sites; tetrahed8al (A Sites) and octahedraéd (B sites).
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Fig. 3.1. X-ray diffraction pattern for the samples BiyC0,.xMnQO, (x = 0, 0.1. 0.2 and
0.3) measured at 300 K and Inset shows the variation of a with composition.

From Fig.3.1, the shift of planes towards lowef @ith the increase in Bi
substitution is clearly observed, indicating thdtide expansion due to the
substitution of C3" by Bi**. This could be attributed to the fact that ioradius of
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Bi®" (1.17A°) is greater than that of €¢0.65A°) and MA" (0.785 A°). The lattice
parameterd’ obtained from the analysis of XRD pattern for 8smples with cubic

unit cell for different compositions are given iretTable. 3.1.

Table 3.1.Lattice constant and unit cell volume for BiyCo,xMnO,.

. Lattice constant,| Unit cell Volume
Composition a (,2'\) (A’)3
x =0.0 8.27268 566.1593
x =0.1 8.31045 573.9494
x =0.2 8.32425 576.8134
x =0.3 8.32796 577.5849

From the XRD results we infer that ,Bio, \MnQ, is having single phase cubic
spinel structure in space groumdm and the lattice constant increases almost
linearly with Bi content up to 0.2, obeying Vegardaw [22]. However, for x = 0.3,

a small increase ina’ is noticed (did not follow the linear behavioeesinset of
Fig.3.1.), which suggests that the system has appea to the solubility limit of Bi

in the system. In these circumstances, it is nédiuto say that only a small amount

of Bi** can be substituted in the system.

Fig. 3.2 shows the SEM micrographs of the@p.xMnO,4 (0.0 < x < 0.3)
samples taken at room temperature. The SEM imstgas a uniformly developed
grain morphology and dense microstructure. The agiaphs of the samples with x
> 0 (Bi substituted) showed relatively greater hgemeity in the microstructure
along with increased grain size. Histograms showrthe inset of each SEM
micrographs quantitatively represent the increagath size (~fim to ~8um) due

to Bi substitution.

Table 3.2.The compositional analysis of BixCo,.xMNnQy,, extracted from EDAX.

Nominal Bi Co Mn Actual Grain size(SEM)
composition composition (pHm)
Bio.cCc;MnQO, 0.0C | 2.C 1.0 CaMnOy 1.7
Bio_]COl_gMnO4 0.0¢ 1.€ 10 Bio_ogCOl_gMnO4 3.8z
Bio_zCOl_gMnO4 0.1¢ 18 10 Bio_lgccl_gMnO4 5.9C
Bi0_3001_7MnO4 0.26 1.7 1.0 Ebi_26001_7MnO4 7.42
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This suggests that Bi-substituted compositions hhigher fraction of bigger
crystalline grains. The stoichiometry of the ab@eenpositions was calculated by
means of an electron beam microanalyser (EDAXth#d to SEM and is shown in
the Table 3.2. It is important to mention that, foigher Bi concentration,
stoichiometry of the sintered composition is founddeviate slightly from that of

the nominal composition.

Fig.3.2. SEM micrographs of BixCo,xMnQ,, for x = 0.0, 0.1, 0.2 and 0.3. Insets
show the respective histograms of grain sizes.

3.2.2 DC conductivity studies

The dc conductivity measured in the temperaturgeda®b0 - 400 K exhibits
semiconducting behavior, with resistivity reduciingm 600Q-cm to 300Q-cm at
room temperature, on increasing Bi-substitutiomy(R3.3). For the sample with x =
0, the resistivity is of the order ofGkcm. The decrease in resistivity can be
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attributed to the Bi-induced stabilization of thaid solution in comparison to less
conducting pure phase, which is evidenced by arease of grain size that reduces
the number of grain boundaries. Also the numberhairge carriers increases as the
number of C8" ions in low spins state decreases on Bi-subsiitutiThe basic
conduction mechanism is taken as the hopping atreles between non-equivalent
valence states existing at octahedral and tetrahsities.

10’
1d€
1d€
1d€
1d§
1d€
16;
i) — ——

150 200 250 300 350 400
Temperature(K)

Resistivity(ohm-cm

Fig. 3.3. Plot of dc resigivity as a function of temperature for BixCo,.xMnO,
(x=0.0,0.1. 0.2 and 0.3) samples.

The dc conductivity behaviour can be explainedgisine Arrhenius relation,
O4c T = 0pexp (-Ect/keT) --- (3.1)

where op is the pre-exponential factor and is a charactesisof the material
depending on lattice parameter and phonon frequ¢d8}, ks is Boltzmann’'s
constant, T is absolute temperature apgdi& the activation energy associated with
the hopping process. The deviation from lineanitythie logog.T vs. 1000/T plots
indicates that the small polaron hopping model atidvonly at relatively higher
temperatures for lower Bi-substitution and overidevtemperature range for higher
Bi-substitution (see Fig. 3.4). The Debye tempesaty, is approximately obtained

as the twice the temperature where curves ofdg@d vs. 1000/T deviates from
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linearity [24]. &, phonon frequencyfy,, obtained fromé) andE, calculated from
the plots of logog.T vs. 1000/T for all the compositions is given iable 3.3. Eis
found to decrease with Bi-substitution in the higteenperature regiohe value of
vpn decreases witthe increasing Bi-substitution, resulting in tveakening of Co-
Mn coupling. Thus, the substitution of Bi the system tends to delocalize the
charges and improwv&e electrical conductivity.

log odCT(ohm'lcm'l-K)
=
S)

[EEN
o
&

10—
25 30 35 40 45 50 55

1000/T(K1)
Fig. 3.4.Log gy T vs. 1000/T plots for BixCo,xMnO,4 (X = 0, 0.1. 0.2 and 0.3)
samples. The dashed lines are fit to the data obtained using equation (3.1).
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Table 3.3.DC activation energy, Debye temperature and phonon frequency at 300
K for BixCo,.xMnOs.

Compositiol | dc activatior Debye Phonon frequenc
energy(eV) | Temperature@ (K) (x 10”) Hertz
x = 0.( 0.181: 629 1.31
x =0.1 0.165: 58¢ 1.2t
X =0.Z 0.162¢ 475 0.9¢
x=0.3 0.1591 429 0.89

According to VRH Model, the dc conductivitgd) is proportional to exp (-
To/T) ¥ Tobeing the characteristic temperature. In the lowperature region, the
conduction may follow the variable range hoppindgRtY) model [25-27]Figure 3.5
shows the variation of loggc vs. TY* which fits linearly in low temperature regime,

indicating the validity of variable range hoppingchanism.
According to VRH theory [25],
keTo = 18°/ N(E) —--- (3.2)

where N(E) is the density of states at the Fermelleand 14 corresponds to the
localization length. From Fig. 3.5, we have fouhdttthe value of Jincreases with
Bi-substitution (F¥* varying from 100 for x = 0.0 to 118 for x = 0.3)hich
suggests the modification of the density of stafBise plots clearly reveal that VRH
model is applicable in the lower temperature rapnfjaneasurement. The mean
hopping distance #T) and hopping energy ) can be written at a given
temperature, T, as [28],

R =2 () (2) — (3.3)
EN(T) =~ kg T3/4T,"/* - (3.4)

Using the fitted values of, in the above equations, the values of M(E
Rn(250 K) andEn(250 K) were estimated by taking the localizatiendth as 0.14
nm, the value reported by Cheegal [29] for this type of material. The above
parameters for BCo,.xMnO, (x = 0.0, 0.1 and 0.3) are tabulated in Table 3.4.
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log og(ohm cm'l)

:I.OJE T T T T T T T T T T
0.22 0.23 024 025 0.26 0.27

T—1/4(K —1/4)

Fig. 3.5.Log (i) vs. UTY* plots for BiyCo,,MnOs4 (x = 0, 0.1. 0.2 and 0.3).

It is observed that Nt decreaseslong with an increase in the hopping
energy E, (250K) values with increasing Bi concentration.s@l the value of
hopping distanceR, (250K) is found to increase. This happens for thwelred
concentration of charge carriers at the Fermi ldhelt decreases the electrical

conductivity of the system.
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Table 3.4.Density of states at Fermi level N(Eg), hopping distance (R,) and hopping
energy (En) for BixCo,.xMNQOy.

Composition N(Ep) Rn (nm) En (eV)
(eViem?) x10%° (250K) (250K)
x =0.0 7.605 1.205 0.135
x=0.1 4.834 1.349 0.152
x=0.3 3.922 1.422 0.159

On comparing the two models for the dc conductigityhe BiCo,xMNnO, samples
reveal that small polaron hopping model is more fittingjthwthe exhibited

conductivity.
3.2.3 Dielectric constant and dielectric loss

Figure 3.6 (a-d) show the dielectric constat &s a function of temperature (T) at
various frequencies (100 kHz to 1.1 MHz), for®b,xMnO,4 (0.0 < x < 0.3)
samples. It is evident from Fig. 3.6 (a) that fo=X0 composition, the dielectric
constant remains almost constant up to 204 K atkH}) then increased sharply
with the increase in temperature. Within the iniggged temperature range, no peak
is observed ire’ vs. T dependence. With the Bi substitution (x %)@he overall
dielectric constant values are increased and thepdeature up to which the
dielectric constant remains constant is also irsgdao T = 230 K (for 100 kHz).
However, a well defined broad peak-like structuRE (transition) appears at a

temperature J= 366 K.

This peak temperature is found to shift towardsighdr temperature with the
increase in frequency. With further increase in Biesubstitution (x = 0.2), the
dielectric behaviour is modified and exhibits twransitions, first transition is
observed at 307 K and the second one at 413 K1@0r kHz. The peak-like
structures in temperature dependehtand the shift in transition temperature
(corresponds t&'n,) towards higher temperature with the increase ragudency

indicates that these materials exhibit relaxordeectric behaviour.
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Fig. 3.6. Plot of dielectric constant, £” as a function of temperature for BixCo,.
xMnO4 ( x = 0.0, 0.1, 0.2 and 0.3). The inset shows the composition dependence of

£

The first transition has strong relaxor behavioulhereas the second one does not
change appreciably with the frequency. It has bekserved that the dielectric
constant falls slightly for higher Bi-substitutedngpound (x = 0.2 and x = 0.3).
Also, for x = 0.3, low temperature FE transitionfeaind to disappear and high
temperature transition became almost non-relaxoainre. This may be due to the
polarization associated with the?@8sne pair electrons of Bi, and stabilization of

grain growth. Notable broadening at FE transitiowlicates a diffusive phase
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transition. Inset of Fig. 3.6 shows the value @& dielectric constant as a function of
Bi-substitution measured at 300 K and 100 kHz.

35—: i:} . 100kHz, 300 K X = OO ]
30‘ 2.4 / .*H
25] .5 22
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Fig. 3.7. The plot of tan J as a function of temperature for Bi,Co,xMnO, (x = 0.0,
0.1. 0.2 and 0.3). The inset shows the composition dependence of tan J and lower

insets are depicting the loss relaxation.

The temperature dependence of the dielectric lzs®)( for all the samples, at
selected frequencies is shown in Fig.3¥low temperature (below 200K)and is

found to be almost independent of frequency fortladl samples. However for a
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given composition and temperatuet,andtand were found to decrease with the
increase in the frequency. The overall higher \&loketand are observed in all Bi-
substituted samples, which may be due to an iner@gasic conductivity of the
materials with the Bi substitution. A peak likewstture intand as a function of
temperature has been observed for Bi-substitutenples. The temperature, at
which the peak intand appears, shifts with frequency. Typical relaxopety
behaviour is again demonstrated using Arrheniusticel, as shown in the inset of
Fig.3.7. The strong frequency dependent dielegraperties are attributed to the
interaction among the free carriers (electrons @es) with potential barriers at
grain boundaries, resulting in the enhancementaooidactivity [30]. To further
establish the relaxor behaviour, frequency depecelai the dielectric properties
has been investigated. Fig. 3.8 shows the variaif@) andtand (Inset of Fig.3.8)
with frequency at room temperature. It is cleat,tbathe’ andtand decrease with
increase in frequency which is the normal disperdie@haviour semiconducting
oxides. This attributed to the relatively highendactivity of the materials, due to

the existence of space charge and trapped charges.
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Fig. 3.8.Frequency dispersion of €' for BiyCo,xMnO,4 (x = 0, 0.1. 0.2 and 0.3) and

Inset: tandvs. frequency BiyCo,.xMnO,4 (x = 0. 0 and 0.3) at room temperature.
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Among the various contributions to polarization Iswas electronic, ionic,
dipolar and space charge polarizations, the caritab of space charge depends
upon the purity of the system. In the present c&8edpns are likely to occupy
octahedral positions and create bonding defecisa€&ance measurements on these
samples have been carried out in the high frequesnoye starting from 100 kHz to
1.1MHz, greater than the frequencies correspondinghe time constants (RC)
suggested by the Catalan [31]. This rule out thssidity of contribution from
Maxwell-Wagner interfacial polarization (dominant law frequencies) to the
capacitance. At high frequencies most of the systewhibits the intrinsic
capacitance and need not be an artifact effectng/aal [32] observed two kinds
of capacitive contribution above 100 K in TobMn€ystem by grains (dipolar effect
i.e. hopping of charge carriers within the graimdagrain boundary effect (i.e.
internal layer barrier capacitor, IBLC) and the teys followed the universal
dielectric response (UDR). In UDR model, localizedarge carriers hopping
between spatially fluctuating lattice potentialg ooly produce the conductivity but
also give rise to dipolar effects. Accordingly, atgiven temperature a linear
behaviour should be obtained in the plot of log)(ivs log (f), where f is the
frequency.
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2.0x164 77
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1.6x10
< 1.4x10
T é
= 1.2x16 7
C é
2 1.0x106-
g -~ —=—x=0.0
8.0x10- - D 8-;
| BiCo, MnO, |~ _,3
6.0x10 1 e
400 600 800 1000 1200
log(f)(kHz)

Fig. 3.9.Plot of log (f&) vs. log f for the BixCo,.,xMnO,4 (X = 0, 0.1. 0.2 and 0.3) at
300K.
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Figure 3.9 represents the log ffvs log (f) plot for B{Co,.xMnO4 samples at
room temperature and f in the range 100 kHz toMHIz, where exact straight line
behaviour for undoped system i.e..@mO, is observed whereas for doped samples
it is not the case. This analysis straight awaggwut the possibility of any kind of
conductivity contribution in dielectric constant agr UDR, in Bi substituted
system. Again it is well known that the exponentiareasing background in loss
tangent implies that the background is associatddthe hopping conductivity. The
loss tangent vs. temperature shown for Bi substitlt@@MnO, does not show the
exponential increase and further support to thetfat these samples do not follow

the UDR behavior.

From the above mentioned results it is evident thatpresent system exhibit
relaxor ferroelectric behaviour for all the samplé® understand the nature of
relaxor behaviour, the well known method is to ¢orgt the Cole-Cole plot [33]. In
this conventional methoglis plotted as a function &f (imaginary part of dielectric
constant, i.e. dielectric loss factai) get information on the distribution of
relaxation times. For the Debye type relaxor betrawhe data fits into a
semicircular curve. However, the Cole-Cole plots BjyCo,-xMNnO,4 (0.0< x < 0.3)
samples are not semi-circular, owing to relatii@tyher conductivity of the samples
[34].

From the plots representing the temperature demeedef the real part of
the dielectric constang at different frequencies (Fig. 3.6), it is obsentadt €
varies very slowly with temperature up to a tempeebp/2, wheredp is the Debye
temperature [35]. Abovép/2, the values of for all the samples increase with
increase of temperature and decreases with anasera the frequency. Such a
behavior indicates the Debye-type dielectric refimxa process. Frequency
dependent shift i’ (dielectric constant maxima) towards the highengerature
was also exhibited by the samples, up to x = G2xgpected in relaxor ferroelectric

materials.
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Further, to understand the relaxation behaviourhese calculated the real
and imaginary part of M* (complex dielectric modsju[24, 36]. The main
advantage of using M* is to eliminate the electreffect [37].

Complex dielectric modulus of a system can be sapried as,

M*=M +iM’ ---- (3.5)

According to Macedcet al [36], the real and the imaginary parts of dielectri

modulus are related ®ande’ as,

1

. £

M e (30
. 8"

W e G0

where, MIM =¢' / £ = tard, the dielectric loss factor which gives directhg phase
difference due to absorption of energy. The dielectnodulus, M*, provides
information when the dc conductivity is large comgmhwith ac conductivity. Figure
3.10 and 3.11 show the temperature dependence @it M respectively at
different fixed frequencies for the J80,«\Mn0O,(0.0< x < 0.3) samples.

M remains constant for all frequencies at lower tempee, and tends to
reach a constant value, which shifts to a highemperature region for higher
frequencies. This indicates the thermally activdtetlaviour of dielectric constant
for these samples. The plots of Ms. T show maxima, which shifts, to higher
temperature for higher frequencies. This shift eflp temperatures at different
frequencies also shows the signature of Debye e tgtaxation behavior with a
distribution of relaxation times. The correspondireguency at the maxima of M"

is equal to the relaxation frequentyat that temperature.
fr = fo exp(A/kgT) ---- (3.8)

where § — Debye phonon frequencysfg/h), ks is Boltzmann’s constant adis
the relaxation activation energy. At this frequenbgpping rate of the carriers is

equal to that of the externally applied electrieldi The obtained peaks in NI
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plots indicate Debye-type relaxation behavior [38]Broader peaks can be

interpreted as being the consequence of distribwioelaxation times.
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Fig. 3.10.Temperature dependence of M “for BiyCo,.«MnO4 (X = 0.0, 0.1 and 0.3).

The temperature dependence of the relaxation faB&G0,.AMNO, (0.0 < X
< 0.3) samples is shown in the form of Arrheniustplim insets of fig. 3.10 and
relaxation activation energy is calculated. Theugal of activation energy deduced
from dielectric relaxation are approximately equal that obtained from dc
conductivity. This may be due to the local displaent of electrons exchanged
between MA™**** and CG" at octahedral sites in the distorted lattice, fie t
direction of applied field, eventually resultingetipolarization in the materials, as
reported for polarization in the aluminates [39]hisT is in addition to the

polarization appearing due to thé Gme pair electrons of Bi.
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Fig. 3.11. Temperature dependence of M " for BiyCo,xMnO, (x = 0.0, 0.1 and 0.3),

with insets showing the relaxation activation.

The dielectric constang’ of the BiCo,.xMnO, samples with x = 0, was
about an order of magnitude smaller as compareshmaples with x=0.1 and 0.2.
The FE transition was not visible from tklevs. T plots, within the high temperature
limit (450 K) of our experimental setup. In othemwples (BiC0,.xMNnO,4 with x =
0.1, 0.2 and 0.3), FE transition was observed withe high temperature limit of the

setup, with increased diffuseness.
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Fig.3.12. Capacitance versus voltage behaviour for BixCo,.xMnQO, (a) x = 0.0 (b) x
=0.1and(c)x=0.3.

Finally, the variation in the dielectric constamidadielectric loss appears to
be non-linear with the composition (shown in the tesets of Figures 3.6 and 3.7).
It is due to the stabilization of structure witlketimcrease in Bi substitution up to x =
0.2. Also there is chance of the formation of vadas at the octahedral sites as the
Bi content increases. The capacitance versus wl(@gV) measurements of the
BixCoxMnO,with x = 0 to 0.3using an applied voltage of 15 V) showed a typical
butterfly-shaped loop in the C-V curves (very narrfor x = 0), as shown in Fig.
3.12. This demonstrates the ferroelectric naturethef Bi-substituted samples.
Similar to the dielectric constard’Y measurement, the C-V curves show diffuseness
that increases with x, and may be attributed tostr&n induced by Bi-substitution,

owing to its larger ionic radius compared to theeotcations.

In normal dielectric behaviour, the dielectric camdé remains almost

constant in high frequency region because beyogdr&in frequency of electric
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field, the charge carriers do not get enough tioreldng range hopping before the
reversal of field. Only some short range hoppingarfiers within the range of one
lattice spacing prevails. So the polarization dases as the frequency of applied
field is increased. In MHz region, the charge easriwould not have even started to
move before the field reversal amdwill have only a small value at very high

frequency [40].
3.2.4 AC conductivity studies

The ac conductivityd,o was studied over a frequency range of 100 kHz to
MHz, for temperature varying from 150 K to 425 Khélo,. was calculated from the

dielectric data, using following equation,
Oac= €' wtand ----(3.9)

Oacis found to increase for the Bio,xMnO,4 (0.0 < x < 0.3) samples with a greater
Bi content especially in the high frequency reg{bigy. 3.13). This indicates that the
movement or hopping of the charge carriers is erfbed by the neighborhood, i.e.
enhanced by presence of*Biions. At higher frequencies (~ 2 MHz,c is
decreased for all compositions (not shown hereljcating the inability of hopping
of charges to follow the high frequency of the &mpfield. The total conductivity of

the material at a frequency can be written as,
O-total((*)) =0gc t c)-ac((Jl)) -——- (310)

where, hopping conduction arising from Bi-substitat is responsible for the
enhancement of both dc and ac conductivities. Theodductivity is theo— 0 limit
of Ototal(W). FOr semiconductors and disordered systems tlodrductivity follows

the power law behaviour [41],
Oac(w) = A W’ ---- (3.11)

where A is temperature dependent constant anthe sequency exponent £sl).
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Fig. 3.13.Log 0y vs. log wat 300K, for BixCo,xMNnO,4 (x = 0, 0.1. 0.2 and 0.3).

From the log-log plots drawn far,c vs. w (Fig.3.13) for the different compositions
at room temperature, the slope directly provides tkalue of dimensionless
frequency exponent, s and it is clear that s vasigis Bi content. Also it can be
noted that, magnitude of s starts to decrease tsmMaigher frequency, for the Bi-
substituted compositions. This further establishiesence of any contribution from
UDR (where s increases with increase in frequenty)deciding the dielectric

property of the Bi-substituted ednO, system.
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Fig. 3.14.Temperature dependence of frequency exponent, s for BixCo,-«MnOy (X =

0.0,0.1,0.2 and 0.3).

The ac conductivity also shows frequency depend&gersion similar to
dielectric behaviour discussed earlier. In the cakelisordered solidsg,cis an
increasing function of frequency. The temperatuepetdence of frequency
exponent s is shown in Fig.3.1Brequency exponent s is a measure of correlation
betweero,.and frequency. For random hopping of carriers,osishbe 0 (frequency
independento,) and tends to 1, as correlation betwemy and w increases.
Qualitatively small polaron tunneling (SPT), usyalksociated with an increase of s
with the increase in temperature indicates thevaietd behaviour of polarons, which
is independent of intersite separation. On therdtla@d correlated barrier hopping

(CBH) shows a decrease in s with increasing tentypexaindicating the thermally
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activated behavior of electron transfer over theriéabetween two sites having
their own coulombic potential wells. Temperaturependence arising from the
correlation between barrier height and intersitgasation are the characteristics of
CBH model [21]. From the temperature dependentspbbts (Fig.3.13), it is clear
that for pure CgMnO,, the frequency exponent, s increases up to 26adtlaen
decreases. For this sample, SPT model is suitgbk® 260 K at which maximum
correlation is exhibited betweesy. and w. Above 260 K, CBH model is valid,
where dc conductivity contribution is not negligibFor the Bi-substituted samples
also, SPT and CBHs models seem to fit, which erpiaé conduction mechanism

with better correlation at higher temperature ~ B20
3.3 Conclusions

In summary, we have successfully synthesized ppdyalline bulk samples
of BixCoxMnOy (0 < x < 0.3) by standard solid state reaction techniqie. dffect
of the substitution of non magnetic®Bion in CoMnO,was investigated by means
of structural, microstructural and electrical sagdiThe following observations have

been made on the basis of the experiments perfowithdhe bulk samples.

(1) The XRD analysis of BC0,.xMnO, (0 < x < 0.3) indicates that all samples
exhibit a single phase nature. All the samplesiagdexed in cubic spinel
structure and lattice parametex’ is found to increase with Bi content.
Analysis of XRD data and SEM micrographs shows Biatontent x > 0.3 is

difficult to accommodate, while retaining the cubjpinel structure.

(ii) The temperature dependent dielectric data represediffused ferroelectric
phase transition; with an increasing ferroelecffic as the Bi content
increases. Bi-substituted samples have moderaigly dielectric constant
depicting better ferroelectric characteristics glanth Debye-type relaxation

behavior.

(i)  The dispersion of ac conductivity has been estichaigerms of frequency
exponent s, which varies with temperature and iglaégxed using small

polaron tunneling (SPT) model and correlated bahagpping (CBH) model.
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(iv)  The dc conductivity analysis revealed the semicotidg nature of the
spinel compounds. The hopping of charges betwegansawith different
valence states at the octahedral sites is considerbe the origin of all the
dielectric and electrical properties of the Bi-dithted CoMnOQOs,.

The establishment of tunable ferroelectric natafethe multiferroic Bi-
substituted CgMnO, proposes the candidature of these materials fooua

technological applications, including ferroeleciRéMs.
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Chapter 4

Electronic, Magnetic and Magnetoelectric Studies of
BixCo2xMn0; (0 =x=<0.3)

This chapter presents detailed study of electronic, magnetic and magnetoelectric
properties of a series of polycrystalline multiferroic BiCo, MnOy system prepared
by a solid-state reaction route. Raman spectroscopic measurements have been
utilized to confirm the octahedral occupation of trivalent cations. The effect of
B+ substitutions in Co,MnO;, on the distribution of magnetic moments has been
studied through NEXAFS, isothermal magnetization hysteresis, temperature
dependent magnetization and magnetic field dependent dielectric measurements.
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4.1 Introduction

In multiferroic materials, magnetism and ferroeledy coexist and these
materials enfold physics for various future teclogadal applications and have
received the world wide attention from scientif@anemunity working in the field of
materials sciences [1-9]. The simultaneous occuagemf ferromagnetism/
ferrimagnetism (FM) and ferroelectricity (FE) arfeetcoupling between these two
order parameters could lead to the emergence ofstemsge media, which enable
electrically reading/writing of the magnetic menasriand vice versa, yielding more
degrees of freedom from device application pointvaw. Coupling between
electric and magnetic ordering could also providsi® for using these materials for
magnetic field sensor applications. Among recemtablished magnetoelectric
multiferroic materials, frustrated magnets and geinital frustration of lattice
degrees of freedom have been found to be the lgadiechanisms for perovskite
manganites and cubic spinels systems respectit®ly [However it is difficult to
develop multiferroic materials with a sufficient aomt of magnetoelectric coupling,
because of the contrasting origins of these prigserVarious alternate mechanisms
have been proposed as a solution to the abovegmobhcluding the approach of
achieving the ferromagnetism with non metallicityr derroelectricity in
centrosymmetric systems [7, 11]. In this contest, FE and FM to coexist in single
phase, the atom which moves off centre to indueeetéctric dipole moment should
be different from those that carry the magnetic raptr{atoms with partially filled
orbitals, responsible for FM). Recatt initio calculations, for existing ferroelectrics
suggest that atoms witlf configuration create more off centre distortion ¢4 In
principle, coexistence of FE and FM can be achigwedugh either an alternative
mechanism like a now- electron for magnetism or through an alternative
mechanism for ferroelectricity. In practice altdima mechanisms for
ferroelectricity are pursued [1]. One such altaueatollowed is the induction of non
magnetic ions having stereochemically active lorser pf electrons that may
introduce off centering in the structure containtransition metal ions (TMI12].
Spinel oxides exhibit a variety of interesting ftional properties such as
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magnetoelectric  multiferroic  properties, thermotiec property, colossal
magnetoresistivity (CMR), spintronics, magneticameling, etc., depending on the
species and stoichiometry of cations occupying Ahand B sites in ABO, type
structure [13 - 19]. Multiferroic property in marof the spinel oxides have been
predicted [20] and studied, but found to posse$sweaak magnetoelectric coupling
[21]. The crystal symmetry in spinel oxides offaraple space to material-scientists
for testing/designing of new functional propertiggh numerous permutations and
combinations possible among A and B sites. Thestermats are time honored
systems owing to their extraordinary magnetic aledtec properties that became
the source of most fascinating magnetoelectric gnyp which can be tuned
accurately by changing the chemical compositionugh cation redistribution.

In the Co based spinel oxides the substitutedlémntanetal ion occupies the
octahedral sites while cobalt ions are distributedr both octahedral (Gbions in

4t3

low spint$; e;state) and tetrahedral sites (magnetié¢*Cions in high spiregt;,

state) [19]. Bi substituted GEINO,, is found to crystallize in normal spinel with a
space grouf -F d 3m [22]. Bi-substitution leads in to the competitibetween the

preference of occupancies of UMn** cations at octahedral site, which effect their
electrical and magnetic properties [23]. In Bi,C0,.xMnO, samples, Bi with 6&
lone pair electrons at the octahedral sites insigfadhagnetic ions distorts the
oxygen octahedron, consequently introduces ferctatéy and influences the
ferrimagnetic ordering of the parent system. ,NhwO, exhibited ferrimagnetic
behaviour with low coercivity and moderate magneituration. Ferrimagnetism
along with improved ferroelectric property with Bitbstitution in CeMnO,4 suggest
that this material is a good candidate for the netdgical applications, involving
magnetoelectric multiferroics. Mixed valence stabésations in spinel oxide are
playing a key role in determining their electrieald magnetic characteristics, which
needs fundamental understanding about the intgguirature of spin state
distribution and hybridization states. Knowledgetloé electronic structure of the
aforementioned material is desirable for designiregnew multiferroic materials as
well as important from the basic physics point @w. Owing to its simplicity and
universality, near edge x-ray absorption fine strrec (NEXAFS) technique is most

105



Chapler 4: Electronic, Magnetic & Magnelselectric. . ... ... ... of B, Co, MO,
widely used in determining the valence states ofmatnd local symmetries in
solids. In this chapter, NEXAFS spectra at the QMn L3 »- and Co ks > edges of
BixC0,xMNnO4 (0 < x < 0.3) samples along with the reference compound®;Bi
CoO, LiCoQ, MnO and MnQ@, and Raman spectra are presented to explain the
effect of Bi ion on magnetic and magnetoelectrmperties of CeMnOs,.

4.2 Results and discussions

4.2.1 Raman scattering studies

The parent compound, €0, that crystallizes in the normal spinel structure
with Q spectroscopic symmetry, was shown to possessRarean active modes,

as A+ Ey + 3Ry, With wave numbers 194.4 éngF'yy), 482.4 crit (Ey), 521.6 crit
(F%g), 618.4 crit (Fy) and 691 cril (Ayg) [25]. The Raman mode at ~ 66"
(Ay) is attributed to the characteristics of octahedog) sites (Co@) in the Q]
spectroscopic symmetry and the mode at ~ 195 ¢Rly) is attributed to the
tetrahedral () sites (Co@). The broadening and shifting of Raman modes on Mn

substitution into the G@, lattice, is already reported [26].

Intensity(Arb.Units

200 300 400 500 600 700 800
Raman Shift(cii)
Fig. 4.1.Raman scattering spectra collected at room temperature for BixCo,.xMNO4

(x= 0.0, 0.1, 0.2 and 0.3).
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Raman spectra studies of the®i,«MnO,4 (x = 0.0, 0.1, 0.2 and 0.3) showed shift
in peak position towards lower wave numbeig(#hifted from 664 ci to 650 cn

& Fy shifted from 188 cimto 183 cnt, for x = 0.0 to x = 0.3) due to increased
unit cell parameters with Bi substitution (Fig. #.The greater shift in 4 mode
indicates that most of the substituted Bi and Miioca are occupying the octahedral
sites (Co/Bi/MnQ).

4.2.2 NEXAFS studies

Spinel oxides exhibit variety of exciting physigabperties due to the active
role of the orbital degrees of freedom within itsmplicated structure that can be
typically observed in the lattice and electronisp@nse. As a matter of fact, such
properties appear to have their origin in the uaiglectronic structure derived from
the hybridized transition metal ions’ (TMIg&nd O  orbitals in the structural and
chemical environment of a spinel oxide [27]. Theref the resulting intra-atomic
exchanges and the orbital degrees of freedom of BMelectrons play vital roles in
this spinel system. NEXAFS spectra were assess#dwa¥in/Co Iz, edges and at
the O K edges for BCo,\MnO, (x = 0.0, 0.1, 0.2 & 0.3) samples. The former
directly proves the unoccupied Mn/Cd States via @—3d transitions, whereas, the
latter establishes the unoccupied Ps2ates via O 4—2p dipolar transitions [28],
together providing the information on the Mn/Cd @ccupancy and the effect of
Bi*" ion substitution on the hybridization between @&p and Mn/Co 8 orbitals.

It is noticed that the substituted *Biion with 6¢ lone pair introduces the non-
centrosymmetric charge ordering leading to ferrteigty in Co,MnQO,4, however,
the consequent increase in magnetic moment [22¢atek the considerable change
in the hybridization of lowest unoccupied energyels of Mn/Co 8 with O 2
levels. The larger ionic radii of Bi causes the redistribution of cations among the
occupied 8-ty and 1@l-o, sites and the participation of unoccupied 16 cadadl
sites (16) and 56 tetrahedral sitesb(@nd 48) in a distorted environment due to Bi
induced chemical pressure.

It is well known that the peak positions and time Ishapes of the Co/Mn b
edge NEXAFS spectrum depend on the local electrstniccture of Co/Mn ions. So
the L edge spectrum provides the information orvéidence state of the Co/Mn ions
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[29, 30]. Figure 4.1 shows the normalized Gg-edge NEXAFS spectra of gL o;..

xMnO,. Generally, NEXAFS spectra are sensitive to thestet field symmetry
primarily due to the 23d transition of TMI'. The spin-orbit interaction die Co »

core states splits the spectrum into two broadiplets, namely, the 4.(2ps) and
Lo (2p2) ~ 15 eV apart. Each of these two regions furits intoty; and gy
orbital features because of the crystal field g¢ftdaneighboring ions. The intensity
of these peaks is the direct measure of total wmed Co 8 states. In CNOy,,
the Co ions distributed at A and B site (in AB structure) are ingt(Co™") and @
(CA®") symmetry.

Intensity (arb. units)

3 2
| IR N BN SN S U N R N RN SR |

770 775 780 785 790 795
Photon Energy (eV)

800 805

Fig. 4.2. Normalized Co Ls»-spectra of BixCo,xMnOy4 (x = 0.0, 0.1, 0.2 and 0.3)
along with the spectra of CoO and LiCoO,.
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Co’ at B (@) site has the higher crystal field splitting energo all the valence

electron are in lower orbitalzgt(tgg eg) only, whereas, they subbands are lower

thantyg in ty symmetry and the associated lower crystal fieldtsy energy results

in the high spin state of €o(ejt3,

). The Lg region contains two spectral features,
A; and B, at 778.3 eV and 779.1 eV, which correspond t6'@ad C3" valence
state, respectively. To determine the valence stateCo ions, Co 4 ; edge has
been compared with that of CoO and LiGa$pectra. For the starting composition
Co,MnO4 (x = 0.0), the intensity ratio of 1BA; is almost equals to one indicating
that distribution of C%' ions at § and C8" ions at @, respectively are equal B\,
ratio is found increased on increasing Bi-substitut clearly showing that Gb
content is reduced. This reveals that substitubdbrBi at q, site enforces the
relocation of Mn ions between, @and § sites. This element specific observation
complements to our structural measurement XRDgasribed in chapter 2 [22] and

Raman scattering.

Figure 4.3 shows the MnskL spectra of BICo,«MnO, along with the
reference compounds MnO and Mn@imilar to Co l; ;edge spectra (Fig. 4.2) due
to the spin-orbit interaction, Mnp2core states split the spectrum into two broad
multiplets, namely, the 4.(2ps2) and L (2p2) ~ 11 eV, apart. Each of these two
regions further splits inty andey orbital features because of the crystal field affe
of neighboring ions. The intensity of these pealkssures the total unoccupied Mn
3d states. These spectra show a valence-specifiephetlstructure with a chemical
shift due to change in oxidation state. The inftecipoints of the Mn  edge for
manganese oxides (Mi® and Mi{*O, shown in plot andn3*0; from Ref: 31-33)
are subsequently at higher energies, corresportdirte increase in the valence
number of Mn. The {.region in both Mn@and MnO contains two spectral features,
which are assigned to My and Mney d subbands. Mn ions in MnO have a +2
charge state with orbitals each filled by majospin electrons, so that features at
lower energy can be attributed tg and higher energy feature is attributedego

subbands.

109



Chapler 4: Electronic, Magnetic & Magnelselectric. . ... ... ... of B, Co, MO,

MnL_, -edge
Bi Co, MnO,

.

637 638 630 640 641 642

Intensity (arb. units)

635 640 645 650 655 660
Photon Energy (eV)

Fig. 4.3. Normalized Mn Lj»-spectra of BiyCo,xMnO, (x = 0.0, 0.1, 0.2 and 0.3)
along with the spectra of MnO and MnO,. Inset: Zoomed-normalized Mn Lz-edge
region.

The larger intensity of lower energy peak is dughe fact that there are
threetyy orbitals and only twey orbitals andzy having more unoccupied states. In
MnO,, Mn ions have +4 oxidation state with tleg subband empty. So the
unoccupied part of the, subband will contribute to higher energy peakhaf Mn
L3 >edge spectrum, and is more intense. Similarlyaisecof MaOs also Lz edge is
dominated byg;subbands only [from Ref: 31-33]. The tegion in Mn Lz, spectra
of doped BjC0,.xMnO, contains three spectral features, B, and G, which can be
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directly compared with the three valence states $2+and 4+) of Mn ions (see Fig.

4.3). Spectra of the parent composition (x=0) megahell with that to the spectra of
Mn®* [from Ref 31-33]. However, the increase in theeisity of peak features,A
and G with Bi-substitution at @site reveal that more of Mhions are converted
into Mn?*/Mn**. For more closer view, the zoomed-normalized Mredigeregion

is shown as an inset in Fig.4.3, where increased’ &t Mrf* at the expense of
Mn®" is clearly displayed. M# occupies theytsites, complementing our observation
of the reduced Gdin Co Ls » spectra, whereas Mhions are in gsites only, as the
signature of MA" is similar to MnQ spectra vindicating @eometry. The increase
in Mn** and Mrf* at the expense of Mhresults in the enhancement of net magnetic

moment.

Figure 4.4 shows the measured O K edge NEXAFS spettthe BiCo,.
xMnQg, along with the spectra of reference compounds QaCoO,, Bi,O3, MNO
and MnQ. O K edge NEXAFS spectra, which represents thé@abrbature of the
spectral features of the Qpainoccupied states in the conduction bands can be
efficiently used to explore all kind of possiblebnigizations with different cations
(Co, Mn and Bi).

Based on the existing literature and band struatateulations, [34-37] four
features marked by ;A Bz, C;, and B in BixCo,xMnO,4 (x=0.1) are identified.
Except the spectral feature; BIl other are present in parent composition (x}0.0
reason being Boriginates from Bi 6s /Ohybridizations. The O K- edge spectra
of pure (x = 0.0) sample indicates that low eneieptures resembles with €y
[from Ref:38] and spectral feature; Bt ~ 532 eV observed for doped compositions
follows the behaviour of highly polarizable’8sne pair of electrons of Bi ion.
The orientation of the Bi 6done pair towards a surrounding @n can produce
local distortion and hybridization betweerf @i-orbital and O 2p orbital, resulting
in ferroelectric properties in doped compounds.aAmatter of fact, increase of Bi
content at gsite induces more MiYMn** crystal symmetries, which can be clearly
observed in the O K edge spectra of optimally dope®d.3) sample, where sAs

more prominent.
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O K -edge Bi Co, MnO,

o
5 MnoO,
o
8 MnQO
2 -
2 B|2C)3
(b}
c
LiCoO
CoO

525 530 535 540 545 550 555 560
Photon Energy (eV)

Fig. 4.4.Normalized O-K edge spectra of BixCo,.xMnO4 (x = 0.0, 0.1, 0.2 and 0.3)
along with that of reference compounds CoO, LiCoO,, MnO, MnO, and Bi,Os.

On the whole, the spectral feature of peaksBy, C;, and I3 clearly represents the
presence of Bf, Mn?"*”**and C§"*" ions in Bi-substituted samples. The above

observation is in conformity to the; k. spectra of Co/Mn.
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4.2.3 Magnetization measurements

Temperature dependence of the field cooled (FC)zend field cooled (ZFC)

magnetization of BCo,«MnQ,4, with x = 0.0, 0.1 and 0.3, in the presence of an

T

4
=}
s}
b=

0 50 100 150 200 250 300
Temperature(K)

applied magnetic field of 0.1 T are shown in thg.#i5.
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Fig. 4.5. Zero field cooled (ZFC) and field cooled (FC) magnetization data plotted
as a function of temperature of BixCo,xMnO, (x = 0, 0.1. and 0.3). Insets shows the

respective temperature dependence of 1/ xy, .

It has been found that these samples obey the -@¢giss law and exhibits
ferrimagnetic transition in the temperature ran@®-186 K depending on Bi-

content with a divergence of FC and ZFC at lowenperatures (~143-147 K).
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Below the divergence point the FC magnetizationeases linearly, whereas ZFC

curve exhibit a wide maximum around 133 K. Invesasceptibility (1) obtained
for these samples are plotted in the insets of4Fg.which revealed that the
ferrimagnetic transition occurred at slightly varieemperature depending on Bi

concentration.

Magnetization (emu/gm)

15 -1.0 05 00 05 1.0 15
H(T)

Fig. 4.6.1sothermal magnetization hysteresis of BixCo,.xMnO4 (x = 0, 0.1 and 0.3) at
5K and 120K.
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Isothermal Magnetization hysteresis fory®d«MnOs (0.0 < x < 0.3)

samples have been performed at various temperatoeésy the transition
temperature. In Fig.4.6 the M-H plots at T = 5 KIdr20 K for BiC0,xMNnQO4(0.0<

x < 0.3) samples are shown, clearly depicting ferrinedig behaviour. Larger loop
area at lower temperature indicates increased miaghen. At all measured
temperatures, saturation magnetizations)(Ms found to be increasing with the
increasing Bi content. Remnant magnetizatior)(Mbserved in these compounds
was not so high. The coercive fielddHvas found to decrease with Bi-substitution

owing to a larger grain size, which results in tb@uction of uncompensated spins.

Regarding the magnetic behaviour of spinel oxidlesre are mainly three
types of magnetic interactions possible between itms at A-site and B-sites
through the intermediate oxygen ions?jQuia intrasite A-O-A Jas) and B-O-B
(Jss) and intersite A-O-B Jag) superexchange interactions. Since cation-cation
distances are large, direct interactiodg, andJgg are weakly antiferromagnetic
(AFM). It has been verified experimentally thaesle interaction energies are
negative favouring antiferromagnetism when dherbitals of the metal ions are half
filed or more than half filled, while a positiventeraction accompanied by
ferrimagnetism appears whehorbital is less than half filled. In GEInO,4 these
interaction Jaa and Jgg) energies are negative favoring AFM, simultanepussl
positive, Jag, superexchange interaction result in to FM, whgloriginating from
Mn ions occupying the octahedral sites. In addjtiwith Bi-substitution, weak)aa,
super exchange interaction between A-site€(€6c?*) mediated through ®and
Co® that maintains the AFM ordering is affected duethe redistribution of
Co/Mn ions. The ferrimagnetic behaviour appearsetolve due to the Bi-
substitution induced competition amodgs (Co**-O-Mn**, C#*-O-Mn**, Mn*-O-
Mn*, Mn?*-0-Mn*") Jaa (Co**-O-C&*, Mn**-O-Mn?*, C**-O-Mn?*) Jgg (Mn**- O
- Mn**, Mn** - O - Mrf*, Mn**-O-Mn™) superexchange interactions and consequent
magnetic frustration [39].

Also, the appearance of ferrimagnetism in this conmgl may be attributed

to either the canting of the antiferromagneticallglered spins by the structural
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distortion or a breakdown of the balance betweea #mtiparallel sublattice

magnetization of C3 due to the substitution of Mn/Bi ions with diffetevalence
states [40]. In other words the presence of Bildndat the cation sites modifies the
magnetic behaviour of the parent compound@zobecause of the competition
among intrasiteJaa & Jgg) and intersiteJag) interactions that leads to the magnetic
frustration. This disrupts the antiferromagneticlesing in C3" sublattice and

results in ferrimagnetism [40, 41].
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Fig. 4.7.1/%y - T plots BixCo,xMNnO, (x = 0.0 and 0.3) and Inset: M-H loops BixCos,.
xMnO4 (X = 0.0and 0.3) measured at 150 K.

Analysis of temperature dependence of inverse ptibdéy showed that Curie-
Weiss constantfcw is highly negative, indicating that strong antif@nagnetic
interactions exist in the compound, besides thenfieignetic character, which sets at
T.. So the compound shows ferrimagnetism, as in #s ©f many other spinel
oxides. The improvement in ferrimagnetic (FM) pndpevas confirmed through the
rise in To/Bcw [42] (0.364 to 0.502, for x = 0.0 to x = 0.3) froby, vs. T plots
(inverse of molar susceptibility vs. temperaturég. F.7), which represents the

increase in frustration among the antiferromagnetaering in the system, as Bi-
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content increases. In other words, this can beapragéed by looking at the fall in
negative Curie-Weiss constafgw (-494 to -370, for x = 0.0 to x = 0.3; obtained as
the intersecting point of extrapolation of high fesrature region of } vs. T
plots), which directly represent the fall in negatmolecular field and consequent
rise in AFM frustration, finally leading to improgteFM. The increase in net
magnetic moment because of the evolution of Mmd Mr* at the expense of Mh
due to the Bi-substitution is evident in M-H pldgisset of Fig.4.6). However, it is to
be mentioned that the well defined ferrimagnetitawour exhibited by these
compositions cannot be explained completely byAR&/ frustration discussed so
far. The canting of the spins by the Bi-inducedicural distortion also contributes
to ferrimagnetism. Therefore the source of incregad$tM ordering with the Bi-
substitution in BiCo,«MnO4 (0.0< x < 0.3) originates from the complex magnetic
ordering attained and consequent enhancement imetiagnteractions. NEXAFS
study substantiates that the complex magnetic imigleis induced in the Bi-

substituted spinel GMnO,.

4.2.4. Magnetoelectric studies
Magnetoelectric property of BLo,.«MnOy4 (x = 0.3) have been determined
through the magnetocapacitive effect as showngn #B8. The percentage variation
£(H)'—£(0) %10
£(0)

0 T shows a maxima at FM transition temperature,(I86 K) indicating

of dielectric constanE 0} versus temperature measured at 3 T and

magnetocapacitive coupling. This confirms the mé&gnerigin of ferroelectricity
and can be correlated to the inverse of DsyalokliMoriya type of interaction
occurring in complex magnetic structures like notticear canted antiferromagnets,
where the canted spin polarizes the obital through electron-lattice interaction
[5, 8, and 10]. The decrease in magnetoelectriplouy i.e., fall in dielectric
constant at high temperature can be attributedhaofltp of polarization that was

originated from complex magnetic structure agathst polarization related to the
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“proper” ferroelectricity [8].This type of polarization flip is shown in TboMa®n
tuning by magnetic field [43].
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cycles, whereas lower part shows magnetocapacitive coupling {ﬂi)—(:))g'(o)}

ver sus temperature for the same sample.

Magnetically tunable ferroelectricity exhibited ltlge Bi-substituted GMnO, at
275 K is depicted in the bottom inset of Fig.4.8ene the parent compound shows
almost zero response. This is attributed to noealirmagnetic ordering occurring
due to the geometrical frustration with Bi-subgtdn. The clear nonappearance of
magnetoelectric coupling at lower temperature (vefdV T;) can be attributed to
the collinear magnetic ordering, as in case of fegxites [11].
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4.3 Conclusions

The effect of the substitution of non magneti¢*Bbn in CeMnO; was
analyzed using magnetic, magnetoelectric, Ramarctrggeopy and NEXAFS
studies. The following observations have been nuad#he basis of the experiments
performed with the bulk samples.

(1) The investigation of electronic structure ofx80,«MnO, (0.0 < x < 0.3)
using NEXAFS spectra at O K edge anghledge of Co/Mn revealed that
increase in net magnetic moment and more orderegnBgnetism with Bi
substitution is due to cationic redistribution. tdoof Mrf* ions are
converted into Mfi and Mrd* and redistributed tq &and @ sites. O K edge
spectra confirm the highly polarizable behaviour Rif 6§ lone pair of
electron.Raman spectra of the samples confirm the greatempagion of
substituted cations in the octahedral sites.

(i) The dc magnetization measurements show that all dhmples are
ferrimagnetically ordered, with ;I< 190 K and saturation magnetization
increases with increasing the concentration 8f Rins due to the softening
of the lattice arising from the redistribution @ftions at the octahedral sites.
Lowered negative molecular field is depicted by tlexrrease in Curie —
Weiss constant, which indicates the increased AFbstfation with Bi-
substitution, favoring FM.

(i)  The magnetoelectric coupling obtained as the variaif dielectric constant
in response to the applied magnetic field exhibitetkima at FM §, for the
Bi-substituted samples, confirming the magnetigiariof ferroelectricity.
This can be correlated to the inverse of DsyaladtinMoriya type of
interaction occurring in complex magnetic structudéke non collinear
canted antiferromagnets arising from the geométficestration with Bi-
substitution.

Bi substitution introduces a radical change inarat distribution, favoring
the ferrimagnetism along with the ferroelectricitihe coexistence of ferroelectric
and magnetic properties proposes the candidatuthiefmaterial for the future
multiferroic application.
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Chapter 5

Study of Structural and Magnetoelectric Properties of
BixC02.xMn04 Thin Films

This chapter presents the study of structural and magnetoelectric properties of
multiferroic BiCo, MnOy thin films deposited on different substrates such as

amorphous quartz, LaAlO; (LAO) and YBa,Cus0; (YBCO)-coated LAO.
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5.1 Introduction

Magnetoelectric multiferroic materials possesseast two order parameters
among ferromagnetic (FM)/antiferromagnetic (AF),rréelectricity (FE) and
ferroelasticity over a certain range of temperatamel promise applications in the
development of multifunctional devices. Recent ®sidshowed that coupling
between these properties offered multiple state omgmand logic device
applications [1-3].Unlike the natural multiferroidsaving weak magnetoelectric
coupling, newly developed multiferroic composita® a&xpected to yield giant
magnetoelectric coupling response near to the n@mnperature, enabling itself for
wider technological applications in information rstge and spintronics including
magnetoelectric sensors and magnetocapacitive egevipd]. Ferroelectric
polarization and magnetization are used to encaakerypinformation in FE-RAMs
(ferroelectric random access memories) and MRAMsgmetic random access
memories) respectively. Multiferroic materials, pessing these two properties
allow the realization of four-state logic devices|.[However, because of the
contrasting origins of FM and FE properties, thare only very few multiferroic
materials, naturally existing, with sufficient anmbwof magnetoelectric coupling. In
practice, the coexistence of FE and FM are achighedugh the induction of
nonmagnetic ions having stereochemically activee Ipair of electrons that can
introduce off centering in the structure containinggnetic transition metal oxides
[3, 6]. As described in chapter 2, the induction Bf has introduced the
noncentrosymmetric charge ordering and consequentirization (FE) in the bulk
Co,MnO, spinel material along with the frustrated antidemagnetic ordering
among the CY sublattices that lead to ferrimagnetism, and migtectric effect
[7]. Very few efforts have been made to study rherdtdic properties of Bi-
substituted spinel oxides in thin film form. Moddathnology requires compactness
of the materials, which enables the reduction ire sof the devices. In these
circumstances, thin film deposition of these materiis of great importance.

Advances in thin film technology offer new routesthe structures and phases that
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can be hardly achieved through traditional techgiels, and allows the properties of
the existing materials to be modified by strainieagring and cation redistribution
[8]. There are several deposition techniques tovgiun films of ferrite materials,
such as sol-gel method, pulsed laser depositiohnigae (PLD), rf sputtering,
magnetron sputtering etc. Among these depositichnigues, PLD is the widely
used method for thin film growth of complex oxidds. the present work PLD
technique is used due to its versatility (see teiai chapter 2). In addition, the
stoichiometry of the target is faithfully reproddcén the film, by PLD with
carefully set conditions. Deposition of the muliga thin films carried out by
varying the gas pressure or the substrate temperatuthe target is also possible
with PLD. However, it suffers from certain drawbackuch as difficulty in large
area film deposition due to narrow angular distifu of the plasma plume. To
overcome this problem, substrate can be scanneditalrhorizontally or laser
beam can be scanned over the large area of thed.tAmpther major disadvantage is
the “splashing effect” causing large particulaesiticleate on the film. This causes
significant surface roughness. Sanding the targérb deposition and continuous
scanning of the target during deposition can minanihis effect.Few research
groups have initiated growing the thin films ofregli oxide and other oxide systems
using PLD technique. Highly oriented (111) and @l (100) CoFgO, thin films,
with single phase spinel structure has been growL and found exhibiting high
perpendicular coercive fields, even at room tentpesa [9]. Growth of a
stoichiometric (BiFeg)o ~(PbTiOs)o.3phase in thin films using PLD, was observed
depending on substrate temperature ~ 450°C andathkeof phase formation at
higher substrate temperatures was attributed tdote of volatile constituents of
bismuth and lead [10]. Epitaxially oriented thiimis of ZnMg;«F&0O4, have been
fabricated on a sapphire (0001) substrate by tH2 fkthod. Changing the ratio of
zinc ion to magnesium ion, the ferrimagnetic traositemperatures systematically
decrease from 650 to 350K just as in the bulk,cating that the thin films maintain
an ion configuration similar to the bulk compoudd]. Thin films of (111)-oriented
Mg1.sFeTih 504 spinel have been successfully prepared by PLDniguk on A}O3
(0001) substrates. The value of the lattice parameft the (111) out-of-plane and
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the Neel temperature of the films depend on then fihickness. Freezing
temperature of the spin-glass behavior of thisedpsobserved to vary with oxygen
partial pressure during film preparation, which ibkls the adaptability of the PLD
technique in controlling the magnetic propertiesilais [12]. Highly oriented F¢O,
thin films were deposited directly on semicondugtsubstrates such as silicon and
GaAs, and on amorphous float glass substrates. filthe on glass were grown
completely relaxed, resulted the lattice parameterbe very close to that of the
bulk values, as the glass being amorphous doexauste any substrate induced
strain [13]. Thin films of CuGSe, were successfully grown by PLD on isostructural
MgAI,O, substrates followed by annealing in a Se-rich mvhent. X-ray
absorption spectroscopy studies indicated thathenical structure at the surface
of the films is similar to that of bulk Cug3e, single crystals and X-ray magnetic
circular dichroism measurements (XMCD) showed thagnetic order persists to
the surface of the film [14]. Single-crystallinarttilm Sr,CoO, with square-lattice
CoQ;, sheets of thickness of 40 nm were grown by PLDnfriine target with a
nominal composition of €00y, prepared by conventional solid-state reaction and
films exhibited metallic ferromagnetic behavioutherT fairly high T¢ (250 K) of
SrCoQ, is supposed to provide opportunities to exploeedpintronic functionality
of CoQ, layers [15]. Multiferroic composite thin films ofmultilayered
Pb(Zr.53Ti0.47)03 — CoFeO, prepared by PLD on platinized silicon substrates wa
found to have high dielectric constant and showeduction in ferroelectric
polarization with the application of external matindield [16]. P. Samarasekari

al. [17] have reported the growth of single crystdll(ltextured NiFgO, ferrite thin
films and polycrystalline-textured thin films on @ane and R-plane sapphire
substrates, respectivelin general, we can say that the physical propedfethe
thin films are highly dependent upon the depositechnique and parameters like
substrate orientation and temperature, oxygengbatessure etdt is important to
mention here that we need these properties infithirform, from device realization
point of view. During the last few years, a lotefforts have been made on thin
films of a variety of spinel oxides, but there s report available on the thin films

of Bi-substituted CgMnQ,, exhibiting multiferroic propertyln this work, BiCo,.
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xMNO4(x=0.0, 0.1, 0.2 and 0.3) thin films have been Bgsized on amorphous
(quartz) and crystalline LaAK(LAO) and YBaCuwO; coated LAO substrates

using PLD and studied the crystal structure, fdewtec, magnetic and

magnetoelectric behaviour of these thin films.
5.2 Pulsed laser deposition conditions for the grav of BixCo,.4MnO 4thin films

The thin films of spinel BiCo,«MnO, (x = 0.0, 0.1, and 0.3) were grown by
PLD technique (KrF Excimer Laser source-Lambda RREOMPEX-201,A = 248
nm, repetition rate of 10 Hz and pulse laser enefg®20 mJ) using single phased
targets on cleaned amorphous quartz, LAO(001) aB@Q coated LAO substrates.
The targets were synthesized by the conventionia state reaction, as described in
Chapter 3. The target was mounted at an angle bfodaser beam inside vacuum
chamber, where a base pressure of 20° Torr was achieved through a turbo-
mechanical pump and rotated at 10 rpm. To optithiedilm growth conditions, the
guartz substrates were kept at the temperatur®@f{C7and the other two substrates
were kept at 65 during the deposition along with oxygen at a gues of 60
mTorr in the deposition chamber. The substratesizsf 10mr were mounted on
the heatable sample holder using silver paste.di$tance between the target and
the substrates was 5 cm. The deposition were daoté for 60 minutes, to achieve
a film thickness ~ 350 nm, as measured by the idf-thickness profilometer
(Ambios Inc, USA)with 0.5 nm resolution. After the deposition, suatts were
cooled at the rate of°& per minute in the same oxygen environment as dsddg
the deposition. For the purpose of bottom electratCO film of thickness 200
nm was deposited on one set of LAO substrates uBibD under optimal
conditions, as given elsewhere [8]. The in-hous€€¥BRarget was made by pressing
a pellet obtained from precursor oxides, sinteratg920° C, then regrinding,
pressing and repeated sintering. The single phdlserbombic nature of the YBCO
target (as per the JCPDS: 860477 file) and theepeatially oriented crystallization,
(004) and (008) of the YBCO films on LAO substratere revealed through X-ray
diffraction. YBCO was chosen as the bottom eleerams the conventional Pt/Si
electrode are unsuitable, owing to the high tentpegaprocessing conditions
required for the stable growth of the Bi-substitl@»MnO,films.
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5.3 Results and discussion

5.3.1 Structural (XRD) and morphological (AFM) characterizations

X-ray diffraction has been carried out for the stamal analysis of BCo,.
«MnO4 (x = 0.0, 0.1, 0.2 & 0.3) thin film<$-26 geometry was used to get the XRD
pattern of the thin film deposited on all the sudtsts. Experimentally observed
XRD patterns of oriented polycrystalline films haveen indexed using PowderX
software developed by C. Dong [18].
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Fig. 5.1. XRD pattern for the films of BiyCo,.xsMnO4 (X = 0.0, 0.1, 0.2 and 0.3) on

guartz substr ates.
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In Fig. 5.1, XRD patterns of thin films of Eo,.,MnO, (x = 0.0, 0.1, 0.2 &
0.3) on amorphous quartz substrates clearly shewsiigle phase nature of thin
films and supports to the fact that films are aeehin (111) plane. The lattice
parameters of the films are close to that of biilks is because, the quartz substrate

being amorphous does not cause any substrate mhdiign and the film grows
completely relaxed with preferential (111) orieittat Also, for the films on both
LAO and YBCO coated LAO (YBCO/LAO) substrates, ttgngle phase

polycrystalline growth has been observed.
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Fig. 5.2.XRD pattern for the thin films of Bi,Co,,MnO, (x = 0.0, 0.1, and 0.3) on LAO

substrate.
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On LAO (001), flms were grown with preferentié@2Q), (400) and (440)
planes, as depicted in Fig. 5.2. On YBCO/LAO al$og were preferential grown
in (222), (400) and (422) planes (Fig. 5.3).

The XRD reflection peaks from the films on all theee substrates belong to
cubic spinel structure, revealing the single phastéure of the films grown.
However, it is clear from the figures 5.1, 5.2 &n8l that all the peaks corresponding
to the Bi-substituted GWnO, bulk, are not observed in the thin films and the
intensities of the peaks are also quite differemtnfthat of bulk; for example, (311)
is the lowest intensity peak in the thin films amactz, whereas, it is of the highest

intensity peak in the bulk.

Fig. 5.3. XRD pattern of film BixCo,xMnO, (x = 0.0, 0.1 and 0.3) on YBCO/LAO

substrate.
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The appearance of (220) in the film deposited A®Lland (222) in the film
deposited on YBCO/LAO, as a dominant peak signifiedow texturing in the thin
films on these substrates. It is well known tleg surface to volume ratio is very
large in case of films; therefore, surface energy$an important role in the thin
film texturing. In spinel BiCo,4xMnQ, thin films, the oriented growth along (111) is
the most favoured, as it offers lower surface eynergd greater oxygen packing
density than the other crystallographic planes.

The lattice parameters as obtained from the XREepa of films on YBCO/LAO
substrate were found slightly more deviated in cangon with the films on quartz
and LAO substrates with respect to that of the mdkposition, indicating lattice
contraction (Table 5.1). This may be due to thefgnestrain induced by the YBCO-
electrode on the films owing to the lattice misrhagior YBCO,a = 3.81 A b =3.88
A, c=11.68A).

Table 5.1.Lattice constant (in Af) for BixCozx MNO..

Bi Co, MnO, Quartz LAO YBCO/LAO Bulk
substrate substrate substrate
x=0.0 8.2751 8.2713 8.2355 8.2735
x=0.1 8.3038 8.2803 8.2467 8.3186
x=0.3 8.3343 8.2986 8.2497 8.3376

Surface morphology of the thin films is charactedzy the atomic force
microscopy (AFM). Figures 5.4(a), (b), (c) and ¢tipw the room temperature AFM
images of BiCo,xMnQ, thin films deposited on LAO substrates. The AFMdign
the present work is a commercial optical deflectiminroscope (Nanoscope, Digital
Instruments) operating in air. The samples werentezlion a piezo-ceramic which
controls the motion in the three directions. Théed¢ion of the laser beam on the
cantilever is used to monitor the height displaceim@a a photodiode and a
feedback loop. Using this technique one can meath@reheight variations of the
order of 0.1 nm. For all these measurements tha dave been acquired in the
tapping mode with 512x512 data points in the lengthSum, which gives a
sampling rate of im/512~ 9.76 nm. These results have been discussed dragie
of the root mean square (rms) of the roughnesshheagd grain size. Fine
observation of the AFM images reveals the densetrof crystallites.
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(a)x=0.0 (b) x=10.1

Eimm

e
EER

Fig. 5.4.(a), (b), (c) & (d); AFM images of Bi,Co,,MnO, (x= 0.0, 0.1, 0.2 and 0.3).

The roughness and average dimension of the gra@ns feund increasing with Bi-
substitution (RMS roughness increased from 2.67tar8.30 nm and grain size
increased from 150 nm to 200 nm, see Fig. 5.5).

0,500 umsdiv
2 100.000 nm/div
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Fig. 5.5(a) & (b); 3d-AFM images of Bi,Co,,MnO, (x = 0.0 & 0.1) and (¢) & (d), zoomed

grains of the respective compositions.
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5.3.2 Raman scattering studies

As in the case of bulk compositions discussed aptdr 3, Raman modes of

the films on different substrates were analyzedespect to the parent compound,
Cos04, which crystallizes in the normal spinel structwith O, spectroscopic

space group. Five Raman active modes, ag+AE; + 3R (at 194.4 (K -
tetrahedral), 482.4 (f 521.6 (E,), 618.4 (By), and 691 (A, - octahedral)) are
observed. In Fig. 5.6 Raman spectra of Bi-substitU€oMnO, spinels thin films
grown on quartz (x= 0.0 & x= 0.3), LAO (x = 0.3)d&aiyBCO/LAO (x = 0.3) are
shown. It is observed thailzg mode is shifted to the wave number ranging in 485
191 cni* and A4 mode is shifted to the wave number ranging in 6%&9 cm'
depending on the film composition and substratése K (482.4 cnt) and I‘gzg
(521.6 cm') modes appear to be coalesced to 503.cfime greater shift in A
mode (Table 5.2) is indicative of fact that mosthed substituted Bi and Mn cations
are occupying the octahedral sites (Co/Bi/MnOn the case of film with x = 0.3
deposited on YBCO/LAO substrates,gAand I'—lzg modes were found slightly shifted
to higher wave number compared to the films ontgusubstrate (see Table 5.2).

Intensity(Arb.Units)

2(l)O ' 3'00 ' éiOO' l500' l600 l70(') l800
Raman Shift(cr)

Fig. 5.6.Raman Spectra for the films of BixCo,xMNnO, (x = 0 and 0.3) on quartz, x =

0.3 on LAO substrate and x = 0.3 on YBCO/LAO substrate.
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This hardening is indicative of slight contractiohunit cell and strain induced on
the film lattice by the YBCO bottom layer. HencenRan scattering studies also
show the single phase character of®b.xMnO, (x= 0.0, 0.1 and 0.3) thin films
grown on quartz, LAO and YBCO/LAO substrates.

Table 5.2.Raman modes (in ¢ of Bi,C0,,MnO, (X = 0.3).

Quartz LAO YBCO/LAO
Modes substrate substrate substrate Bulk
1
F 2 185.0 185.4 190.7 183.1
1g 654.8 656.6 658.5 655.4

5.3.3 Ferroelectric studies

For the ferroelectric(FE) measurements, thin fish8i,Co,.AMnO, (x = 0.0,
0.1, 0.2 and 0.3)eposited on YBCO/LAO substrates were used, fockvtie lower
YBCO conducting layer and upper layer of good duadilver paste act as pair of
electrodes. Dielectric measurements were carrigdmith an automated dielectric
set up consisting variable temperature probe aerdigion LCR meter. Dielectric
constant £') for BixCo,xMnO4 (x = 0.0, 0.1, 0.2 and 0.3)ims deposited on
YBCO/LAO substrates measured as a function of teaipee, at selected
frequencies, are shown in Fig. 5.7. The films witlks 0.0 and 0.1 depicted two
ferroelectric transition peaks, one at lower terapees (at ~168 K for x = 0.0 & at
~181 K for x = 0.1) and other at high temperatyes~ 436 K for x = 0.0 & at ~
443 K for x = 0.1) at 100 kHz.

In higher temperature regimég, is lesser for pure film compared to the Bi-
substituted ones and both the transition temperat@orresponding to the two
ferroelectric peaks are found to increase with @istitution, possibly due to the
polarization induced by the %done pair of electrons. Temperature dependent
variation of tand also exhibited peak like structure, with incregstrend on Bi-
substitution (Fig.5.8), as in the bulk samplesalelgthing that stoichiometry of the

bulk composition is retained in the films.
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tand

044
T 0 200 400 600 800 1000
1 Frequency(kHz)
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Fig. 5.8.Tan dvs. temperature for BiyCo,«MnO, (x = 0.0, 0.1, 0.2 and 0.3). Inset:

Frequency dispersion of loss factor (tand) at room temperature.
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Lower value of loss factor possessed by the filmth vinigher Bi-content is
conducive for the practical applications using éhiéens. Although the thin film and
bulk properties are qualitatively similar, the thflim samples show a usual
reduction in FE polarization and dielectric respgnsompared with the
corresponding single crystal-materials [19], thensds exhibited by the presently
investigated Bi-substituted @dnO, thin films also. This can be due to the
substrate-imposed pinning of the domains, whichki®wn to suppress the
ferroelectric response in thin films and reduce diedectric constant. The inset of

Fig. 5.7 shows the frequency dispersiore'oit room temperature. This shows the
distribution of relaxation time associated with tien-identical polarizable species,
mainly the oppositely charged Bi and oxygen vaaes)ccreated due to the high
temperature required for the film deposition whiakicates a weak relaxor type
dielectric behaviour of the BL0o,«MnOy thin films. FE behaviour of Bi-substituted
films is again demonstrated through the CapacitMattage (C-V) characteristics
performed for films on YBCO/LAO substrate, at 400 (e film showed more
pronounced FE characteristics at higher temperahaa room temperature) and
100 kHz.

122

1204

1184

Capacitance(pF)

[ = =S SN =
[ S T S T N
P.2. P . +. 9P

Voltage(V)
Fig. 5.9.C-V plot of the BixCo,.«MnO, (x = 0.1) film at 400K and 100 kHz.

The nearly butterfly nature of the C-V loop is greiture of FE nature of the Bi-
substituted films (Fig.5.9). The asymmetric looghe C-V plot may be attributed to
the different types of electrodes (YBCO & Ag).
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5.3.4 Magnetization studies

DC magnetization studies were carried out for ilrasf deposited on LAO
substrates, using the VSM option of PPMS set ug. B.10 illustratesthe
temperaturedependent magnetization for Bio, ,MnO, films, measured under
magnetic field 0.1 T and shows that ferrimagnetangition temperature €J
slightly vary depending on Bi-content. With Bi stihgion the ferrimagnetic-dis
increased just as observed in the case of bulk.

30

204 FC x =0.0

10+

157
182K

0
-104

-204
60 T T T T T T T T T T T T

40; FC x=0.1

20

159
184K

0

-20

Magnetization(emu/cc)

-40 4

-60-..-.-.3-'.-.-.
604 o Xx=0.3
40-
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.
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.40_-
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-60
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Fig. 5.10.Magnetization vs. Temperature for Bi,Co,,MnO, (x = 0.0, 0.1 and 0.3) films, at
041T.
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The magnetization (M) versus applied magnetic figi) at 150 K demonstrated
hysteresis loops, depicting ferrimagnetic behaviouthe films, as shown in Fig.
5.11. Saturation magnetization {Ms found to increase from 15 emu/cc for x = 0.0
film to 34 emu/cc for Bi-substituted (x = 0.3) filralong with drop in coercive field,
Hc (1016 Oe to 597 Oe).

40

w
?

N
?

=
o o
1 | 1

Magnetization-M(emu/cc)

-40 T T T 1 T T T
-2 -1 0 1 2
Magnetic Field-H(Tesla)

Fig. 5.11.M-H loops for the BiyC0,MnO, (x = 0.0, 0.1 and 0.3) films with at 150 K.

As evident, from Fig. 5.10 and Fig. 5.11, magnbgbaviour of the films is almost
identical with that of the bulk samples of the djve compositions, as described
in chapter 4and supports that thin films maintain the cationfiguration similar to
that of bulk. Therefore, it is reasonable to attidh the ferrimagnetic nature of
BixC0,.xMnO, films to the canting of the antiferromagneticadidered spins by the
structural distortion [20] and a breakdown of treaince between the antiparallel
magnetization at Gb sublattices due to the substitution of Mn and disi at C3'
sites, arising from the affect on the super exchanteraction, C8-O*-Co>*-0?-
Cc®*, that maintains the antiferromagnetism [21]. Irhest words, the overall
ferrimagnetic behaviour of these spinel films WAB,O, structure is found to be
effected by the Bi-substitution induced competiteonongntrasite A-O-A (aa), B-
O-B (Jsg) and intersite A-O-B Jag) superexchange interactions and consequent
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magnetic frustration. The increase in ferrimagn@&tiq182 K for x = 0.0 to 187 K
for x = 0.3)indicates the magnetic frustration, that resultedbivering of negative
molecular field. The increase in net magnetic maimas demonstrated in Fig. 5.10
and fig. 5.11js attributed to the evolution of Mhand Mr* at the expense of Mh
due to the Bi-substitution at octahedral site.

DC magnetization during zero field cooling (ZFCy &l the films is found
to undergo a crossover from positive to negativluess which necessitates a
magnetic compensation between the opposite cotitiitaiof magnetic moments
from Co and Mn ions. This characteristic behavisais not exhibited by the bulk
samples. This may be the outcome of the orientgdtalline nature of the films
formed on LAO, which hardens (pinning) one set odigmetic moments. The
crossover temperaturecd is found shifted from 157 K for x = 0.0 to 155fét x =
0.2 and to 140 K for x = 0.3. This further suppdhis influence of Bi-substitution in
controlling the net magnetic moment of the presemttobed thin films. The
crossover to negative magnetization originates ftbenswitching of the state with
greater moment contribution of Mn ions to the stai provides greater moment
contribution of Co ions, with effective coercivelfi. However this crossover is not
visible in field cooled (FC) magnetization, as btite moments reorient towards the
applied field. This kind of crossover of magnetiaatis already reported by Kukarni
et al [22], for Ndy 756G 2sRhsB> alloy at nominal zero fields. Anyhow the film with
x = 0.1, showed anomalous behaviour in this regaitth, slight increase in dr (159
K) compared with film without Bi. This calls for filner investigation to understand
the negative magnetization exhibited by@,.«MnO, thin films.

5.3.5 X-ray magnetic circular dichroism (XMCD) studes

The magnetic behaviour of the films is observethécalmost identical with
that of the bulk samples of the respective comjmrst as described in chapter 4
and supports that thin films maintain an ion comfagion similar to that of bulk.
This is substantiated by the near edge x-ray ahearfine structure (NEXAFS) and
XMCD measurements of the thin films, as depictedrign 5.12, which shows the
normalized XMCD spectra at Cozkand Mn lg,edges of the RC0o,.\MnO, thin
film with x = 0.3, collected at 150 K. Upper panelboth the figures 5.12(a) &
5.12(b) corresponds to NEXAFS spectra for left agtht circularly polarized x-
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rays, where as lower panel is XMCD signal. From. B.12(a) it is clear that Co

L3> spectrum is splitted into two broad multipletanrely, the b (2ps2) and L
(2p12) ~ 15 eV apart, owing to the spin orbit interactiof Co core @ states, as
explained for the bulk sample having same compmosiin chapter 4. Each of these
two regions further splits intty andey orbital features because of the crystal field
effect of neighboring ions. The spectral featureseoved at 778.5 eV and 780.0 eV
correspond to Co (in tetrahedral symmetry) and €o(in octahedral symmetry)
valence state, respectively. The lower intensitthe CG* peak than the C6 peak
indicates Bi-induced transition of &oto Co'™*. Substitution of BY" at octahedral
sites imposes the distribution of Mn ions betweetaloedral and tetrahedral sites.
This is evident in Mn k., spectra of the same film shown in Fig. 5.12(bkelits
bulk counterpart, Mn2core states also split the spectrum into two broaliplets,
namely, the b (2ps2) and L, (2p12) ~ 11 eV, apart. The inflection points of the Mn
L3 edge with identical spectral features as thatefliulk, shown are subsequently
at higher energies and correspond to’Mim tetrahedral symmetry), Mhand Mr*
(both in octahedral symmetry). This vindicates i@t mixed valance states of Mn
and Co ions of the film synthesized are exactlyamiag with that of the bulk.

0
=
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g g
<005 } } } |-=|==|==|==$ e b+
%008- T=150K H=1T %0-02_‘ T=150K,H=1T
E 0'06__ 5 0.00 _AVL
0 . IS .
0.08] "' — e 0,02} XMCD —
0.02] 0.04]
0.00 -
1 v -0.08}
-0.02] I
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L AL I L L I I ML L N A BELANLA LA
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Fig. 5.12.(a) Co Lz» XAS and XMCD (o™ - g) and (b)Mn Lz, XAS and XMCD
(0" - p) signals of BixC0,.,MnQj4 thin filmwith x = 0.3.
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The use of right or left circularly polarized photowhich transfer their
angular momentum to the excited photoelectron nreashe difference in the
number ofd holes and consequently reflected in the XMCD gpedthe polarity of
the Mn 2 XMCD spectra is opposite to that of the QoX@MCD spectra at 150 K,
well below ferrimagnetic & of the material. This indicates the antiparallgranent
of the spin moments between Mn and Co ions as shiowig. 5.12(a) and Fig.
5.12(b). Although there is a little dependence loé NEXAFS signal on the
polarization of the incident x-ray photon, thereaiclear reproducible difference
between the NEXAFS collected for the photon hslipiarallel and antiparallel with
the applied magnetic field (1 T), which is the XMG&nal. In Fig. 5.12(a), the
XMCD signal of C&" at energy ~ 778.5 eV is clearly observed, whichinis
agreement with the spectral position of?Cobserved in NEXAFS spectra of the
film. Likewise, XMCD signal of MA" at 642 eV can be identified with the Rin
spectral position in the NEXAFS spectra. Thus thseoved crossover of ZFC
magnetization to negative values at 140 K, for finth x= 0.3 (the representative
film considered) can be correlated with the imbeéamn the contributions spin
moments of Co ions and Mn ions which are aligndtparallel, as clearly depicted
in XMCD spectra.

5.3.6 Magnetoelectric studies

The magnetoelectric coupling studies of the filmsY®CO/LAO substrates
have been carried out using a cryogen free low ésatpre high magnetic field set
up. Dielectric constant was measured without a reagrield ase'(0T) and with a
magnetic field of 3 Tesla a&(3T) during warming cycle, after zero-field cooling
Distinct variation ine'(3T) was observed for BLo, ,MnQO,film (x = 0.3), relative to
€'(0T), during the entire range of temperature (100-X). For the film of
composition x = 0, hardly any distinction betwe3T) ande'(0T) was visible and
film with x = 0.1 displayed weak dependencesobn magnetic field (Fig. 5.13).
Inset of Fig. 5.13 shows the relative percentagmtian in dielectric constant under
an applied magnetic field (magnetoelectric couplirend is determined as
[e’(sT) - £'(0T)

£'(@T)

coupling was observed at ~ 183 K; just below therirfeagnetic transition

><100}, for the film with x = 0.3. The maximum magnetazte

14z



Chapler 5: Shuctwral and magnelselectric . .. .. ... . 12,Co . MO,y thin films

temperature of the film material, and the magnettec response was found

reduced atower and higher temperature regimes of the measeme carried out.
Similar magnetoelectric effect was achieved inlibix composition and therefore it
is sensible to exclude extrinsic contribution litee strain effect induced by the
substrates on the film grown [19]. The negative nedgelectric response exhibited
by the film when the magnetic field is applied pErdicular to it, in contrast to the
positive dielectric response exhibited by the repe composition in bulk form, is
supposed to appear from the suppression of theéaéinc from a singly occupied
state to another state by the magnetic field, ragisiom the preferentially oriented
growth of the films.

Dielectric Constant()
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2543
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1-0 T T T T T T T T T T T T T T T T T T T T
80 100120 140 160 180 200 220 240 260 280
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Fig. 5.13. Magnetic field dependent variation of & with temperature & Inset:
£(H)-£0

Magnetodlectric couplin
o] p 9[ £0)

} versus temperature for Bi,Co,,MnO, film

(x=0.3).
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Similar behavior was observed in¢B&TizO1g films by Lu et al [23]. The
magnetoelectric response the Bi-substitutedMd®, films is originating from the
non-collinear magnetic ordering occurring due te ¢fgometrical frustration of the
lattice on cation substitution that affect the ic@ar antiferromagnetic ordering of
the parent composition @@, arising from the substitution by NMhand Bf*
cations in the spinel lattice. This results in thagnetic origin of ferroelectricity as
in the inversed Dsyaloshinskii-Moriya interactioncarring in complex magnetic
structures such as non-collinearly canted antifeagnets where the canted spins
displaces the oxygen sandwiched between them au$ I electric polarization
through electron-phonon interaction [24, 25]. Timidution of the magnetoelectric
effect at high temperature may be due to the oddmrder transition of magnetic
ions in the complex magnetic structure of thel®.x MnO, (X = 0.3) film which
results in the flip of polarization against the maf ferroelectric polarization. The
reduction in the magnetoelectric effect at lowenperature can be attributed to the
collinear magnetic ordering. The ferroelectric asllwas magnetoelectric
measurements of these films have been carriedtdugla frequency (100 kHz and
above) to rule out the contribution of polarizatminarising from magnetoresistance
combined with Maxwell-Wagner effect [26], as dissed in chapter 3.

5.4 Conclusions

The results of the study of thin films of \Bio,xMnO,4 grown by PLD on

different substrates lead to following conclusions:

0] XRD pattern and AFM images of thin films of ;Bi0,.xMnO,, show that
good quality, single phased polycrystalline filnfsBaxCo.« MNO,4 (X = 0.0,
0.1, 0.2 & 0.3) with preferred orientation was grotlsy PLD on amorphous
quartz, LAO and YBCO/LAO substrates. The growthtloé single phase
films were confirmed by Raman spectra. Moreovermfithe XRD study, it
is observed that the film deposited on YBCO/LAO Isasaller grain size
than that of the film deposited on quartz and LAXBM images depicted the

increase in grain size and roughness.
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(ii)

(iii)

(iv)

Dielectric data of the RCo,.xMnO, films reveals the weak ferroelectric
behaviour and FEd increases as Bi content increases. Films are feand
possess lower dielectric constant compare to thahe bulk samples and
exhibited better ferroelectric nature at highergenature. Similar variations
of dielectric loss factor, tand with temperature supports that the

stoichiometry of the bulk samples are retainedefiims.

DC magnetization studies show that the thin films Bi,C0,\MnO,
deposited on LAO exhibited well defined hysterdsigp at 150 K, which
revealed its ferrimagnetic behaviour. Botlk &hd ferrimagnetic-d increase
as Bi-content increases in the films, owing toBivénduced redistribution of
cations at the octahedral sites, similar to thé& Bamples. This indicates that
the thin films maintain an ion configuration similao the bulk.

Magnetization exhibited crossover from positivenémative values at ZFC.

BixCo,.xMnQ, films with higher Bi-content demonstrated magnedotic

coupling, as the variation of dielectric constamtrésponse to the applied
magnetic field and exhibited maxima at ferrimagndit, similar to bulk

samples. This suggests that the effect of substrdteced strain, if any, can
be ruled out for the Bi-substituted samples, comfig the magnetic origin
of ferroelectricity. Magnetoelectric coupling ispgosed to originate from
the interplay between structural distortion and neg exchange

interaction.

The films exhibited both the ferroelectric and iimagnetic properties,

revealing the multiferroic characteristics alonghvmagnetoelectric effect which

strongly support the candidature of this film meterfor multiferroic device

applications.
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Chapter 6

Effect of Swift Heavy lon Irradiation on the Structural,
Dielectric and Magnetic Properties of
BixCo2xMn04 Thin Films

This chapter presents the effect of 200 MeV Ag-* ions irradiation on the
structural, dielectric and magnetic properties of BiCo,xMnOy thin films grown on
Quartz, LAO and YBCO-coated LAO substrates.
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6.1 Introduction

Recently efforts have been made to synthesize fieutiic thin films from
single phase ferroelectric and magnetic compoukddtiferroic thin films reveal a
range of interesting phenomena and stimulated th@oeation of new device
heterostructures [1-3]. From literature, it is fduthat there is a constant interest in
the optimization of the properties of multiferrdtdin films, as it envisages a wide
variety of smart devices such as multiple memonwjiabs, electric field controlled
ferromagnetic resonance devices, and transducelts magnetically modulated
piezoelectricity etc.lt has been well established that structural, etedt and
magnetic properties of spinel oxide films are extey sensitive to the external
pressure or stress/strain induced in the systens fifay be possible through
different routes like changing the ionic radii dfet substituted cation, creating
cation-oxygen vacancies or by swift heavy ion (SiktBdiation [4-5]. Among these
methods, SHI irradiation is found to be a uniquethwé for engineering the
properties of a material [6]. SHI radiation is krmmowo introduce controlled defects
and structural disorder and can modify the straliectrical and magnetic properties
in the films. Significant changes in the magnetic hysteresisufeatwere observed
for nanoparticles of NiCuw FeO,4 having spinel cubic structures on irradiation by
100 MeV Ni ions, and was attributed to the SHI ioeld formation of cluster of
defects in the nanocrystalline samples [7]. Modificns on structural, electrical
transport and magnetic properties of epitaxial netitg (FgO,) thin films grown on
MgO (100) oriented substrate have been reportelaw Kumar et al [4] and they
have explained on the basis of structural straith disorder induced by SHI (200
MeV Ag 15", which lead to modification in the inter-ionic Gomb potential at
octahedral sublattices and bandwidth in this sys2@MeV Ad>" ion irradiated
thin films of Fe-doped ZnO, deposited a+Al,O; (0001) single crystal substrates
using plasma assisted molecular beam epitaxy (PAMEEhibited room
temperature ferromagnetism and a metal-semicondtratusition at 227K [8]. The
characteristic Verwey-transition temperature of épétaxially grown thin films of

Fe;0, was found to increase with SHI irradiation by 20@V Ag ** and this

14¢
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behaviour was associated to the release of subsinaluiced strain after ion
irradiation [9]. A metallic catalyst assisted growbf magnetic nanopillars was
reported, in the thin films of MgMngoFe0, after SHI irradiation by 200MeV
Ag15' ion [10]. The degradation of ferroelectric propestof Pb(ZsssTios7)O3 and
SrBi,Ta0s thin films irradiated by 50 MeV Ef were ascribed to the irradiation-
induced partial amorphisation and the pinning & tarroelectric domains by the
trapped charges and found that after annealing dorpartially regained the
ferroelectric properties, while latter did not. Thegaining of properties after
annealing is attributed to the thermal annealinghefdefects, generated during the
irradiation [11]. The decrease in dielectric prapesxhibited by 190 MeV Ad¢>*
ion irradiated NiMg og-€1 0504 thin film compared to the pristine film was expiad

as the consequence of the fall in the number ofodsr sites, required for
polarization and the obstruction of flow of spatarge carriers that could build up
space charge polarization, in the irradiated fi[B]s The SHI is known to generate
the controlled defect states such as structurainstpoint/cluster of defects and
columnar defects depending upon the type of ioeran fluence and the target
material. It is well established and reported wwift heavy ions lose their energy
via two nearly independent processes. When the fwdvy ions pass through the
material, the ions either excite or ionize the atdoy inelastic collisions or displace
atoms of the target by elastic collisions. Elastallisions are dominant in low
energy regime, whereas inelastic collision procksainates at high-energy regime.
From the literature, it is evident that electromioergy loss Sdue to inelastic
collision is able to generate point/cluster defeptevided S is less than the
threshold value of electronic energy loggs, $12]. Nuclear energy loss (5
following the elastic collision of the ions has yhbw profile, if the striking ions
possess high energy (~ 100 MeV). Investigationsnayy research groups revealed
that the threshold, 5 to create the columnar defects/latent tracks esiab 10 - 14
keV/nm for the spinel oxides [7, 10, 12-15]. Foe tbresent Bi-doped spinel oxide
system, we chose the conditiog>S., because the strain induced by defects and
amorphisation following the origination of latera¢ks are also responsible for

drastic changes in the structural, dielectric aradymetic properties [16-18Ftudies

15C
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on the magnetoelectric properties of the Bi-subistid CeMnO, spinel in bulk and
thin films has been reported [19, 20, 21, 22], teails of which are given in
chapter 3, 4 and 5. In this chapter, the irradiagéfect of 200 MeV AF* ions on
the structural, dielectric and magnetic properiethe Bi-substituted GMnO, thin

films prepared by pulsed laser deposition (PLOjressented.

The thin films of B{Co,.xMnO, on amorphous quartz, LAO and YBCO/LAO
substrates were cut into four pieces, each of 5xm&mm size. This set of four
pieces was used for irradiation and further studyoider to keep the growth
conditions uniform for all the samples. One pietélm was kept pristine while the
other pieces of the thin film were irradiated a tbom temperature with 200 MeV
Ag™®" ion beam using the 15 UD tandem accelerator at Itier-University
Accelerator Centre, New Delhi, INDIA, with differefluence value such as 1x40
5x10" and 1x16 ions/cnf. The irradiation was performed under high vacuum
condition (base pressure 2x4Torr). The incident angle of the ion beam was kept
slightly away from the normal to the sample surfaxavoid the channeling effects
and also the beam current was kept 0.1 pnA to abaidheating. The ion beam was
focused to a spot of 1 mm diameter and scanned theeentire area of the film
using a magnetic scanner. The fluence values wenéirmed by measuring the
charge falling over the sample surface, in the eéary electron suppressed
geometry. The ladder current was measured withgaadlicurrent integrator and a
scalar counter.

6.2 Results and discussion

In the present research work, 200 MeV'&gons have been used for the
irradiation on BjiC0,.xMnOy thin films on amorphous quartz, LAO and YBCO/LAO
substrates grown by PLD. The electronic energy (89s nuclear energy loss (S
and range of ion (f have been calculated by using SRIM2008 (Stopging
Range of lons in Matter) simulation program and faxend as 20.7 keV/nm, 55.6
eV/nm and 15.5 um, respectively. From these valuesclear that $is two orders
of magnitude smaller than. &nd ion range is much larger than the film thicdehe
(350 nm). The &, to create columnar defects in this spinel oxiddemals is 14
keV/nm and the Sopted (Table 6.1 and Fig.6.1) is greater than rémguired
threshold.
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Fig. 6.1. Variation of (dE/dx) and (dE/dx) versus energy in BL0o,..MnO, for 200

MeV Ag ions.

Table 6.1. The electronic stopping powerSnuclear stopping power {5 and
range (R) of 200 MeV AY" ions BjCo,.,MnO;calculated using the SRIM-2008.

Bi Co, MnO, SE(;e(\‘ji’i;()e Sh = (dE/dX) €Vinm) | §/S, | Ro (um)
X=00 20.73 55.66 37248 15.48
X=01 19.04 54.18 368.08  16.04
X=02 19.25 52.88 36408 16.6]
X=03 18.63 51.73 36018 17.24
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6.2.1 Structural (XRD) and mor phological (AFM) char acterizations

X-ray diffraction (XRD) using Bruker D8 X-ray Difictometer with Cu K
radiation at room temperature has been performestandardd/26 mode for the
identification of phase and the orientation of thim films. XRD pattern confirms
the single phase nature and oriented growth ofBik€0,MnQO, thin films on all

the three sets of substrates; quartz, LAO and YRBO/

Intensity(arb. units)

Fig. 6.2. XRD pattern for the pristine and irradiated filmsR&i,Co,.,MnO, (x = 0.0,

0.1, and 0.3) on quartz substrates.
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Crystal structure of the films is found matchingliweith the cubic spinel
structure (B3mspace group) of the bulk target material. Figu&shows the XRD
patterns of pristine thin films of BL0o,.xMnO,4 grown on quartz substrates and of the
same film irradiated at different fluences, 1¥1®x13* 1x10d? ions/cnf. XRD
pattern reveals (111) oriented nature of(®bMnO, films on amorphous quartz
substrates. The insets of Fig. 6.2 depict the zao(m&1) reflection of the pristine
and 200 MeV A¢" ion irradiated films grown from different compasits of
varying Bi-content on quartz substrates. It is fbtimat, on increasing the fluence in
the order 1x1H, 5x13* and 1x16 ions/cnf, lattice constanta’ decreases and full
width half maximum (FWHM) in respect of (111) reaft®n increases (Table 6.2).

Table 6.2. XRD analysis of BC0,..MnQO, thin films on amorphous quartz
substrates.

BiXCoz_X MnO, | lon Fluence| Lattice constant(inf\) FWHM | Strain
(cm?®) (degrees)
Pristine 8.2752 0.1341 0.0016
x = 0.0 1 x 10* 8.29012 0.1597| 0.001P
5 x 10* 8.29012 0.1439| 0.001f
Pristine 8.31645 0.1308| 0.0016
x=0.1 1x10? 8.29012 0.1320| 0.001p
5 x 13! 8.28138 0.1294| 0.001b
Pristine 8.3343 0.1160| 0.0014
x=0.3 1 x 10* 8.3164 0.1187| 0.0014
5 x 13! 8.2988 0.1284| 0.001p
The lattice strainT) in the film is calculated using the relation [23],
Ttan® = (/D cosf) - B ---- (6.1)

where B is FWHM, A is X-ray wavelength (1.54 A for CugKand®e is the Bragg's
angle in degrees and D, the grain size obtainathusebye-Scherrer formula. The
strain calculated for the BLo,« MnO, thin flms on amorphous quartz substrates
are shown in Table 6.2. It is clear that film defexh on quartz substrate maintains
almost constant strain in pristine and irradiatachgles. The nature of irradiation
induced defects may be the extended defects amidlpanorphisation. It has been
noticed that, for the films irradiated at fluencelB™ ions/cnf, FWHM is decreased

154



Chapler 6: Effect of Swift heavy ion imadiation . ........... thin films

with increased intensity of the peaks and is intlieaof the release of strain present
in the film. So, 5x18 ions/cnf appears to be the optimum ion fluence rate for the
growth of well textured thin films.

The BiCo,x MNnO, thin films grown on crystalline LAO substrates &and
to possess almost similar lattice parameters, athencase of quartz substrates
revealing the lower strain that is conducive tairetr better crystallinity in the films
(Fig. 6.3 and table 6.3).
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Fig. 6.3. XRD patterns for the pristine and irradiated filrog BikC0o,.,MNO, (X =

0.0, 0.1, and 0.3) on LAO substrates.
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With irradiation at fluence 5 x1bions/cnf, a marginally reduced lattice constant

and lower strain is observed, which indicates thatfilms grown on LAO possess

better crystallinity among all three substrates.

Table 6.3. XRD analysis of BC0,.x MnQy thin films on LAO substrates.

BiXCoz_X MnO, | lon Fluence | Lattice constant(inﬁ) FWHM Strain
(ion-cmi?) (degrees)

Pristine 8.2752 0.1939 0.0014
x=0.0 T

5x 10 8.2671 0.1954 | 0.0014

Pristine 8.2803 0.1649 0.0014
x=0.1 T

5 x 10 8.2722 0.1713 0.0012

Pristine 8.2986 0.1633 0.0023
x=0.3 1

5 x 10 8.2857 0.1703 0.00138

However, slightly increased strain and FWHM alorithmoticeably deviated lattice
constant were observed for the films grown on YBIOX® (Table.6.4 and Fig. 6.4),
which is attributed to the lattice mismatch of®w,.x MnO4 with YBCO bottom

layer, as explained in chapter 5.

Table 6.4. XRD analysis of RCo,.x MnO, thin films on YBCO/LAO substrates.

Bi Co, MnO, Ion((!:rInL_JZe)nce Lattice constant(im) (g\é\ét'el\t/las) Strain
Pristine 8.2613 0.3632| 0.0021
x = 0.0 1 x 10° 8.2577 0.5681 | 0.0032
5x 13! 8.2757 0.3245 | 0.0018
Pristine 8.2976 0.3306| 0.0019
x=0.1 1 x 10° 8.2812 0.4006 | 0.0023
5x 13! 8.3287 0.2683 | 0.001%
Pristine 8.2776 0.2690| 0.0022
x=0.3 1x 103! 8.2703 0.2806 | 0.0023
5 x 101 8.3067 0.2503 | 0.0022

In this series of films, irradiation at fluence ®*41ions/cnf leads to the release of
the strain to a certain extent and can be regaadetie optimum ion fluence value

for improving the crystallinity of BCo.« MNOq thin films grown.

15¢



—— Pristine |  x=0.3
1| 1lel1 £ y
5ell g
—— YBGO/LADE
_ %8 376 384 B2
2 theta (Degree)
AN
. A
<
] k i\ A L
~TIF—Ppfsthe T x=01
= w N
S E N
> >
2] 5
8 B
‘D
2 -
2— 7368 39.2
D | QZIhaa(Degree)
- K
T
x=0.0
g
3
7] 2
‘D
P& j
7] _36.N237.6 384 394
N theta (Degree)
_ Lo U
_ Lo M
T T T T T T T T T

20 30 40 50 60 70 80

2 theta (Degree)
Fig. 6.4. XRD pattern for the pristine and irradiated filmgsRixCo,..MnO,4 (x = 0.0,
0.1, and 0.3) on YBCO/LAO substrates.

From the XRD analysis, it was observed that allBihg&o0,.x MnO, films grown on
amorphous quartz, crystalline LAO and YBCO/LAO dulites exhibited single
phase cubic spinel structure before and afterrtadiation. The irradiation at 5x¥0
ions/cnf appears to be the optimum fluence, consideringtistallinity, which can
be attributed to the release of the strain. FroenXRD spectra it is clear that there is

no structural transformation occurred in thin filmaterials with SHI irradiation,




Chapler 6: Effect of Swift heavy ion imadiation . ........... thin films

except small variation of their peak intensitiesl greak broadening. The fall in

intensity of the XRD reflection peaks is suggestighe partial amorphisation in
the irradiated films. Further, investigation of thhanges produced by the SHI
irradiation o the surface morphology of these filhes been carried out utilizing
atomic force microscopy (AFM).

x = 0.0, Pristine

x =0.1, Pristine

X 0.500 pm/div X 0.500 m/div
z 100.000 m/div 2 100.000 rm/div

x = 0.3, Pristine

x=0.3, Sell

Fig. 6.5. AFM images of pristine and irradiated thin filmsBi{Co,..MnO, (x = 0.0,
0.1, and 0.3) grown on LAO.

Surface morphology of the thin films is characteddy the AFM technique,
as described in chapter 5. Fig. 6.5 show the roemperature AFM images of
pristine as well as irradiated 8o, xMnO, thin films deposited on LAO substrates.
The findings have been correlated considering tw mean square (rms) of the
roughness height and grain size. The roughnessiigdfincreasing with irradiation.
RMS roughness increased from 2.67 nm to 3.03 ntharBiCo,x MnOq4 film for x
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= 0.0 and 2.10nm to 2.23nm in the,B0,x« MnO, film for x = 0.3, with the

irradiation at 5x18 ions/cnf. Average diameter of the grains was found decngasi
with irradiation, as a consequence of irradiatiomuced grain fragmentation.

However the grain size and roughness were relatikiglher for the film with x =
0.1, as the bulk target composition of this pafdcuBi-content exhibited more
stabilized growth (Chapter 3).

6.2.2 Raman scattering studies

As discussed in chapter 4 and chapter 5, Raman snaofdthe pristine and
irradiated BiC0,.xMnQ; thin films on different substrates were analyzeddspect
to the parent compound, &2y, with normal spinel structure havingd/
spectroscopic space group.;0gpossess five Raman active modeg;AE; + 3Fg,
as 194.4 ci (F'y - tetrahedral), 482.4 c¢in(Ey), 521.6 cnit (F%), 618.4 cnri
(F%,9), and 691 cit (Ay4- octahedral).

1 x=0LYBCO-LAO 1

] A &

QX = O.]JQuartzg

1—— Ppristine :

17— 1el11 T

] 5ell Reman shiftom’)
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Intensity(arb. units)

T T T T T T T T T T T T T
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Raman shift(cri)
Fig. 6.6. Raman Spectra for the films of 80,.,MnO, for x = 0.1 on quartz
substrates and Inset: Raman Spectra for the filmBig&0,,MnO, for x = 0.1 on
YBCO/LAO substrates.
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Fig.6.6 depicts the Raman spectra of the pristineg iaradiated films grown on
quartz and YBCO/LAO (Inset) substrates, for x = Qll the pristine and irradiated
films displayed the characteristic Raman modesesponding to octahedral {{f~
650-655 crif) and tetrahedral (&, ~ 180-185cri) sites, and coalesced; E Fq

mode at ~ 500 crhindicating that there is no structural change ithdiation.
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F Zg& Eg

1g
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] 5el1l
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x = 0.0/LAO 19

—— Pristine

5e1l ,
n F 29& Eg
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Raman shift(cnit)
Fig. 6.7. Raman Spectra for the films 0§80, ,MnO, (x = 0.0, 0.1 and 0.3) on LAO

substrates.

In Fig. 6.7 Raman spectra of thin films grown on@Ax= 0.0, 0.1 & 0.3) are

shown. For all films the characteristic modes wkrend shifted towards higher

16C
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wave number with irradiation (Table 6.5). This hemohg is indicative of slight

contraction of unit cell and strain induced on fi@ lattice by the SHI irradiation,
which is in conformity with the results discussedthe XRD analysisWeak, but
noticeable profile broadening of modes implies ithereased anharmonicity due to
structural distortion [24]; in the form of inductiaf defects and amorphisation with
irradiation for the BiCo,xMnQO, films. In general, the Raman spectra with a flat
background is indicative of only phonon structuresgnt in the system, but the
increased background at higher wave numbers hasdimserved in large number of
reports on superconductors [25] due to increaseetrenic scattering. Here, for both
the pristine and irradiated B0, MnOy films, considerable increase in background
at higher wave numbers were observed, which inegctitat multiferroic property of
this film material, which is strongly dependentalactron-phonon coupling, are not

affected by the irradiation.

Table 6.5. Raman modes (in ¢hfor Bi,Co,.« MNO, thin films.

on quartz
Bi-content x=0.0 x=0.1 x=0.3
Raman mode- Agg Flog Ayg Fog Alg Fog
lon fluence (crif)
Pristine 651.25| 183.91 654.84 184.65 652.6¢1 184.49
5 x 10" 652.42 | 184.20 657.13 185.00 654.23 184.67
on LAO
Bi-content x=0.0 x=0.1 x=0.3
Raman mode- Alg F129 Alg FlZQ Alg FlZg
lon fluence (crif)
Pristine 656.50 184.25 658.24 187.87 655.46 185.37
5x 10" 656.64 | 183.37| 660.80 185.]11 656.07 185.75
on YBCO/LAO
Bi-content x=0.0 x=0.1 x=0.3
Raman mode- Alg Fog Aqg Fog Aqg Flog
lon fluence (crif)
Pristine 654.29 | 185.52 651.04 185.13 656.66 187.78
5 x 10" 655.21 | 183.83 659.33 186.43 658.92 189.91
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6.2.3 Ferroelectric studies

The ferroelectric (FE) nature of the pristine amdhdiated thin films of
BixCoxMnO,4 (x = 0.0, 0.1 and 0.3)leposited on YBCO/LAO substrates were
investigated through dielectric measurements, ascried in chapter 5The
dielectric constart’ and dielectric loss tangent, tAimeasured at room temperature
as a function of frequency for as deposited aratiated films, are shown in the
Fig.6.8 and Fig.6.9 respectively.
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Fig. 6.8. €' vs. frequency for BCo,.,MnO, (X = 0.0, 0.1 and 0.3).
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It is observed that both pristine and irradiatdish$i exhibit the frequency dispersion

of ¢ and is found to enhance with irradiation alondwslight reduction in dielectric
loss. The frequency dispersion of dielectric prtiperat room temperature reveals
the distribution of relaxation times associatedhwitte oppositely charged Bi and
oxygen vacancies, as described in chapter 5.
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Fig. 6.9: Loss factor (tad) vs. frequency at room temperature.

The improvement in dielectric properties on irrdidia especially in the case Bi
substituted films may be attributed to the generatof defects in the form of
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increased cation-anion (BD) vacancies at the octahedral sites. The reduatithe
size of unit cell as confirmed by XRD and Ramancspscopy studies also supports
that there will be a fall in dielectric loss andnsequent increase in dielectric
constant due to the compactness achieved in tieelat

Dielectric constantg() for the pristine and irradiated B0,.sMnO4 (x = 0.0,
0.1, and 0.3) thin films measured as a functiotenfperature are shown in Fig.6.10.
Both the pristine and irradiated films demonstratae ferroelectric transition
peaks, one at lower temperature (~ 200 K) and therat high temperature (~ 400
K).
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For the wider part of the temperature range of megisent (200 — 400 K¥' is

found lesser in pristine film compared to the iredeld films. Also the difference in
temperature corresponding to the two transitionkpeis found to shrink with
irradiation. The shrinkage of the range of tempemtbetween the ferroelectric
transitions is because of the partial amorphisatidnthe film material with
irradiation. Temperature dependent variation of @aralso showed peak like
structure, but with decreasing trend on irradiat{émsets of Fig.6.10). Charges
trapped by the radiation-induced defects also nélnance the FE nature, as it can
control the ferroelectric domains and the consegipefarization. Both the higher
temperature and higher ion fluence appear to de#iteferroelectric nature of these
films. At lower ion-irradiation fluences annealirgg the pre-existing defects are
dominant, while the higher fluences resulting inrenamorphisation in the films.
For this film material, thus fluence up to 54 ns/cnf is the limit regarding FE
property.

122

120] —e— Pristine A x=0.1, 400K, 100kHj
—o—1lell

118- 5e1l

/l
——lel2 / \
/

Capacitance(pF)
e i e
L =
I

1104

Voltage(volts)

Fig. 6.11. C-V plot of the BC0,.,MnQO; film (x = 0.1) at 400K and 100 kHz.

The Capacitance-Voltage (C-V) characteristic curybsfore and after
irradiation) for the BIiC0,xMnQy thin films (x = 0.1) are shown in Fig.6.11. For
both the pristine and irradiated films (up to 5%1i@n/cnf), characteristic butterfly

shaped loop with two maxima corresponding to threvéod and backward switching
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voltages is observed supporting the ferroelectetdviour. The irradiation has

increased the gap between switching voltages fréwa@lts for pristine to 0.5 volts
for film irradiated with 5x18' ions/cnf. Further increase in the fluence seems to
distort the C-V loop indicating the weakening ofréelectric behaviour, owing to
the increased amorphisation. The variation in thigching voltages and capacitance
demonstrated in C-V loops can be attributed to theation of cation-anion
vacancies and charges trapped in the film matetaig irradiation, which alters
the local field and there by affecting the switahicharacteristic as a function of
applied voltage [11]. The asymmetric C-V loop (diffnt values of capacitance on
the two sides of C-V curve) is due to the differeimt electrode materials. The two
surfaces of the films have two different electrqdgklver on the top and YBCO at
the bottom. Any how this asymmetric nature in CAwwe is found to subside with

irradiation at higher fluence indicating that etedes are also affected.

6.2.4 M agnetization studies

DC magnetization studies were carried out for ihasf deposited on LAO
substrates, using the VSM option of PPMS set upstlidy the effect of 200 MeV
Ag™* ion irradiations on the magnetic behavior of theben film samples,
magnetization (M) versus temperature (T) measurésnemre performed in the
temperature range from 5 to 300 K in the preseri@external magnetic field of
0.1 Tesla in the zero-field-cooled (ZFC) and fielabled (FC) modes (Fig. 6.12).

The ferrimagnetic behaviour of these spinel filmshwAB,O, structure is
influenced by the Bi-substitution induced competitamongntrasite A-O-A (aa),
B-O-B (Jgg) and intersite A-O-B Jag) superexchange interactions and consequent
magnetic frustration, as explained in chapter 4 ahdpter 5. Canting of spins
arising from the Bi-induced distortion of the la#j also contribute to the
ferrimagnetic behaviour.  Ferrimagnetic transiti®@mperature (d) appears
insensitive to irradiation, which reveals that digtion could not induce cationic
redistribution or further frustration in the magnoetrdering. Irreversibility between
ZFC and FC magnetization curves is observed closé&c:tfor both pristine and

irradiated films.
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films.

The unusual behaviour of ZFC magnetization undegyai crossover from positive
to negative values is exhibited by irradiated filalso, the details of which is
explained in chapter 5. The crossover temperafigg,is found unaffected by the
irradiation, which further confirm that the origof magnetism in this material is

more or less stable against irradiation.
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Fig. 6.13. M-H loops for the pristine and irradiated Bio,,.MnO, (x = 0.0, 0.1 and 0.3)
films with at 150 K.

Fig. 6.13 shows the isothermal dc magnetizatiortemgsis curves for unirradiated
and 200MeV Ag ion irradiated BLo,.xMnQy4 thin films grown on LAO substrates.
Thin films show increase in the saturation magmitin (Ms) value with irradiation
at a chosen fluence of 5x%Gons/cnt, which is the optimal fluence concerning
structural and ferroelectric properties. These Itgstiearly indicate that the ion
irradiation plays a major role to texture the,®@i,MnO, thin films, which is
complementing with the results of XRD and Ramarcspe However for the film

with x = 0.1, M, is found to decrease with irradiation. This desesan the
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magnetization suggests that these films are maeestible for irradiation induced

amorphisation, which may be due to the larger siz¢he grains it contains, as
evident in AFM images, leading to lower texturifidie decrease in Malso reveals
that the magnetic moments of the material do nohpletely participate in the
magnetization since they get trapped in the stieskmmains created due to the

irradiation.

Table 6.6. Coercive field (K), remnant magnetization @ and saturation

magnetization (M of pristine and irradiated RC0,.,MnO; thin films.

Mg(emu/cc) Mg(emu/cc) Hc(Oersted)

Bi- m 5 x 107 . 5 x 147 L 5 x 1037
content | Fristine ionsicm | Frstine | o nsren? | PRSNG| o slen?
x=0.0 15.5 35.9 8.7 3.5 1000 748
x=0.1 27.5 13.5 18.6 6.2 1116 894
X =0.3 34.4 54.1 24.4 21.7 597 497

It is obvious from the table that thesMf Bi-substituted thin film exceeds theshdf
pure CoMnO, after irradiation. This supports that the Bi-sitb&bn helps the
system to retain its magnetization even at higheenices of the ion beam. The
decrease in the saturation magnetization in the adsthe film with low Bi-
substitution can also be due to the loss of oxygament from the stoichiometric
system. It is also possible that the deficiencyorygen content will affect the
interatomic distances and oxidation number of Co/Mns which reduces the
magnetization [15, 26]t is observed that coercivity valuesg Hecreases for all the
films after the irradiation at 5x1bions/cnf (seeTable 6.6, which is attributed to
the annealing of the pre-existing defects trappedirring the growth of the pristine
films in the form of grain boundary and point degeavhich act as the pinning sites
for domain walls [10]. The higher value of remnamgnetization, M retained in
the Bi-substituted samples even after the optimséliected irradiation rate 5x£0
ions/cnf, once again vindicates the profound effect of Bi dantrolling the
magnetization of this multiferroic material, whicenhances the ferroelectric

property too.
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6.2.5 X-ray magnetic circular dichroism (XM CD) studies

The 200 MeV Ag’" ion irradiated BiCo,xMnO; (0 < x < 0.3) films
exhibited a magnetic behaviour identical to thathed pristine films and confirms
that ion configuration is not disturbed by irraéhat This has been substantiated by
the near edge X-ray absorption fine structure (NESAand XMCD measurements
of the films, as depicted in Fig. 6.14 and 6.15jcllshow the normalized XMCD
spectra at Co 4, and Mn L; ,edges of the BC0,.xMnQO; thin film with x = 0.0 and
0.3, collected at 150 K. Upper panel in both thguFes 6.14(a) & 6.14(b)
correspond to NEXAFS spectra of CgJedge for left and right circularly polarized
X-rays, for pristine and irradiated films with x0=0, whereas lower panel is XMCD
signal. Similarly figures 6.14(c) & 6.14(d) corpemd to NEXAFS spectra of Mn
L3 edge for left and right circularly polarized X-ray®r pristine and irradiated
films with x = 0.0, and lower panel is XMCD signdh the same way figures
6.15(a), (b), (c) and (d) represent the NEXAFS XMICD signals of pristine and
irradiated films with x = 0.3. From the figures &(&) & (b) and 6.15(a) & (b), it is
clear that Co k, spectrum is split into two broad multiplets, ndynéhe Ls (2ps/)
and L, (2p2) ~ 15 eV apart, owing to the spin orbit interactmf Co core B states,
as explained in chapter 5. Each of these two ragiorther splits due to crystal field
effect of neighboring ions and corresponditpandey subbands. Also, the spectral
features of C8 (in tetrahedral symmetry) and €o(in octahedral symmetry)
valence states are retained after irradiation. wike Mn 2 core states also split the
spectrum into two broad multiplets, namely, the(2ps») and L (2pr) ~ 11 eV,
apart, as evident in figures 6.14(c) & (d) and €l% (d). For the pristine films,
the inflection points of the Mn d.edge are subsequently at higher energies and
correspond to Mfi (in tetrahedral symmetry), Mhand MAd* (both in octahedral
symmetry). The same spectral features are exhillijethe irradiated films. This
reveals that the mixed valance states of Mn ando@s of the irradiated films are

identical to that of the pristine.
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With the help of XMCD spectra, it is possible to asare the difference in the

number ofd holes, using right or left circularly polarizedqibns, which transfer
their angular momentum to the excited photoelectfenom the figures 6.14 and
6.15 it is clear that the polarity of the Mp XMCD is opposite to that of the C@2
XMCD spectra at 150 K, for the pristine as welli@adiated films. This indicates
the antiparallel alignment of the spin moments oh Mnd Co ions, below
ferrimagnetic transition temperature. In the XMCestra shown in Fig. 6.14 and
6.15, the XMCD signal of Cd at 778.5 eV is found to have spectral position of
Co®* observed in NEXAFS spectra of the film. Likewi3&\ICD signal of Mr#* at
642 eV can be identified with the Mhspectral position in the NEXAFS spectra.
The net magnetic moment exhibited by the fiimsemifrom the imbalance in the
contributions of spin moments from Co ions and Mmsi which are aligned
antiparallel. This is clearly depicted in XMCD spac Moreover, the intensity of
XMCD signals corresponding to magnetic moments athiCo and Mn are found
increasing with irradiation. This can be correlatedth the enhancement in
saturation magnetization @/lobserved in dc magnetization hysteresis loopHiff S
irradiated BjCo,xMnO, films (Fig. 6.13). Thus the XMCD studies are in
conformity with the magnetization measurements.

6.3 Conclusions

Polycrystalline oriented thin films of BLo,xMnO,4 (x = 0.0, 0.1 and 0.3)
were successfully grown on amorphous quartz, diysal AO and YBCO/ LAO
substrates by PLD. The thin films where irradiatéth 200 MeV Ad*>* ions at the
fluence values 1x1fj 5x13* and 1x16? ions/cnf. The results of comparative study
of the as grown and irradiated ,Bio,«MnO, thin films leads to following
conclusions:

0] From the XRD analysis, it was observed that all BigCo,« MO, films
grown on amorphous quartz, crystalline LAO and YBCAD substrates
exhibited single phase cubic spinel structure leetond after the irradiation
with lower strain. This supports that there is mucural transformation.
The irradiation at 5x1 ions/cnf appears to be the optimum fluence for the
better texturing in the films. For higher fluena@morphisation dominates
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(i)

(iii)

(iv)

over texturing. From the analysis of the AFM miaagh of the film
deposited on LAO, enhancement in the RMS surfacgmoess has been
observed along with a slight reduction in grainesidue to the irradiation
induced fragmentation.

Raman scattering studies also showed that the lbagital structure of the
thin films are not affected by the irradiation eptehe hardening of the
Raman modes taken place following the slight ation of the unit cell
and partial amorphisation. The increasing backgiotowards the higher
wave numbers of the Raman spectra, retained etenthé irradiation of the
BixCo,x MnO, films on all the substrates, is suggestive of theng
electron-phonon coupling.

The ferroelectric properties are improved in thmgi after irradiation, for a
wider part of the temperature range (up to ~ 40GdK)lower ion fluences.
But both the higher temperature and higher ionnbgevalues appear to be
detrimental for the ferroelectric nature of thegmg. This can be attributed
to the annealing effect of ion irradiation at tlwavér fluences, while the
higher fluences resulting in more amorphisatiorthia films. The observed
changes in the FE property are explained in terfrthe radiation induced
partial amorphisation and the trapping of charggdhe radiation-induced
defects, which can control the ferroelectric doreaand the consequent
polarization. The distortion of the CV loop alsdlicates the weakening of
FE characteristics at higher ion fluences.

From dc magnetization hysteresis loop study, ibliserved that the film
deposited on LAO substrates exhibited a ferrimagr@tering at ~ 150 K.
The increase in Mwith the irradiation at optimal fluence rate<1®"
ions/cnf is due to improved texturing and increased crijatgl of the films.
The temperature dependent magnetization studiesakethat irradiation
could not induce cationic redistribution or furttiarstration in the magnetic
ordering.

The tunable ferroelectric and ferrimagnetic natex@ibited by the BCo,.

xMnQOy thin films is supposed to assure a position intifieutoic device applications.
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Chapter 7

Summary and Future Scope

This chapter present the summary of the research work, carried on the
magnetoelectric-multiferroic properties of Bi-substituted cobalt manganite spinel
oxide and future scope of the present work,
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7.1 Scope of the present work

Research work presented in this thesis includeslieguon structural,
electrical, electronic structure, magnetic and nesgglectric characteristics of
BixC0o,.xMNnO, (0 < x < 0.3) spinel oxide. We have synthesized Bi-subisiitu
Co,MnO4 bulk using solid state reaction technique andr ttien films using Pulsed
Laser Deposition (PLD) method onto amorphous quarigstalline LaAIQ (LAO)
and YBaCuwO; (YBCO) coated LAO substrates, in view of devicelagations. It is
well established that structural, electrical andyn&dic properties of spinel oxide
films are extremely sensitive to the external puessor stress/strain that can be
induced in the system through different routes ltkanging the ionic radii of the
substituted cation, creating cation-oxygen vacancie by swift heavy ion (SHI)
irradiation. Among these different routes, SHI diiegion is considered to be a
unique method for engineering the properties of aenml, and is opted for the

present work.

Substitution of non-magnetic Bihaving stereochemically activedsne
pair of electrons in GMnO, spinel oxide is found to effect the ferroelectE)
properties in the form of drastic change in thdedigic properties and variation of
FE transition temperature through the non centrosgtric charge ordering induced
in the structure of the material. Interestingly,-dBibstitution also modified the
ferrimagnetic property through the frustration intiEerromagnetic ordering of
sublattices by effecting the superexchange intenagtbetween magnetic cations.
Most importantly, Bi-substituted GeINnO, samples exhibited the magnetoelectric

effect owing to the electron lattice interactiorserg from structural distortion.
7.2 Resume of important results and conclusions from the present thesiswork
7.2.1 Bulk BiyC0,xMnO,4 (0 < x < 0.3) synthesized by solid state reaction

The substitution effect of Bi ions on structural, electrical, electronic
structure, magnetic and magnetoelectric propehége® been studied using different

techniques such as X-Ray Diffraction (XRD), Scagniklectron Microscopy
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(SEM), Raman spectroscopy, Near Edge X-ray AbsamptiFine Structure

Spectroscopy (NEXAFS), DC conductivity, Dielectri@C magnetization and

magnetocapacitance measurements.

(i)

(i)

(iii)

(iv)

(v)

The XRD analysis of BCoxMnO4 (0 < x < 0.3) indicates that all samples
exhibit a single phase nature. All the samplesiagdexed in cubic spinel
structure and lattice parametex’ is found to increase with Bi content.
Analysis of XRD data and SEM micrographs shows Biatontent x > 0.3 is

difficult to accommodate, while retaining the cubpnel structure.

The temperature dependent dielectric data represediffused ferroelectric
phase transition; with an increasing ferroelecffic as the Bi content
increases. Bi-substituted samples have moderaigly dielectric constant
depicting better ferroelectric characteristics glowith Debye-type

relaxation behavior.

The dispersion of ac conductivity has been estichateerms of frequency
exponent s, which varies with temperature and iglagxed using small

polaron tunneling (SPT) model and correlated bah@ping (CBH) model.

The dc conductivity analysis revealed the semicondg nature of the
spinel compounds. The hopping of charges betwegansawith different
valence states at the octahedral sites is considerbe the origin of all the

dielectric and electrical properties of the Bi-dithted CoMnO,.

The investigation of electronic structure ofi®o,xMnO,4 (0.0 < x < 0.3)
using NEXAFS spectra at O K edge angh ledge of Co/Mn revealed that
increase in net magnetic moment and more ordemganBgnetism with Bi
substitution is due to cationic redistribution. part of M ions are
converted into M and Mif* and redistributed to tetrahedral and octahedral
sites. O K edge spectra confirm the highly poksle behaviour of Bi 6s
lone pair of electronsRaman spectra of the samples confirm the greater

occupation of substituted cations in the octahesitas.
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(vi) The dc magnetization measurements show that all gheples are

ferrimagnetically ordered, with ;=< 190 K and saturation magnetization
increases with increasing the concentration &f Bins due to the softening
of the lattice arising from the redistribution aftions at the octahedral sites.
Lowered negative molecular field is depicted by deerease in Curie-Weiss
constant, which indicates the increased AF frustnatvith Bi-substitution,

favoring ferrimagnetism.

(vil)  The magnetoelectric coupling obtained as the variadf dielectric constant
in response to the applied magnetic field exhibiteakima at ferrimagnetic
T, for the Bi-substituted samples, confirming the gmetic origin of
ferroelectricity. This can be correlated to theerse of Dsyaloshinskii-
Moriya type of interaction occurring in complex nmagic structures like non
collinear canted antiferromagnets arising from ge®metrical frustration

with Bi-substitution.

Bi substitution introduces a radical change inarat distribution, favoring
the tunable ferrimagnetism as well as the ferrde@@ty. The coexistence of
ferroelectric and magnetic properties proposes daedidature of Bi-substituted

Co,MnQq for the future magnetoelectric multiferroic applions.

7.2.2 Thin films of BixC0,xMnO,4 (0.0<x<0.3) grown by PLD

Thin films were characterized using X-Ray Diffracti (XRD), Atomic
Force Microscopy (AFM), Raman spectroscopy, Dielecdc Magnetization and
magnetoelectric measurementdhe results of the experimental investigations of
thin films of BikCo,xMnO, (0.0 < x < 0.3) grown on different substrates by PLD

leads to following conclusions:

0] XRD pattern and AFM images of thin films of ;Bi0,.xMnO,, show that
good quality, single phased polycrystalline filmfsBa,Co,.« MNO, (x = 0.0,
0.1, & 0.3) with preferred orientation were grown amorphous quartz,
LAO and YBCO/LAO substrates. The single phase gnowas confirmed

from x-ray diffraction and Raman spectrum. In Rarspactra, all peaks as
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observed for the respective bulk sample are natddor the thin films and

the intensities of the peaks are also quite diffel®m that of the bulk.

(i) Dielectric data of the RCo,.xMnQ, films reveals the weak ferroelectric
behaviour and ferroelectriccTincreases as Bi content increases. Films are
found to possess lower dielectric constant compaoethat of the bulk
samples and exhibited better ferroelectric naturenigher temperature,
which indicates that the films are highly orientegimilar variations of
dielectric loss factor, tad with temperature supports that the stoichiometry

of the bulk samples are retained in the films.

(iii) DC magnetization studies show that the thin filwis BixCo,«MnO,
deposited on LAO exhibited well defined hysterdsigp at 150 K, which
revealed its ferrimagnetic behaviour. Both satoratmagnetization and
ferrimagnetic-T increase as Bi-content increases in the filmsnhgwo the
Bi-induced redistribution of cations at the octatadites, similar to that of
the bulk samples. This indicates that the thin dilmnaintain an ion
configuration of the bulk. Magnetization exhibitegbssover from positive to

negative values in zero field cooled magnetizati@ntemperature cycle.

(iv)  BixCoxMnOy films with higher Bi-content demonstrated magnegogic
coupling, as the variation of dielectric constamtrésponse to the applied
magnetic field and exhibited maxima at ferrimagndi, similar to bulk
samples. This suggests that the effect of substidteced strain, if any, can
be ruled out for the Bi-substituted samples, comfig the magnetic origin
of ferroelectricity. Magnetoelectric coupling ispgwsed to originate from
the interplay between structural distortion and nedig exchange

interaction.

The films exhibited both the ferroelectric and ii@agnetic properties,
revealing the multiferroic characteristics alonghmmagnetoelectric effect which
strongly support the candidature of this film mitefor multiferroic device

applications.
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7.2.3 Effect of 200 MeV Ag™* irradiation on BixCo,,MnO4 (0.0 < x < 0.3) thin

films

The thin films were irradiated with 200 MeV K§ions at the fluence values

1 x 10%, 5 x 13* and 1 x 1€ ions/cnf. The results of comparative study of the as

grown and irradiated BCo,«MnQO, thin films can be summarized as;

(i)

(i)

(iii)

From the XRD analysis, it was observed that all BigC0o,x MNnO;, films
grown on amorphous quartz, crystalline LAO and YBICAD substrates
exhibited single phase cubic spinel structure lgeford after the irradiation
with lower strain. This supports that there is muctural transformation.
The irradiation at 5 x Z®ions/cnfappears to be the optimum fluence for the
better texturing in the films. For higher fluen@morphisation dominates
over texturing. From the analysis of the AFM miaaygh of the film
deposited on LAO, enhancement in the RMS surfacgmoess has been
observed along with a slight reduction in grairesidue to the irradiation
induced fragmentation.

Raman scattering studies also showed that the bagtal structure of the
thin films are not affected by the irradiation eptéhe hardening of the
Raman modes taken place following the slight @ation of the unit cell
and partial amorphisation. The increasing backgilotowards the higher
wave numbers of the Raman spectra, retained eventhé irradiation of the
BixCo,.x MNO, films on all the substrates is suggestive of thengt electron-
phonon coupling.

The ferroelectric properties are improved in filfteairradiation, for a wider
part of the temperature range (up to ~ 400 K) @wdr ion fluences. But
both the higher temperature and higher ion fluemakies appear to be
detrimental for the ferroelectric nature of the#®d. This can be attributed
to the annealing effect of ion irradiation at tloevér fluences, while the
higher fluences resulting in more amorphisatiorth@ films. The observed
changes in the FE property are explained in terfrihe radiation induced
partial amorphisation and the trapping of charggghe radiation-induced
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defects, which can control the ferroelectric dorsaand the consequent

polarization. The distortion of the CV loop alsdlicates the weakening of
FE characteristics at higher ion fluences.

(iv)  From dc magnetization hysteresis loop study, ibbserved that the film
deposited on LAO substrates exhibited a ferrimagradering at ~ 150 K
and the saturation magnetization increased by ttaliation at optimal
fluence rate 810" ions/cnf due to improved texturing and increase in
crystallinity of the film. From the magnetizatioM) vs. temperature (T)
curves, it is observed that ferrimagnetic transitiemperature (J) appears
insensitive to irradiation, which reveals that diegtion could not induce

cationic redistribution or further frustration inet magnetic ordering.

The tunable ferroelectric and ferrimagnetic ratexhibited by the BCo,-
xMnQOy thin films is supposed to assure a position intifieutoic device applications.
Further investigations are pursued on to studyefifiect of SHI irradiation on the
magnetoelectric properties of these multiferroio fiims.

7.3 Future Scope

From the technological point of view, synthesizatad multiferroics in thin
film form that can yield applications at useful f@anature range is a complicated
task. In this research work, such a task has beeied out. The outcome of the
effort put in is encouraging in the sense that rieav/ly synthesized system; Bi-
substituted CgMnO, exhibited stable magnetoelectric properties irkkand thin
film forms. The high tuneability of the magnetigaihduced electric polarization
and dielectric constant demonstrated by the&€8i,MnO, thin films is expected to
provide a new impulse in the design and developneémhultifunctional devices
like four-state logical memory, data storage andeasing with more degrees of
freedom etc. A series of smart multiferroic devieglh soon emerge as there are
advanced techniques to grow high-quality films witirecisely controlled
composition, atomic arrangements and interfacesthis regard choice of superior
conducting substrates and optimization of oxygertigdgoressures is necessitated.
Further advancements in the quality and efficieatixCo,.xMnQO;, thin films for
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improved magnetoelectric behaviour will be carrma utilizing swift heavy ion
irradiation with ions having suitable energy angfice.

Electric field versus polarization will provide n®orinsight about the
ferroelectricity in these materials. Here, duelte timitations of the ferroelectric
loop set up in tracing the hysteresis of semicotidgc multiferroic oxides,
Capacitance-Voltage loop measurements has beeredcasut. To rule out the
ambiguity, if any, regarding ferroelectric charaistigcs of Bi-substituted GHMnOs,,
it is proposed to carry out ferroelectric loop tracalso in future. Theoretical
modeling of the magnetoelectric behaviour of th@mplex, non magnetic Bi
incorporated magnetic spinel oxide, supposed tchiadlenging, is also a future aim.
Also, to minimize the substrate induced strain #fédcts the ferroelectric as well as
magnetoelectric properties, growing vertical stuoes with nanopillar geometry is
envisaged to be carried out. The advantage of Hwopillar structure over the
horizontal-structured films is that former is fref substrate-imposed mechanical
clamping, which is known to suppress both the fgciric response and the
magnetoelectric coupling.

An order of magnitude increase in spin canting angould vyield
magnetizations that are comparable to those irtiegisnagnetic devices. It will be
very exciting as well as more enlightening towafdisdamental understandirig
explore whether the spin canting angle can be asa@, as the canting angle of
adjacent magnetic moments is influenced by thenstcn symmetry modification
through different heterstructures, on the chemistiythe non-magnetic ions and
external pressure like swift heavy ion irradiati@i. course, the converse effect,
tuning magnetic behaviour of newly synthesizedCB}MnO, with an electric
field, is also an enticing prospect considering &x@ensive generation of large
magnetic fields (of several Tesla) necessary tomptish magnetoelectric effect.
The electrically controlled magnetism that can lemthe emergence of new devices
within the framework of spintronics, informatiorosige and communication; is also

a ripe area for future studies.

kkkkkkkkkkk
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