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Abstract

Non-volatile memory technology in Si-based electronics dates back to

1990s. It is radically new storage technology that combines the perfor-

mance and byte addressability of DRAM with the persistence of tradi-

tional storage devices like SSD. Emerging memory technologies promise

new memories to store more data at less cost than the expensive-to-

build silicon chips used by popular consumer gadgets. Emerging non-

volatile memory technologies such as magnetic random-access memory

(MRAM), spin-transfer torque random-access memory (STT-RAM),

ferroelectric random-access memory (FeRAM), phase-change memory

(PCM), and resistive random-access memory (RRAM) combine the

speed of static random-access memory (SRAM), the density of dy-

namic random-access memory (DRAM), and the nonvolatility of Flash

memory and so become very attractive as another possibility for future

memory hierarchies.

Multiferroics (MF) magnetoelectric (ME), generally a combining

properties of MRAM and FeRAM are another exciting NVM which are
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getting intensive scientific attraction recently. Most existing MF-ME

have some drawbacks; (i) They have either very low or too high transi-

tion temperature, (ii) They possess very low FE and/or FM responses

and (iii) have low ME coupling coefficient, that hinder the practical ap-

plications. MF-ME materials with ferroelectric and magnetic transition

temperatures near room temperature are of current interest of research

due to their technological importance and potential applications.

This work provides the detail study of single phase compounds gal-

lium ferrite (GFO) along with some dopants at its various compositions.

Polycrystalline samples with modifying Fe and Mn contents on GFO,

Ga2−x(Fe1−yMny)xO3, 0 ≤ y ≤ 0.02 and 1 ≤ x ≤ 1.4 were prepared

by solid state reaction method, stabilizes in orthorhombic phase (space

group C9
2v). Temperature dependent magnetization behavior studied in

a wide temperature range of 5 - 395 K at both field-cooled (FC) and

zero-field-cooled (ZFC) conditions using different static magnetic fields

shows the lower magnetic transition temperature (TC) for pure GaFeO3

(GFO), i.e., 220 K, which increases to 345 K above room tempera-

ture (RT)) for 2% Mn-doped Ga0.6Fe1.4O3 (GFMO3). Higher remanant

magnetization (∼ 16 emu/g) with a lower coercive field (∼ 4 kOe) is

obtained for Mn-doped Ga0.6Fe1.4O3. Evidence of spin-glass like mag-

netic ordering is observed at low temperature. Temperature dependent
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Raman spectroscopic studies on pure GFO down to 82 K showed 31

Raman active modes in the spectral range 90 – 900 cm−1. Some of the

phonon mode frequencies exhibit anomalies close to TC . At elevated

temperatures no significant changes in Raman spectra were observed

that can be attributed to the absence of any structural phase transi-

tion. Instead of expected anharmonic behavior, several librational and

stretching modes of rigid BO6 units were found to be hardening below

TC , in the low temperature ferrimagnetic phase, suggesting the sig-

nificant magnetoelastic coupling contributions to phonon frequencies.

Magnetic excitation induced phonon renormalization is evident in the

low temperature magnetic phase. The asymmetric stretching mode at

753 cm−1 is found to have larger spin-phonon coupling contribution (λ

∼ 2.93) while the lattice mode at 153 cm−1 and external librational

mode at 240 cm−1 had the lowest effect ( λ ∼ 0.88). On Mn-doping, we

observed exciting results with reduced leakage current. Current density

has been reduced on doping Mn. The observation of multiferroicity in

these single-phase materials at RT make them potential candidates for

memory, multifunctional, and spintronics device applications.

Highly oriented thin films of Ga2−x(Fe1−yMny)xO3, 0 ≤ y ≤ 0.02

and 1 ≤ x ≤ 1.4 were prepared by pulse laser deposition method on

SrRuO3 (SRO) buffered SrTiO3 (111) substrates. The magnetic tran-
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sition temperature (TC) of thin films were found to be higher than

corresponding ceramics. Ferroelectric properties were studied by PFM

and P-E loops. Remnant polarization (Pr) of ∼ 35 µC/cm2 on pure

GFO were observed which decreased on Mn and Fe substitution. The

clear and reversible out-of-plane phase-contrast seen in the Piezore-

sponse Force Microscopy (PFM) phase and amplitude images measured

within positive and negative poling confirms the polarization reorienta-

tion and hence piezoelectric nature of the compound. The temperature

and frequency dependence of permittivity studies demonstrate the re-

laxor behavior of these thin films. The observed near room temperature

(RT) magnetic phase transition with RT piezoelectric nature of these

thin films elucidates the possible potential candidates for a multifer-

roic world with spintronics device applications. To study the optical

properties of the compound, thin films were deposited on fused silica.

Both direct bandgap and indirect bandgap were present and reduction

in band-gap with increase in Fe concentration were observed. These

observations of reduction in Eg with Fe addition and also observation

of indirect band gap shows the potential application of the material in

optical devices.

We demonstrate the hybrid fabrication process of a graphene inte-

grated highly transparent resistive random access memory (TRRAM)
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device. The indium tin oxide (ITO)/Al2O3/graphene nonvolatile mem-

ory device possesses a high transmittance of > 82 % in the visible

region (370 - 700 nm) and exhibits stable and non-symmetrical bipolar

switching characteristics with considerably low set and reset voltages

(± 1 V). The vertical two-terminal device shows an excellent resistive

switching behavior with a high on-off ratio of ∼ 5 x 103. We also fab-

ricated ITO/Al2O3/Pt device and studied its switching characteristics

for comparison and a better understanding of the ITO/Al2O3/graphene

device characteristics. The conduction mechanisms in high and low

resistance states were analyzed and the observed polarity dependent

resistive switching is explained based on electro-migration of oxygen

ions.
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Abbreviations and Symbols

DRAM = Dynamic Random Access Memory
SSD = Solid State Drive
NVM = Non volatile memory
MRAM = Magnetic Random Access Memory
RRAM = Resistive Random Access Memory
MF = Multiferroic
Tc = Transition Temperature
Tm = Maximun Temperature
C = Curie temperature
ME = Magnetoelectric
GFO = Gallium Ferrite
SRO = Strontium Ruthenite
STO = Strontium Titanate
RT = Room Temperature
FC = Field Cooled
ZFC = Zero field Cooled
M-H = Magnetization versus Field
M-T = Magnetization versus Temperature
MR = Remnant Magnetization
HC = Applied Magnetic Field
Pr = Remnant Polarization
εr = Permittivity
εm = Maximum permittivity
α = absorbtion coefficient
TRRAM = Transparent Resistive Random Access Memory
HRS = High Resistance State
LRS = Low Resistance State
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Chapter 1

Introduction

1.1 Preamble

Semiconductor memory has always been an indispensable part of an

electronic systems and also represents a significant portion of semi-

conductor market [1, 2]. The digital universe is undergoing relentless

expansion that the number of bits generated annually is expected to

reach zettabytes (i.e. 44 trillion gigabytes) in near future [3]. With

these rapid developments of big data infrastructures and the Internet

of Things (IoT) in recent years, the demand for bigger, faster, cheaper

and more reliable non volatile memory (NVM) is ever-increasing [2].

NVM is a radically new and highly promising semiconductor technol-

ogy which doesn’t require a continuous power supply to retain the data.

The possibility of nonvolatile memory device was first suggested by
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Kahng D and Sze SM in 1967 for the first time using a floating gate

device [4].

The global information era has been seeking a universal non-volatile

random-access memory (NVRAM) for many years. The best-known

form of NVRAM today is flash memory. The relentless scaling of NAND

flash is so far being able to meet the demand of memory, even exceed-

ing the pace of Moore’s law for transistors. However, there are a few

drawbacks of Flash such as low endurance, low write speed, and high

voltages requirement for the program/erase operations. Difficulty to

shrink tunneling-oxide and interpoly dielectric (IPD) thickness due to

reliability issues is another serious downside [5]. Further scaling, i.e.,

a continuation in increasing the density of Flash is expected to run

into physical limits in the near future [6]. Even though the 3D cross-

bar structure may solve the low-density issue of Flash temporarily [7],

the market demands next generation NVM that has overall advantages

over Flash. Several competitive technologies are attempting to replace

flash memory in certain roles. These include magnetic random access

memory (MRAM) [8, 9, 10], resistive switching random access memory

(RRAM) [11, 12],phase change memory (PRAM) [13, 14], ferroelectric

random access memory (FeRAM) [15, 16, 17], and racetrack memory
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[18]. Multiferroics that combine magnetism and ferroelectricity as well

as mutual coupling between them [19, 20, 21, 22], is another NVMs that

hold a promise for designing a new generation of memory devices. This

thesis presents the study of two branches in NVMs (i) Multiferroics and

(ii) RRAM.

1.2 Basics of Ferroics and Crystallography

The development and progress in the field of material science has being

possible because of novel preparation techniques and their characteristic

investigation technique by means of sophisticated instruments. Various

advances in the field of material science depends on the availability of

materials either in the form of bulk ceramics or in the form of single

crystal, thin films or nanoparticles. Materials possess symmetry, and

when environmental conditions are changed, they sometimes undergo

a change of symmetry spontaneously. This spontaneous breaking of

directional and other types of symmetry is widely prevalent in Nature,

such as in water (ice-water-vapor) to even at the birth of the universe

(at the moment of big bang) [23]. In the science of crystals, change in

symmetry is the process of transfer from one phase to another. Ferroic

crystals are those crystals which involve at least one phase transition

that changes the directional symmetry of the crystal e.g. the sym-
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metry of the cubic phase of the paraelectric BaTiO3 is the prototype

symmetry for its tetragonal ferroelectric ferroelastic phase occurring at

room temperature. Ferroic crystals contain two or more equally stable

domains in different spatial orientations. Under suitable driving force,

these domain walls can be moved and the crystals switched from one

orientation state to another [24]. The crystal domain distinguished by

spontaneous polarization, magnetization, strain and toroidal moments

are called as ferroelectric, ferromagnetic, ferroelastic and ferrotorroidal

crystals [25, 26]. These four ferroics are called as Primary ferroics. In

secondary ferroics, domains in the crystals are characterized by differ-

ences in the dielectric permittivity tensor or piezoelectric tensor. In

primary ferroics, switching is accomplished by elelctric field whereas in

secondary, it is done by a combination of an elelctric field and mechan-

ical stress [27, 28]. Ferroic materials exhibit a hysteresis loop. These

ferroics possess a large varieties of applications such as memory devices,

sensors, transducers, servo motors, mechanical shifters, servo mecha-

nisms, generators, transformers, amplifiers, acousto optic modulators,

phase shifters, frequency multipliers, displays and wave filters.

According to crystallographic symmetry, crystals can be classified

into 32 point groups. Out of these 32-point groups, 11-point groups pos-

sess a center of inversion and are called centrosymmetric, and 21-point
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groups are with non-centrosymmetric. These 32 point groups are subdi-

visions of 7 basic crystal systems: tricilinic, monoclinic, orthorhombic,

tetragonal, rhombohedral, hexagonal, and cubic as shown in table 1.1.

Ferroelectric crystal comes under non-cetrosymmetric point groups as a

subclass of piezoelectric and pyroelectric materials. Of the 32 crystallo-

graphic point groups,( in table 1.1 those highlighted in magenta possess

a centre of inversion and are called centrosymmetric, while those high-

lighted in red possess only rotation axes and are termed enantiomor-

phic. A third type, highlighted in bold type, are referred to as polar.

Crystal System 32 Crystallographic Point Groups
Triclinic 1 -1

Monoclinic 2 m 2/m
Orthorhombic 222 mm2 2

Tetragonal 4 -4 4/m 422 4mm -42m 4/mmm
Trigonal 3 -3 32 3m -3m

Hexagonal 6 -6 6/m 622 6mm -62m 6/mmm
Cubic 23 m-3 432 -43m m-3m

Table 1.1: Crystallographic point groups

1.3 Ferroelectric materials

Ferroelectric materials are the dielectric materials in which polariza-

tion remains permanent even after the applied electric field is removed

and the direction of dipole moment can be switched by applying electric
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field [29]. The spontaneous polarization in ferroelectric materials varies

with external electric field, resulting a hysteresis loop with polarization

versus electric field curve as shown in figure 1.1. All ferroelectric mate-

rials are pyroelectric, which means they are also inherently piezoelectric

as well. Thus, it is possible to change the magnitude or the direction

of the spontaneous polarization as a function of temperature, pressure,

or applied electric fields [30].

Figure 1.1: P-E hysteresis loop of ferroelectric material

Valsek in 1921 discovered ferroelectric material for the first time, while

investigating dielectric properties of Rochelle salt (NaKC4H4O6.4H2O)

[31]. However, this topic gained much attention only in 1944, when

Von Hippel discovered ferroelectric in Barium Titanate (BaTiO3) [32].

Since then many ferroelectric were developed on 1950-1960 such as

Cd2Nb2O7, Sn(NH2)2, NaNo2 family etc. Lead Titanate is another

evolutionary success of that era that possess high Curie temperature
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and was proved to be exceptionally suitable for the formation of piezo-

electric composition. Ferroelectricity of a given material ceases above

a characteristic temperature called its Curie temperature. It is because

of the heat that agitates the dipoles enough to overcome the force which

helped them to align.

A crystal changes its symmetry during phase transition (a process

of going from one phase to another). Two common types of phase

transitions are first order and second order phase transitions. A first

order transition is one which has a discontinuity in the order parameter

itself, while in second phase transition, there is discontinuity in the first

derivative of the order parameter.

In a perfect ferroelectric crystal, the phase transition takes place

at Tc, which is called the Curie temperature. Hysteresis loop with

the coordinates of voltage vs polarization determines the spontaneous

polarization. The hysteresis loop observation is often complicated by

effect of the traps [33]. In this case, study of temperature dependent

dielectric constant is preferred to observe ferroelectric phase transition

and the maximum of dielectric curve ε(T) at T= Tm is quantified

as the point of the phase transition called as Curie temperature. A

linear dependency can well be fitted with Curie-Wiess law, written as

ε = C/(T-Tc), where C is curie constant and Tc is curie temperature,
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which is equal to Tm in this case. In some ferroelectric, T doesn’t

follow the linear behavior as predicted by Curie-Weiss law. A broad

maxima is seen at Tm and deviate from typical ferroelectric, called as

a diffuse phase transition (DPT) or relaxor. In this case, this deviation

from Curie-Weiss behavior is fitted by empirical power law given by

1

ε(ω, T )
= (

1

εmax(ω, T )
)(1 +

(T − Tmax)γ

2δ2
) (1.1)

where γ and δ are parameters describing the degree of relaxation

and diffuseness of the transition respectively. The parameter γ varies

between 1 and 2, where values closer to 1 indicate normal ferroelectric

behavior whereas values close to 2 indicate good relaxor behavior [34,

35].

1.4 Ferromagnetic Material

The substances which becomes spontaneously magnetized are generally

divided into three classes: ferromagnetic, antiferromagnetic and ferri-

magnetic. Ferromagnetic materials exhibit strong magnetism in the di-

rection of the applied magnetic field. Ferromagnetic material possesses

several tiny regions referred to as domains in which the ionic or atomic

magnetic moments are aligned parallel to one another. Weiss postu-
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lated the presence of magnetic domains within the material. Domains

are regions where the atomic magnetic moments are aligned. Ferro-

magnetic materials exhibit parallel alignment of moments, as shown in

figure 1.2(a) resulting in large net magnetization even in the absence of

a magnetic field. The movement of domains determines how the mate-

rial responds to a magnetic field and as a consequence, the susceptible is

a function of applied magnetic field. Therefore, ferromagnetic materials

are usually compared in terms of saturation magnetization (magneti-

zation when all domains are aligned) rather than susceptibility.

In ferromagnetic material, susceptibility becomes infinite at Curie

temperature Tc, as shown in figure 1.2(b). Below this temperature,

interactions overcome thermal agitation, and a spontaneous magneti-

zation (Ms) appears in the absence of an applied magnetic field.

Figure 1.2: (a) Ferromagnetic spin and (b) Susceptibility versus temperature graph
for ferromagnetic material
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Above the critical temperature Tc, ferromagnetic compounds be-

come paramagnetic and obey the Curie-Weiss law: ξ= C
T−TC

. In addition

to the Curie temperature and saturation magnetization, ferromagnets

can retain a memory of an applied field once it is removed. This be-

havior is called hysteresis and a plot of the variation of magnetization

with magnetic field is called a hysteresis loop as shown in figure 1.3.

Figure 1.3: Ferromagnetic hysteresis loop

Antiferromagnetic materials are very similar to ferromagnetic ma-

terials but the exchange interaction between neighboring atoms leads

to the anti-parallel alignment of the atomic magnetic moments. Like

ferromagnetic materials these materials become paramagnetic above a

transition temperature, known as the Neel temperature, TN . In anti-

ferromagnetic, the susceptibility obeys the Curie-Weiss law above TN

(paramagnets) but with negative intercept indicating negative exchange
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ineractions. The spin orientation and the relation between susceptibil-

ity and temperature is shown in figure 1.4(a) and (b) respectively.

Figure 1.4: (a) Antiferromagnetic spin and (b) Susceptibility versus temperature
graph for antiferromagnetic material

In 1948, Neel proposed a third type of magnetic phenomenon, called

ferrimagnetism, with a special case of Mn2Sb. Ferrimagnetic exhibits

spontaneous magnetization below a certain temperature arising from

a non-parallel alignment of atomic magnetic moments, where the two

moments are not the same [36]. Another property of ferrimagnetic is

the hyperbolic nature of 1/χ vs T curve above Tc shown in figure 1.5.

Figure 1.5: (a) Ferrimagneticspin and (b) Susceptibility versus temperature graph for
ferrimagnetic material
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1.5 Multiferroics

Multiferroics refers to those materials where more than one ferroic or-

der, i.e. (anti) ferromagnetism, ferroelectricity, ferroelasticity and fer-

rotoroidicity, coexit in one phase [37, 19, 38]. Magnetic order is con-

ventionally driven by exchange interactions between magnetic dipoles,

originating from unfilled shells of electron orbitals. Electric order is the

result of ordering of local electric dipoles. Elastic order is the result of

ordering of atomic displacements due to strain [39]. A combination of

these multiple ferroic orders may allow intimate coupling among them,

paving the way to realize cross-control of various ordered parameters.

The two fundamental concept of physics; magnetism and electricity

are unified under the framework of electromagnetism via four Maxwell

equations, although, magnetic moment and electric dipole are usually

mutually exclusive in crystal. The discovery of multiferroicity breaks

the principle of exclusion between magnetic moment and electric dipole

[40]. FEs must have their space inversion symmetry broken, requir-

ing that only crystal structures with noncentrosymmetric space groups

can exhibit ferroelectricity. Often the ferroelectricity develops from a

high-temperature symmetric phase via a structural phase transition in-
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Figure 1.6: Schematics showing relationship between ferroics [42]
.

volving a soft phonon, and neutron scattering has played a pivotal role

in illuminating the relation between the soft phonon, structural phase

transition, and FE order. For magnetic materials, on the other hand,

it is time reversal symmetry that has to be broken to allow the ionic

magnetic moments to align. Hence, both symmetries must be violated

for a material to be a candidate of MF, making them a rather rare but

important commodity [41].

In the classical defination, multiferroic was defined in narrow sense as

a material exhibiting both ferromagnetism and ferroelectricity. Nowa-

days, however, the term is used in a much broader context such as a

material with one antiferroic-order plus another ferroic-order. Figure

1.6 illustrate the substantial expanded territories of multiferroics. Mul-

tiferroics have attracted enormous attention in the past decade, due

to their fascinating physics and applicable magnetoelectric functionali-
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ties including energy transformation, signal generation and processing,

information storage, and so on. These materials could produce new

technologies in which the low power and high speed of field-effect elec-

tronics are combined with voltage-controlled ferromagnetism [20, 43].

Such ideal multiferroic materials still remain rare because of the mu-

tual exclusive nature of ferroelectricity of ferromagnetism under normal

circumstances.

Two of most intensly investigated present-day multiferroics are BiFeO3

and hexagonal (h-) manganites (RMnO3, R = Sc, Y, In, Dy-Lu) have

already been identified in the early 1960s. BFO has become one of the

most popular and well-studied materials in the multiferroic research

field at RT. It is because not only it simultaneously display ferroelec-

tricity and antiferromagnetism at RT, but it also demonstrates intrinsic

ME coupling. However, its large leakage and weak coupling hinders its

application in devices. This urges to the search for promising RT, single

phase multiferroic material.

Multiferroics are distinguished in two main classes.

1.5.1 Type I multiferroics:

The materials in which the ferroic orders arise independent of each

other. The coupling between magnetism and ferroelectricity in these
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materials is usually weak. Type I multiferroics is further divided into

many subgroups. Out of them, few are mentioned below.

ABO3 perovskite:

In this structure class BO6 octahedral share corners and the A-ion is co-

ordinated by eight octahedral. The ferroelectric moment can be derived

from a lone pair ion on A-site and in part from a small transition-metal

ion, with d0 electron configuration, on the B-site. Magnetism can be

generated by a transition-metal ion on the B-site with a partially filled

d-electron shell, such as Mn3p or Fe3p, or by a rare-earth ion on the

A-site. A judicious choice of composition can lead to multiferroicity

in compounds such as BiFeO3 [44], Pb(Fe2/3W1/3)O3 [45] and various

other combinations. A well known material BiFeO3 counts under this

group in which the ferroelectric order originates from the lone electron

pair of Bi3+, while magnetic ordering is due to the unpaired Fe spins.

The antiferromagnetic ordering is complicated by canting of the spins

and the formation of a long-range spin cycloid that is incommensu-

rate with the lattice [44]. EuTiO3 is another example in which Eu2+

contains localized 4f spins which order antiferromagnetically at 5.5 K.

Below this temperature the dielectric constant strongly decreases, re-

sulting in large coupling effects which are explained by the coupling of
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the spins to the optical phonon modes involved in the incipient ferro-

electric transition [46].

Geometric ferroelectricity

Hexagonal manganites (AMnO3) and hexagonal ferrites (RMnO3; R=Y,

Dy-Lu) are geometric ferroelectrics. In AMnO3, magnetic ordering is

derived from the electronic d4 configuration of Mn3+ on the B-site, or

from a magnetic rare-earth ion on the A-site and the ferroelectric mo-

ment is largely derived from shifts of the A3+ in its coordinate here. On

the other hand, in case of YMnO3 [47][48], ferroelectricity is caused by

the tilting of the practically rigid MnO5 block. This tilting occurs just

to provide closer packing, and as a result the oxygen ions move closer

to the rather small Y ions.

Ferroelectricity due to charge ordering

This type is often observed in transition metal compound, especially

containing transition metal ions with different valence such as in Pr1/2-

Ca1/2MnO3 or in nickelates RNiO3 . After charge ordering, if both sites

and bonds turns out to be inequivalent, leads to ferroelectricity. An-

other similar possibility is when the bonds are inequivalent because of

the structure of the material, the site-centered charge order appearing

on top of that. This is the case in an organic ferroelectric (TMTTF)2X
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[49] and also in the multiferroic LuFe2O4 [50] [51].

1.5.2 Type II multiferroics:

Type II multiferroics are the materials in which one ferroic order is

a by-product of another driven order parameters such as ferroelectric

polarization as a by-product of spin order. For example: in LuFeO3

thin films, a spin reorientation transition introduces weak ferromag-

netism. From mechanism of multiferroic behavior view point, type II

multiferroics can be divided into two types. 1. Ferroelectricity caused

by magnetic spiral and 2. Ferroelectricity appears even for collinear

magnetic structures.

Spiral multiferroics:

Most of the type-II multiferroics known to date belong to this subgroup.

Ferroelectricity appears in conjunction with a spiraling magnetic phase,

mostly of the cycloid type. This is the case in TbMnO3, Ni3V2O6

and MnWO4. In an insulators, magnetic frustration is the source of

spiral magnetic ordering. Hence, type II multiferroics are usually found

in frustrated systems. Katsura, Nagaosa, and Balatsky [52], using a

microscopic approach, and Mostovoy [53], using a phenomenological

approach, showed that in a cycloidal spiral a polarization, P, appears,
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that is given by:

P ∼ rij × [Si × Sj] Q× e (1.2)

where rij is the vector connecting neighboring spins Si and Sj, Q

is the wave vector describing the spiral, and e ∼ [Si × Sj] is the spin

rotation axis.

Collinear magnetic structures:

The second group of magnetically driven ferroelectrics are those in

which ferroelectricity appears in collinear magnetic structures—that

is all magnetic moments aligned along a particular axis—without the

necessary involvement of the spin-orbit interaction. Polarization can

appear in these materials as a consequence of exchange striction be-

cause the magnetic coupling varies with the atomic positions. The

simplest example, found in Ca3CoMnO6 [54].

1.6 Resistive Random Access Memory

Resistive random-access memory (ReRAM or RRAM) is a type of non-

volatile random-access computer memory that works by changing the

resistance across a dielectric solid-state material under electric field.

The high resistance states corresponds to the logic 0 and that of low
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resistance to 1, respectively. It is one of the promising candidates that

fulfill the requirements of next-generation NVM. A resistive switching

memory cell in a RRAM is generally composed of capacitor-like MIM

structure, with an insulating or resistive material ‘I’ sandwiched be-

tween two electron conductors ‘M’ [6]. Hickmott was the first to report

the the hystereisis characteristics of I-V in MIM (Al/Al2O3/Al ) in

1962, indicating resistive switching occurs as a result of applied elec-

tric fields [55]. RRAM also possess a good complementary metal-oxide

semiconductor (CMOS) compatibility, which are vital for its practical

applications and mass productions. The insulating resistance switch

layer (dielectric layer) is the key component of the memory for switch-

ing, while in some cases, the top/bottom electrodes can also be involved

in the RS process [56]. The resistance of the insulating layer can be

switched by applying electric field to move certain conductive species,

such as oxygen vacancies in oxide-based RRAM or metal ions in the

case of Conductive-Bridge RRAM (CBRAM). The migration of these

conductive species either causes formation/rupture of conductive fila-

ments (CF) or modifies the interface barrier heights, resulting in the

resistance change. The breaking and forming of a CF occurs over a

nanometre-scale region within very short times at the nanosecond scale

[57]. By applying appropriate programming or write voltage pulses Vwr,
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a cell in its high-resistance (OFF) state can be SET to a low-resistance

(ON) state or RESET back into the OFF state i.e. transition from low

resistance state to high resistance state [6] . In RRAM, the as-prepared

memory cell is in high resistance state (HRS). With application of cer-

tain voltages, resistance suddenly drops. This process is called forming

or electroforming process. Electroforming is typically conducted by ap-

plying high voltage/current to the as fabricated switching cell. The

electroforming process leads to a large decrease in the resistance. The

cell now at low resistance state (LRS). This pretreatment process is

necessary in order to activate resistance switching in a switching mate-

rial. After forming process, the cell is switched to high-resistance state

(HRS) by applying a threshold voltage. This process of transition of

LRS to HRS is called reset process. The cell is again switched to LRS

from HRS by applying a threshold voltage, the process is called set

process, which is normally larger than the reset voltage. When a de-

vice undergoes a forming process, it can not return to a pristine state.

However, the HRS and LRS can be reversibly switched to each other.

In some cases, there is no distinction in resistance between the HRS

and the pristine state; this is called a “forming free” device.
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1.7 Basic RRAM performance parameters:

1.7.1 Write and Read operation

Operating voltages should be very smaller in the range of few hundred

mV to few V, to be compatible with CMOS. Also, read voltages need

to be smaller than write voltages. The read time trd must be in the

order of two or preferably shorter.

1.7.2 Resistance ratio

Resistance ratio, i.e. ROFF/RON ratio is required to be greater than 10

for sense amplifier to be cost competitive with Flash. Higher resistance

ratio is desirable for multi-bit or multi-level storages.

1.7.3 Endurance

Endurance is number of SET/RESET cycles that can be endured before

HRS and the LRS are no longer distinguishable. Endurance needs to

be grater than 107 to show an advantage over flash.

1.7.4 Retention

The intrinsic ability of the RRAM device to retain its stored state that

has been programmed is called the retention time. A data retention

time aim for 10 years is required for universal NVM.
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1.8 Types of resistive switching

Resistive switching can be categorized into three groups: unipolar,

bipolar, and threshold switching. Unipolar and bipolar switching ex-

hibit at least two stable states without an applied bias, and these

are therefore suitable for non-volatile memory applications. Thresh-

old switching can also have multiple states in response to an applied

bias; however, there is only one stable state when the external voltage

is zero. The memory function is therefore volatile. Most article explain

only two types; unipolar and bipolar.

1.8.1 Unipolar switching

Unipolar switching involves only one degree of freedom; the amplitude

of the applied input voltage, not on the polarity. The HRS (as prepared

memory) is also metastable and remains for a long period of time with

no applied bias. When external voltage, Vext is applied to the sample in

the HRS, an abrupt reduction in resistance occurs, called set process.

Typically set voltage is larger than reset voltage. Unipolar switching

may occur both at positive polarity and negative polarity. In unipolar

switching, both SET and RESET process exist at same polarity. They

may occur at positive or negative polarity.
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Figure 1.7: Schematics of types of switching, (a) typical unipolar I-V curve, (b) typical
figure-of-eight (F8) bipolar I-V cureve, (c) counter-figure-of-eight (cF8) bipolar I-V
curve, (d) typical threshold I-V curve. [58]

1.8.2 Bipolar switching

In bipolar switching, both voltage and polarity are involved. The

switching from LRS-HRS is achieved in one direction (polarity), and

HRS-LRS, i.e. set process occurs in another direction. There are two

possible types of I-V curves of bipolar switching as shown in figure

1.7(b) and (c). Figure 1.7(b) in with the reset and set process occurs

with negative and positive bias respectively, which is refer as figure of

eight (F8) bipoar switching. In some bipolar switching, positive bias

occur employs reset process, and negative bias employs set process as

shown in Figure 1.7(c), which is referred as counter-figure-eight (cF8)
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bipolar switching curve. Bipolar switching occurs in many oxide mate-

rials. Unipolar and bipolar switching behaviors are given by function

of scalar and vector variable respectively.

1.8.3 Threshold switching

In threshold switching, there is only one stable state with no external

bias. In threshold switching, the LRS is stable over only a certain range

of applied biases, and when the applied bias falls below this range, the

device reverts to HRS. The typical I-V curve for threshold switching

is shown in figure 1.7(d). Although threshold switching occurs much

less frequently than unipolar or bipolar, it can be a useful phenomenon,

both scientifically as well as technologically. Due to the instability of

some regions of CFs in LRS, threshold switching devices are not suitable

for non-volatile memory applications. However, many potential tech-

nological applications using threshold switching have been proposed,

including electrical switches, smart windows, terahertz nanoantennas,

and memory metamaterials. In addition, it was recently proposed that

threshold switching be used as a selector to solve a sneak path problem

occurring in a RRAM crossbar array [57].
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1.9 Literature Survey, Objectives and Material Se-

lection

With the conventional flash memory approaching its scaling limits,

NVM has attracted extensive attention. When the tunneling oxide

thickness undergoes below 10 nm, the charge stored in the floating gate

is lost due to direct tunneling current or defects formed in the tunneling

oxide during long-term operation. Therefore, several types of NVMs

such as ferroelectric random-access memory, magnetic random-access

memory, multiferroics, and resistive random-access memory (RRAM)

are being investigated.

Multiferroics (MF) are an important class of multifunctional mate-

rials those exhibit more than one ferroic orderings such as ferroelectric,

ferromagnetic/antiferromagnetic/ferrimagnetic, ferroelastic and ferro-

toroidic in the same phase [19, 38]. Magnetic random access memory

(MRAM) writes data by switching magnetic states (±M). A large mag-

netic field is required for switching process as the materials in MRAM

possess high coercivity. In contrast, in case of Ferroelectric random

access memory (FeRAM), data is written by polarization that is faster

and energy efficient. However, read process in this case is slow and

destructive in nature. For these reasons, the concept of ultimate mem-

ory device that performs the best functionality of MRAM with a non-
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destructive magnetic read operation and FRAM with fast low power

electrical write operation [59, 60, 61] could be the promising towards

the fabrication of future memory device. On this concern multiferroic

and/or magnetoelectric memories are gaining huge scientific attention.

Interesting fundamental physics of cross coupling of order parameters

as well as its potential applications in various fields, such as sensors,

spintronics, logic devices [62, 63]. ME memory [64, 59, 60, 61], and

voltage driven magnetic tunnel junction [65, 66] make these field much

interesting. Unfortunately, very few naturally available materials ex-

hibit multiferroicity due to the exclusive tendency of ferroelectricity

and magnetism [61, 67]. A few MF are BiFeO3 [44], BiMnO3 [68],

TbMnO3 [69], GaFeO3 [70], BaMnF4 [71], TbMn2O5 [71] , Hexagonal

Manganites RMnO3 and RMn2O5 (R = Rare earth, Y and Bi) except

PrMn2O5 [72]. Among these MF, BiFeO3 is a well-known and intensely

investigated RT single phase MF material with ferroelectric transitional

temperature ∼ 1103 K and magnetic transition temperature ∼ 643 K

exhibiting large magnetization ∼ 0.5 – 1.0 µB/Fe with significant spon-

taneous polarization (Pr ∼ 50 - 60 µC/cm2) at room temperature in

an epitaxial thin film [73]. Major drawbacks of BFO is its high leak-

age current and weak ME coupling, making the material unsuitable for

application and weak ME coupling.
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Most of the MF materials exhibit the magnetic and/or ferroelectric

phase transition temperature either far lower or far higher than room

temperature such as BiMnO3 with magnetic transition temperature

∼105 K [74], YbMnO3 with ∼ 80 K [75], and BiFeO3 with ∼ 643 K [76].

Due to the large independence between the ferroelectric and magnetic

ordering temperatures the ME coupling is observed to be small. The

fundamental challenge is to realize both the ordering temperature above

room temperature with strong ME coupling between the magnetic and

electrical order parameters. So there are increasing activities in search

of room temperature ME materials.

Gallium Ferrite (GaFeO3/GFO) is a promising magnetoelectric ma-

terial with room temperature piezoelectric and near room tempera-

ture ferrimagnetic behavior, possesses a significant ME coupling con-

stant (10−11s/m at 4.2 K) [70, 77, 78]. Single crystal of GaFeO3 was

first synthesized by Remeika in 1960 by flux grown method [70]. In

same year,Wood [79] studied structural properties of this compound

and identified the orthorhombic structure with eight formula units per

unit cell having space group C9
2v, Pc21n which was later studied in de-

tail by Abhram [80]. Large ME effect was later reported by Rado in

1964 [81]. The origin of piezoelectric effect was first studied by Abrahm

in 1964 and suggests that it is originated due to oxygen-atom array in
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the Ga1 oxygen tetrahedra [82]. Although earlier magnetic studies pre-

dicted ferromagnetic ordering in GFO [81, 82], the high field Mossbauer

spectroscopy done by Frankel [77] proved ferrimagnetic ordering with

magnetic moment directed to c-axis, which was later experimentally

demonstrated by Arima through neutron diffraction pattern [78]. This

study also showed that the curie temperature and the saturated mag-

netization increases with the increase of Fe contents, while the coercive

force decreases. GFO retain its orthorhombic structure Pc21n structure

for large range of temperature 4 - 700 K which is shown by Mukherjee

et al [83] using temperature dependent Raman spectroscopy. Study in

GFO had been slowed down after 60’s, however, extensive study arose

in this field recently with advancement of preparation technique and

characterization techniques.

Herein, the study of this document starts with the synthesis of GFO

ceramics followed by the characterization of electric and magnetic prop-

erties. After the study of ceramics, thin films of as prepared ceramics

were fabricated. The electric, magnetic and optical properties of the

films were then carefully analyzed.

RRAM is another promising NVM, which is being highly investi-

gated recently. Many different materials such as binary metal oxide,

perovskite type oxides, organic materials have been successfully studied
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exhibiting bistable switching of resistance, along with long time reten-

tion properties at both states. Amongst, simple binary oxdes such as

NiO, TiO2, HfO2 ZrO2 Nb2O5, and CuxO12 have been extensively in-

vestigated due to their simple compositions which are easily controlled

during device fabrications. Al2O3 is a pioneer material in RRAM, that

showed negative resistances phenomenon in anodic condition under vac-

uum [84]. Al2O3 has proven as a suitable material for RRAM due to its

high energy bandgap of 8 eV and dielectric constants around 9. Atomic

layer deposition AlOx based RRAM has been reported to have stable

bipolar switching with 1T-1R configurations despite of large switch-

ing current and unstable switching cycling. Other reports also show

a stable RS phenomenon in atmospheric conditions with promising re-

sults with a RF magnetron sputtered Al2O3 thick layer with a high

ON/OFF ratio. The copper filament in e-beam evaporated AlOx has

also been studied for RS behavior with a low average SET voltage of

1.5 V [85, 86, 87, 88, 89]. Recently, it was demonstrated that the re-

versible switching of local conductivity in thin Al2O3 film, used for

magnetic tunnel junctions, was studied in situ by scanning tunneling

microscopy (STM) under vacuum condition [90]. The resistive switch-

ing phenomenon in the Al2O3 thin film seems to be easily observed

under vacuum condition, indicating that the phenomenon under vac-
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uum might be more stable in comparison with that under the atmo-

sphere condition. Kim et al. deposited Al2O3 resistive switching films

by atomic layer deposition (ALD) between a Pt top electrode and a Ru

bottom electrode to complete a MIM structure and performed the re-

sistive switching behavior in a Pt/Al2O3/Ru device under atmosphere

[91]. However, the resistive switching behavior in the Pt/Al2O3/Ru

device showed large variations in both memory states due to more ran-

dom formation and rupture of conducting filaments. Moreover, the

conducting filaments inside the Pt/Al2O3/Ru device are more difficult

to rupture, leading to a lower resistance ratio between high and low

resistance states. In this document, we demonstrate the graphene in-

tegrated transparent resistive switching memory with Al2O3 insulating

layer.
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Chapter 2

Synthesis techniques and
experimental details

This chapter focuses on the experimental techniques and characteristics

used in the development of this thesis. At first, the technologies em-

ployed for ceramic preparation and the thin film synthesis is addressed.

Finally, the functional and characterization techniques implemented is

mentioned.

2.1 Synthesis of multiferroic ceramic oxides

Synthesis of high-quality material is essential for multifunctional device

application. On ceramic processing, different factors such as purity of

raw materials, degree of mixing, calcination and/or sintering temper-

atures as well as time affect the quality of ceramics. Thus, various

processing parameters must be taken care during material preparation

to achieve the best possible results. The pure GaFeO3 ceramic targets
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have been synthesized by solid state reaction method.

2.1.1 Solid state reaction method

Solid-state reaction route is the most widely used method for the prepa-

ration of polycystalline solids from the mixture of solid materials. The

advantage of solid-state reactions is the easy availability of the pre-

cursors and the low cost of powder production on the industrial scale.

Mostly solid-state chemical reaction process consists of four steps: dif-

fusion, reaction, nucleation, and growth. The end-product depends on

nucleus growth during these processes. When the nucleation rate is

greater than the nucleus’s growth speed, formation of nanocrystallite

is expected, whereas if the nucleus’s growing rate is greater than the

nucleation rate, a lump crystal forms [1, 2, 3]. Solid state reaction is

accomplished by the homogenous mixture of stoichiometric weighted

compounds followed by following steps:

Mixing

Homogenous mixture of highly pure powder is crucial to obtain desired

compound with high quality. The stoichiometric weighed compounds

are mixed with acetone medium placed in stirrer for 10 - 12 hours at

temperature of about 70 - 80◦C. The mixture is then brought to dry

at room temperature by grinding in mortar and pestle. Ball milling is
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another process to carry out mixing.

Calcination

Calcination refers to the process of heating a substance to a high tem-

perature in a controlled environment. The phase composition, particle

size and aggregation of ceramic powders is determined primarily dur-

ing the calcination process. The balance of thermodynamic and kinetic

processes take place during this activity. The main purpose of this pro-

cedure is i) to remove a volatile substance, ii) to cause loss of moisture,

reduction or oxidation, iii) to create new phase and iv) to optimize

particle size and surface area of the particles.

Grinding and pressing

Thorough grinding of calcined mixture is necessary to achieve a ho-

mogenous mixture of reactants as well as to improve the reactivity of

the reactants. The calcined powder is grinded in mortal and pestle

to obtain fine powder to reduce the particle size and promote the fine

mixing of any residual unreacted oxides. The finely grinded mixture

pressed in hydraulic press to get a desired shape of the pellets and tar-

gets. Before pressing, a few drops of saturated solution of polyvinyl

alcohol (PVA) is mixed with calcined powder and grounded uniformly

to enhance the adhesive property.

69



Sintering

Sintering is the process by which a compact powder material transform

to a dense material through thermal treatment. Usually, this process is

performed slightly above calcination temperature and below the melt-

ing point of the desired phase in order to improve crystal quality by

minimizing defects, enhance grain growth (reducing the total area of

grain boundary) and to achieve maximum possible density.

2.2 Pulse Laser Deposition

Pulsed laser deposition (PLD) is a physical vapor deposition (PVD)

technique to deposit thin film. It is one of the most popular techniques

for the growth of functional oxide thin films [4]. The PLD technique

involves three main steps: ablation of the target material, formation of

a highly energetic plume, and the growth of the film on the substrate.

During this process, energy from laser source is used to excite the tar-

get surface, subsequently resulting in electronic excitation, heating and

physical ablation of the surface atoms/molecules. This produces a tran-

sient, highly luminous plasma plume containing neutrals, ions, atoms,

molecules, electrons etc., expand rapidly away from the target surface.

The threshold power density needed to produce such a plume depends

on the target material, its morphology and the laser pulse wavelength
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and duration [5, 6]. The ablated material is collected on an suitably

placed substrate upon which it condenses and the thin film grows.

The PLD chamber is equipped with target holder, target corrousel,

laser beam, substrate heater, and vacuum pumps etc. The schematic

diagram is shown in figure 2.1.

Figure 2.1: Schematic diagram of PLD

2.2.1 Advantages of PLD:

1. Versatile: Single chamber may include many target holders. Hence,

placing many targets, many materials can be deposited in a wide

variety of gases simultaneously.

2. Cost effective: One laser can serve many vacuum systems.
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3. Simple: A desired thin film of any composition can be achieved

once the target is available.

4. Efficacy: The energy source is well confined at the surface of the

target, and by that it contributes to the efficiency, flexibility and

the control of the processes.

5. Flexibility: The energy source is external to the deposition cham-

ber, and can be adjusted in energy and wavelength to meet almost

each experimental demand.

2.2.2 Disadvantages of PLD:

1. Growth scale: It is not suitable for large scale film growth.

2. Uneven coverage: Thin films may not be grown uniformly.

3. Roughness: Droplets and clusters may appear at the surface of

the films that leads to higher roughness, that further leads to bad

optical, electrical, magnetic and even crystalline properties.

2.3 Atomic Layer Deposition

Atomic layer deposition (ALD) technique is an advanced deposition

technique with greater potential for producing very thin, conformal
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films with control of the thickness and composition of the films possi-

ble at the atomic level. The trend of shrinking of device dimensions

and increasing aspect ratios in integrated circuits (IC) require the in-

troduction of new materials and advanced thin-film deposition tech-

niques. The International Technology Roadmap for Semiconductoes

(ITRS) has included ALD for high dielectric constant gate oxides in

the MOSFET structure and for copper diffusion barriers in backend

interconnects. In addition, ALD has met challenging requirements in

other areas including the deposition of high quality dielectrics to fab-

ricate trench capacitors for DRAM as well as metals and nitrides for

electrodes and interconnects. ALD is already being utilized as a high

potential technique to deposit high-k (high permittivity) gate oxides,

high-k memory capacitor dielectrics, ferroelectrics, and multiferroics

[7, 8, 9, 10].

2.3.1 Principle of ALD

ALD is a special modification of chemical vapor deposition (CVD) with

the distinct feature that film growth takes place in a cyclic manner. Ul-

tra thin-films in this technique are typically synthesized sub-monolayer

by sub-monolayer by repeating two subsequently executed half-cycles.

The first half cycle is involved with precursor consists of two steps; 1)
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Exposure of the precursor and 2) purge of the excess precursor. The

second half is involved with reactor, that also consists of two steps; 1)

exposure of the reactor, and 2) a further purge of the excess reactor

from reaction chamber [10, 11]. The schematic illustration of these cy-

cles is shown in figure 2.2 . The growth cycles are repeated as many

times as required for the desired film thickness. Depending on the pro-

cess and the reactor being used, one cycle can take time from 0.5 s to

a few seconds, and may deposit between 0.1 and 3 �A of film material

[10].

In this studies, ALD tool named ALD R200 Advanced is used to

deposit ALD thin films. This ALD-tool consists of a carrier gas sys-

tem, precursor source system, a reaction chamber, a vacuum system

and a lift system. The carrier gas has two basic functions during the

deposition process. It creates a flow to the carrier gas line, which car-

ries the precursor to the reaction chamber, thus, enabling the ALD

reaction. Secondly, it operates as the purging gas, which purges the

reaction chamber between the pulses. In addition, the carrier gas is

also used to bring the reaction chamber to atmospheric pressure after

the deposition. Every precursor source system is attached to a carrier

gas line by a pneumatic ALD pulsing valve. The carrier gas is always

flowing through the ALD valve independent of the activation state of
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Figure 2.2: schematic representation of thermal ALD and plasma-assisted ALD. Dur-
ing the co-reactant step of the cycle (the 2nd halfcycle), the surface is exposed to a
reactant gas or vapor such as NH3 or H2O, or to species generated by a plasma.

the valve. The tool is equipped with different precursor-source-system

for solid and liquid precursors. The reactor comprises of two chambers,

the outer is vacuum chamber and inner is reaction chamber where sub-

strate holder and heater are situated. Deposition of thin films takes

place in reaction chamber. The vacuum system is connected to the

reactor with a pumping line.

In this document, thin films of Al2O3 are grown in this system with

plasma-assisted reagent. Transparent resistive random access memory
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(T-RRAM) study has been carried out in Al2O3 films grown in this

system.

2.4 Experimental Techniques

2.4.1 X-ray Diffraction

X-rays are a form of electro-magnetic radiation. These occur in the

region of the electromagnetic spectrum between 0.01 nm and 10 nm.

This wavelength is bounded on the short wavelength side by Gamma

rays and on the long wavelength side by Ultra-Violet radiation. Xray

Diffraction (XRD) is an efficient analysis technique to analyze all kinds

of matter ranging from fluids to powder and crystals. XRD was first

discovered by Max von Laue in 1912 in three dimensional diffraction

grating [12]. This technology got much attention after W.H.Bragg and

W.L.Bragg (father and son) used this technology to confirm Barlow’s

hypothetic model of rock salt, which is the first X-ray diffraction analy-

sis of single crystal [13, 14]. Bragg’s laboratory then became the school

and center for the development of this new method, with analysis of

polycrystalline samples and later used this technology in mineralogy,

that revealed the theory that only 127 groups exist in nature, while the

rest 103 called nonsymmophic could not occur in reality.

X-Ray are produced in a cathode ray tube when high energy elec-
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tron (generated from hot tungsten filament), suddenly decelerate and

collide with metal target(anode) under high vacuum. Anode is mainly

Cu, Mo, Al and Mg. After the discovery of the diffraction of X-rays by

crystal, Bragg and his son derived Bragg’s law, which relates the wave-

length of X-ray to the glancing angle of reflection, given by 2d sin θ =

nλ, where n is an integer determined by the order, λ is the wavelength

of x-ray, and moving electrons, protons and neutrons, d is the spacing

between the planes in the atomic lattice and θ is the angle between the

incident ray and the scattering planes. Bragg diffraction occurs when

Figure 2.3: Bragg’s diffraction

electromagnetic radiation or subatomic particle waves with wavelength

comparable to atomic spacings, are incident upon a crystalline sam-

ple, scattered by the atoms in the system and undergo constructive

interference in accordance to Bragg’s law.
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The advantages of X-ray Powder Diffraction are:

• Rapid identification of materials.

• Ease of sample preparation.

• Computer-aided material identification.

• Large library of known crystalline structures.

• Multi-sample stage.

Other applications include:

• characterization of crystalline materials.

• identification of fine-grained minerals such as clays and mixed layer

clays that are difficult to determine optically

• determination of unit cell dimensions

• measurement of sample purity

With specialized techniques, XRD can be used to:

• determine crystal structures using Rietveld refinement

• determine of modal amounts of minerals (quantitative analysis)

• characterize thin films samples by:
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– determining lattice mismatch between film and substrate and

to inferring stress and strain

– determining dislocation density and quality of the film by rock-

ing curve measurements

– measuring superlattices in multilayered epitaxial structures

– determining the thickness, roughness and density of the film

using glancing incidence X-ray reflectivity measurements

• make textural measurements, such as the orientation of grains, in

a polycrystalline sample

The scattering of X-rays from atoms produces a diffraction pattern,

which contains information about the atomic arrangement within the

crystal. In this study, the XRD measurements are carried out using

Rigaku Smartlab X-Ray Diffractometer (XRD) equipped with Cu an-

ode x-ray tube with x-ray wavelength 1.54 �A(Cu kα) operating in Brag-

Brentano mode. Phases are identified from XRD patterns by comparing

peak positions with database entries with JCPDF files. After identifica-

tion of phase, further refinement of structure and profile parameters are

done with Rietvelt refinement. Rietveld refinement technique is used in

the characterization of crystalline materials. This method uses a least

squares approach to refine a theoretical line profile until it matches the
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measured profile.

2.4.2 Raman Spectroscopy

Raman spectroscopy is a valuable tool for studying molecular vibra-

tions, whether in the industrial or the laboratory setting. Raman scat-

tering along with infrared (IR) absorption is used to obtain information

about the structure and properties of molecules from their vibrational

transition. IR absorption arises from a direct resonance between the

frequency of the IR radiation and the vibration frequency of a partic-

ular normal mode of vibration. In Raman spectroscopy, the sample

is irradiated by intense laser beam in the UV- visible region (νo) and

the scattered light is usually observed in direction perpendicular to the

incident beam. The scattered light consists of two types: (i) Rayleigh

scattering, is strong and has the frequency same as the incident beam

(νo) and (ii) Raman scattering which is weak and has frequency νo ±

νm, where νm is a vibrational frequency of a molecule. The νo - νm and

νo + νm lines are called Stokes and anti-Stokes lines respectively.

According to classical theory, Raman scattering can be explained

as follows: The electric field strength (E) of the electromagnetic wave

(laser beam) fluctuates with time (t) is given by

E = Eocos2πνot (2.1)
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Figure 2.4: Schematics of Rayleigh and Raman scattering process.

where Eo is the vibrational amplitude and νo is the frequency of

the laser. If a diatomic molecule is irradiated by this light, an electric

dipole moment P is induced:

P = αE = αEocos2πνot (2.2)

Here, α is a proportionality constant and is called polarizability. If

the molecule is vibrating with a frequency νm the nuclear displacement

q is written

q = qocos2πνmt (2.3)

where qo is the vibrational amplitude. For a small amplitude of
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vibration, α is a linear function of q. Thus, it can be written as

α = αo + (
dα

dq
)qo.... (2.4)

where, αo is the polarizability at the equilibrium position, and dα/dq

is the rate of change of α with respect to the change in q, evaluated at

the equilibrium position. Combining equation 2.2 with 2.3 and 2.4 we

obtain

P=α Eo cos2πνot

=αo Eo cos2πνot +(dαdq )o q Eo cos2πνot

=αo Eo cos2πνot + +(dαdq )o qo cos2πνmt Eo cos2πνot

= αoEocos2πνot+ +1/2(
dα

dq
)oqoEo[cos2π(νo + νm)t+ cos2π(νo − νm)t]

(2.5)

According to classical theory, the first term represents an oscillating

dipole that radiates light of frequency νo (Rayleigh scattering), while

the second term corresponds to the Raman scattering of frequency νo +

νm (anti-Stokes) and νo - νm(Stokes). If (dα/dq)o is zero, the vibration

is not Raman-active. Namely, to be Raman-active, the rate of change

of polarizability (α) with the vibration must not be zero [15, 16].

In the present work, Raman measurement were performed in backscat-

tering geometry using Jobin Yvon T64000 spectrometer equipped with
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a triplegrating monochromator and a Coherent Innova 90C argon ion

laser operating at 514.5 nm. A liquid-nitrogen-cooled charge coupled

device (CCD) collects and process the Raman scattered signal through

50x objective. Temperature dependent Raman spectra of the sample is

collected in vacuum using a Linkam module.

2.4.3 Scanning Electron Microscopy

Scanning electron microscopy (SEM) is a versatile technology used for

imaging a surface of material. In this technology, the incident electron

beam scans across the sample surface and interacts with the sample to

generate backscattered secondary electrons that are used to create an

image of the sample. Due to its high lateral resolution, its great depth

of focus and its facility for X-ray microanalysis, SEM is often used in

materials science including polymer science to elucidate the microscopic

structure or to differentiate several phases from each other [17].

The types of signals produced by an SEM include secondary elec-

trons, back-scattered electrons (BSE), characteristic X-rays, light (cathodo-

luminescence), specimen current and transmitted electrons. The signals

result from interactions of the electron beam with atoms at or near the

surface of the sample, as shown in schematic figure 2.5. The electron

beams are very narrow, due to which the micrographs have a large
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depth of field yielding a characteristic three-dimensional appearance.

This technique is useful for understanding the surface structure of a

sample. Back-scattered electrons (BSE) are beam electrons that are

reflected from the sample by elastic scattering. BSE are often used

in analytical SEM along with the spectra made from the characteris-

tic X-rays. As the intensity of the BSE signal is strongly related to

the atomic number (Z) of the specimen, BSE images can provide in-

formation about the distribution of different elements in the sample.

Characteristic X-rays are emitted when the electron beam removes an

inner shell electron from the sample, causing a higher energy electron

to fill the shell and release energy [18, 19]. These characteristic X-rays

are used to identify the composition and measure the abundance of

elements in the sample.

In this work, the microstructure grain growth and surface topogra-

phy of the samples was analyzed using a scanning electron microscope

(SEM) (JEOL JSM-6480LV) at a magnification of 5000x and 1000x

operated with an accelerating voltage of 20 V.

2.4.4 Energy Dispersive X-ray

Energy Dispersive X-Ray (EDX) is a technique of elemental analysis

based on the generation of characteristic Xrays in atoms of the spec-
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Figure 2.5: Schematics of SEM

imen by the incident beam electrons. The incident beam may excite

an electron in an inner shell, ejecting it from the shell, creating an

electron-hole. During this period, two fundamental physical events oc-

cur; elastic scattering and an inelastic scattering. Elastic scattering

involves a change in direction of the electron without loss in energy.

It is generally caused by interactions with the nucleus comprising the

materials. The inelastic scattering is loss of energy with no noticeable

change in direction, usually generated from interaction with both the

bound electrons and the nucleus in the atoms. Nevertheless, the atoms

are ionized. An electron from an outer, higher-energy shell then fills
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the hole, and the difference in energy between the higher-energy shell

and the lower energy shell may be released in the form of an X-ray

[20, 21, 22].

2.4.5 X-ray Photo Spectroscopy

X-ray Photoelectron spectroscopy (XPS) is a surface characterization

technique that can reveal which chemical elements are present at the

surface and the nature of the chemical bond that exists between these

elements, except hydrogen and helium [23, 24]. XPS spectra are ob-

tained by irradiating a material with a beam of X-rays while simul-

taneously measuring the kinetic energy and number of electrons that

escape from the top 1 to 10 nm (escape depth) of the material being

analyzed. XPS requires ultra high vacuum conditions. Because the

energy of a particular X-ray wavelength equals a known quantity, we

can determine the electron binding energy (Eb) of the emitted electrons

by using an equation that is based on the work of Ernest Rutherford

Eb = hν - Ekin - Wf where Eb is the energy of the electron emitted

from one electron configuration within the atom, hν is the energy of

the X-ray photons being used, Ekin is the kinetic energy of the emitted

electron as measured by the instrument and Wf is the work function

of the material [23]. Each element produces a characteristic set of XPS
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Figure 2.6: Schematic of the principle of XPS

peaks at characteristic binding energy values that directly identify each

element that exists in or on the surface of the material being analyzed.

2.4.6 Magnetic Characterization

Magnetic properties of the samples in this study are measured in Phys-

ical Property Measurement System (PPMS) at Vibrating Sample Mag-

netometer (VSM) mode from Quantum Design. VSM works on the

principle that a changing magnetic flux will induce a voltage in a pickup

coil. The time dependent induced voltage is given by the equation:

Vcoil =
dφ

dt
=
dφ

dz

dz

dt
(2.6)
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where φ is the magnetic flux enclosed by the pickup coil, z is the ver-

tical sample w.r.t the coil and t is time. For a sinusoidally oscillation

sample position, the voltage is based on the following equation: Vcoil =

2πfCmAsin(2πft) where C is a coupling constant, m is the DC magnetic

moment of the sample, A is the amplitude of oscillation and f is the

frequency of oscillation. The sample is positioned at the vertical center

of a gradiometer pick-up coil. VSM motor module use optical linear en-

coder signal obtained from VSM linear motor transport to control the

position and amplitude of the oscillation in pick-up coil. The voltage

induced in the pickup coil is amplified and lock-in. The VSM detection

module detects the in-phase and quadrature phase signals from the en-

coder and the amplifier voltage from the pick-up coil. These signals are

averaged and sent over CAN bus to the VSM application running on

the PC. The schematic diagram of operating principle for the VSM is

shown in figure 2.7.

VSM in this system has two options, VSM standard which can func-

tion from 1.8 K to 400 K and VSM oven that ranges from 300 K to

1000 K. In this work, the magnetic measurements M-H and M-T were

done in the temperature range of 5K to 400 K and with the magnetic

field range of (± 20 kOe)
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Figure 2.7: Schematic of operating principle for the VSM option

2.4.7 Ferroelectric Hysteresis Loop

Electric hysteresis loop of polarization P versus external electric field

E is the most important characteristic of ferroelectric materials. Mea-

surement of the hysteresis loops has generally been carried out using

a modified Sawyer-tower circuit [25, 26, 27]. The polarization is re-

lated to the strain and since small currents are somewhat simpler to

measure than small displacements the P-E loop can provide a means of

investigating displacement behaviour. Indeed the charge can be used

in a feedback loop to drive the piezoelectric with a non linear field to

give a linear displacement [27]. The ferroelectric hysteresis loops (P-E
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Figure 2.8: Schematic of the experimental setup to carry out ferroelectric measure-
ment.

loops) of the materials in this study were measured using a ferroelectric

tester (Radiant Technologies, Inc.). The set-up consists of a ferroelec-

tric tester, an optical microscope, a probe station and control PC. A

schematic of the experimental setup is shown in figure 2.8. Here the

field applied across the sample is attenuated by a resistive divider, and

the current is integrated into charge by virtue of a large capacitor in

series with the sample. Both these voltages are then fed into the X and

Y axes of an oscilloscope to generate the P-E loop. The applied volt-

age was usually a sinusoid at mains frequency as this was the simplest

method to generate the required voltage and current.

2.4.8 Dielectric constant and loss tangent Study

Dielectric constant, also called relative permittivity (εr) is a measure of

the amount of electric potential energy, in the form of induced polariza-

tion that is stored in a given volume of material under the action of an
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electric field. εr indicates how easily a material can become polarized

by imposition of an electric field on an insulator. It can be expressed

as εr = ε/εo where ε, εo are absolute permittivity (C2/(N m2)) and per-

mittivity of vacuum of free space (8.854187817x10−12 C2/(N m2)). The

capacitance of a capacitor depends on the permittivity of the dielectric

layer as well as the area (A) of the capacitor and the separation distance

(d) between the two conductive plate, given by C = εr εo(A/d).

The εr of a material depends upon the polarizability (electronic,

atomic, and orientational) of the molecules. The electronic and atomic

polarization occurs in non-polar molecules. In electronic polarization,

the application of electric field causes a displacement of the electrons

to the nucleus. However, in atomic polarization, displacement of the

atomic nuclei relative to one another takes place. Orientational polariz-

ability occurs in polar molecules in which the application of an electric

field causes an orientation of dipoles.

The electronic polarization induced by the applied field is caused

by displacement of the electrons within the atom, whereas the atomic

polarization is caused by atoms within the molecules. Orientational

polarization exists only in polar materials and its dispersion may lie

within a wide frequency range (i.e. 102 - 1010 Hz), depending on the

material and temperature. The electronic and atomic polarization may
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persists frequency upto 1016 Hz and 1013 Hz respectively.

Dielectric loss peaks reflect internal motions, which involve the re-

orientation of electric dipoles. The dielectric loss tangent (tan δ) of a

material denotes a quantitative dissipation of the electrical energy due

to different physical processes such as electrical conduction, dielectric

relaxation, dielectric resonance and loss from non-linear processes. Ori-

gin of dielectric losses can also be considered as being related to delay

between the electric field and the electric displacement vectors .The

total dielectric loss is the sum of intrinsic and extrinsic losses. Intrinsic

dielectric losses are the losses in the perfect crystals which depend on

the crystal structure and can be described by the interaction of the

phonon system with the ac electric field. Extrinsic losses are associated

with imperfections in the crystal lattice such as impurities, microstruc-

tural defects, grain boundaries, porosity, microcracks, order–disorder,

random crystallite orientation, dislocations, vacancies, dopant atoms

etc. The extrinsic losses are caused by lattice defects and therefore

can be in principle eliminated or reduced to the minimum by proper

material processing [28]. Dielectric loss factor is expressed as the ratio

of imaginary part of the dielectric constant to the real part.

tanδ =
ε′′

ε′
(2.7)
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From dielectric loss and dielectric permittivity, AC conductivity of

materials can be evaluated using relations σAC = 2πεoε
′ f tanδ where f

is the frequency of the applied field, εo is the permittivity of free space,

ε′ is the real part of relative permittivity of the samples, tan δ is the

loss factor and σAC is an ac conductivity [29].

In this study, the dielectric study through capacitance measurement,

loss tangent and impedance of the pellets and thin films were measured

in an HP 4294A Impedance Analyzer. A cryostat with a programmable

temperature controller (M/S MMR technology Inc. Model K-20) was

used for the temperature dependent measurements.

2.4.9 Atomic Force Microscopy

Atomic force microscope (AFM) is a type of scanning probe microscope

(SPM), which uses a fine probe to prove over a surface rather than

use electrons or a beam of light. Since its invention in 1986, AFM

has become the most widely used in surface, materials, and biological

sciences [30].

Principle of AFM

The mechanism of the AFM is based on the detection of forces act-

ing between a sharp probe (also called as AFM tip or sensor) and

the surface of the sample. The tip is attached to very flexible can-
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Figure 2.9: Schematic presentation of AFM

tilever. Laser beam is used to detect the cantilever motion. The light

is reflected from cantilever onto the photo-diode, position-sensitive de-

tectors. Photo-detector consisting of four-segments. The differences

between the segments of photo-detector of signals indicate the position

of the laser spot on the detector [31, 32].

The probe is a sharp tip of ∼ 3 - 6 µm tall pyramid with 15 - 40

nm end radius. Though the lateral resolution of AFM is low (∼30 nm)

due to the convolution, the vertical resolution can be up to 0.1 nm.

The AFM probe interacts with the substrate through a raster scanning

motion. The up/down and side to side motion of the AFM tip as it

scans along the surface is monitored through a laser beam reflected off

the cantilever. The schematic diagram is shown in figure 4.2.
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2.4.10 Piezo Force Microscopy

Piezoresponse force microscopy (PFM) is a variant of atomic force mi-

croscopy (AFM) that allows imaging and manipulation of piezoelec-

tric/ferroelectric materials domains.

The invention of voltage-modulted version of AFM, i.e. PFM has

produced a wealth of new opportunities in ferroelectrics and other po-

lar materials. It enables non-destructive visualization and control of

FE nanodomains, as well as direct measurements of the local physical

characteristics of ferroelectrics, such as nucleation bias, piezoelectric co-

efficients, disorder potential, energy dissipation, and domain wall (DW)

dynamics [33].

Principle of PFM

PFM is based on the detection of local piezoelectric deformation in

ferroelectric sample induced by an external electric field. The tip is

brought into contact with the surface, and the piezoelectric response of

the surface is detected as the first-harmonic component of bias-induced

tip deflection d = do + A cos(ωt+φ), where φ is the phase that presents

information on the polarization direction below the tip. For c− domains

(polarization vector pointing downward), the application of a positive

tip bias results in the expansion of the sample and surface oscillations
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are in phase with the tip voltage, hence φ = 0. For c+ domains, φ

= 180◦. The amplitude A defines the local electromechanical response

and depends on the geometry of the tip-surface system and material

properties. An additional contribution to PFM contrast originates from

long-range electrostatic tip-surface interactions [33, 34, 35].

The PFM technique is based on the converse piezoelectric effect,

which is a linear coupling between the electrical and mechanical prop-

erties of a material. Since all ferroelectrics exhibit piezoelectricity, an

electric field applied to a ferroelectric sample results in changes of its

dimensions [36].

In this study, the AFM and PFM study was done using a Nano Scope

V from Veeco. AFM films were imaged using contact mode imaging at

room temperature.
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Chapter 3

Study on Structural, electronic,
magnetic and spin-phonon coupling
on Ga2−x(Fe1−yMny)xO3, 0 ≤ y ≤
0.02 and 1 ≤ x ≤ 1.4 ceramics

3.1 Introduction

Multiferroic materials that simultaneously exhibit ferroelectric and fer-

romagnetic orderings with strong magnetoelectric (ME) coupling have

been excessively studied in last few decades due to their potential ap-

plication in several devices such as memory, multi-stage data storage,

high-frequency filters and sensor applications [1, 2, 3, 4, 5, 6, 7]. Ob-

taining strong ME effects in single phase multiferroic materials at room

temperature, understanding its origin and manipulating the processing

and composition to obtain enhanced physical properties constitute the

holy grail of multiferroic research. Due to the natural incompatibility

between ferroelectricity and magnetism, only a few single-phase multi-
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ferroic oxides are available. Until now, these materials were not envi-

sioned for devices due to their low ME coupling at room temperature.

Recently Intel research group has designed magnetoelectric spin-orbit

logic device utilizing a single-phase material (La-doped BiFeO3) which

has higher switching energy (10 to 30 times), lower switching voltage

(5 times) and higher logic density (by a factor of 5) than the present

CMOS devices [8]. But La-doped BiFeO3 is still not optimal, due to

its high leakage current and small ME coupling coefficient. The new

material approach for the realization of room-temperature strong ME

coupling is very promising and potentially capable of enabling a wide

range of ME devices are still awaiting a suitable material. Many of

researchers focus on developing new material with significant magne-

toelectric (ME) coupling above RT. While, in some known materials,

these conditions can be achieved by engineering their properties and

transition temperature via controlled compositional modulation and

lattice strains. On this respect, gallium ferrite (GaFeO3 or GFO), is

an exciting magnetoelectric (ME) compound owning RT piezoelectric

[4] and a near RT antiferromagnetic [9, 10]. The flexibility of optimiz-

ing transition temperature (Tc) as desired by varying Fe concentration

or/and by modifying the synthesis technique is the interesting aspect

of this compound.
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After the synthesis of single crystal Ga2−xFexO3 (0.7 < x < 1.4) by

Remeika [11] in late 1960, this compound has been of research interest

due to its robust optical ME effect [12], linear ME effect as a function

of Fe contents [9], and magnetization induced second harmonic gener-

ation [13]. Due to isovalent and close ionic radii of Fe3+(0.645 �A) and

Ga3+(0.624 �A), cations can lead to a site-disorder between Fe/Ga po-

sitions [14] which is suggested to be a primary source of net magnetic

moment in GFO [15, 16]. The sum of occupancy of Fe cation at the Fe2

and Ga2 sites is larger than the Fe composition on Fe1 site leading to

its Ferrimagnetic behavior with easy magnetization axis is reported to

be along c-axis [9]. Sun et al. [17] have shown the coupling between po-

larization and magnetization of the compound and found the existence

of a linear relation between dielectric constant and square of magneti-

zation. Additionally, magnetism in GFO is manifested in a number of

interesting phenomena such as magnetoelectric effect [9] magnetization

induced second harmonic generation [18], optical magnetoelectric ef-

fect [12, 19], and magneto-structural coupling [20, 21] etc. Observation

of large ferroelectric value recently reported by Song et al., [22] had

made the compound much exciting. This value is higher than previ-

ously predicted by Stoeffler [23] [21], however smaller than theoretical

calculation done on the basis of first principle by Roy et al. [21].
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GFO is an orthorhombic crystal structure with space group Pc21n

with the lattice parameters a = 8.7413 �A, b = 9.38955 �A, and c =

5.08044 �A in bulk GFO [23]. One GFO unit cell contains eight formula

units with two types of cations Ga3+ and Fe3+, generally represented as

Ga1, Ga2, Fe1 and Fe2, where the Ga1 site tetragonal and others are

octahedrally surrounded by oxygen [9, 24]. Fe concentration plays a

significant role in the magnetic properties and transition temperature.

The low-temperature magnetic transition temperature (i.e., 220 K) of

Ga2−xFexO3 for x = 0.8 raises to 340 K when the x value increases to

1.4. Thus, with appropriate modification in composition and processing

conditions of the samples, the transition temperature can be raised

beyond RT [9, 25], directing the material toward a prospective RT

magnetoelectric.

This chapter is assigned to the study of synthesis, structural and elec-

tric and magnetic characteristic study of solid state ceramic of gallium

ferrite and its derivatives (Mn-doped gallium ferrite). First, the syn-

thesis process of powder and subsequent target of Ga2−x(Fe1−yMny)O3

is discussed, followed by the structural characterization with X-ray

diffraction, scanning electron microscopy, electron dispersive spectroscopy,

and Raman spectroscopy. Finally, measurements of magnetic and elec-

tric properties are elaborated.
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3.2 Ceramic preparation

Polycrystalline Ga2−x(Fe1−yMny)xO3, 0 ≤ y ≤ 0.02 and 1 ≤ x ≤ 1.4

powder samples were synthesized by high-temperature solid-state reac-

tion method from a stoichiometric mixture of oxides of gallium (Ga2O3),

iron (Fe2O3), and manganese (Mn2O3) with purity higher than 99.8%

(all from Alfa Aesar Co). These ingredients were first spun via mag-

netic spinner in acetone environment in a beaker for whole night at

80◦C. It was then mixed thoroughly using a mortar and pestle for 2

hours in acetone medium and brought it to dry. The powders were

then calcined at an optimized temperature of 1300◦C (x ≤ 1.2) and at

1320◦C (1.2 ≤ x ≤ 1.4) for 10 hours in air using a Carbolite HTF1700

furnace with a heating and cooling rate of 5 ◦C/min. The calcined

powder was further grinded to obtain fine mixture and sieved through

a 150 µm mesh. Poly vinyl alcohol (1%) was added on the fine calcined

powder as a binder to prepare pellets of 13 mm diameter and the target

diameter of 1 inch. Hydrostatic press was used to shape these ceramics

with the pressure of 6 tons for 2 mins. The pressed ceramics were sin-

tered at 1350◦C and 1370◦C respectively for 5 hours in air. The study

on these prepared compounds is carried out in two groups; the GaFeO3

group, written as GFOn (here, y=0); and the Mn-doped GaFeO3 group

written as GFMOn (here, y= 0.02), where n=1, 2 and 3. Here, n=1,
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2 and 3 represents the variation in Fe content i.e. (x=1.0, 1.2 and 1.4

respectively). It can be further clarified from table 3.1 where symbols

used for specific compounds are shown.

Table 3.1: Compounds with their representation

Symbol Compound Symbol Compound
GFO1 GaFeO3 GFMO1 GaFe0.98Mn0.02O3

GFO2 Ga0.8Fe1.2O3 GFMO2 Ga0.8(Fe0.98Mn0.02)1.2O3

GFO3 Ga0.6Fe1.4O3 GFMO3 Ga0.6(Fe0.98Mn0.02)1.4O3

3.3 Results and Discussions

3.3.1 X-Ray diffraction pattern

The phase purity and crystal structure of the ceramics were character-

ize by using XRD patterns. Rietveld analysis were performed on room

temperature XRD pattern for the detail analysis of the phase and unit

cell parameters using Fullproof suite. The reflection peak position is ini-

tially inspected with JCPDF file prior to carry out the refinement. The

well peak match with the JCPDF file #761005 suggests the orthorhom-

bic phase formation belonging to space group Pna21(C
9
2v). The Rietveld

refinements of X-ray diffraction (XRD) data collected at room temper-

ature for Ga2−x(Fe1−yMny)xO3 are shown in figure 3.1. In the samples,

no secondary peaks in the diffraction pattern were found until x ≤ 1.2

showing single phase GFO. For x > 1.2, some secondary peaks usu-
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ally from α-Fe2O3 were seen (JCPDF file #1309-37-1). For refinement,

phase identification is done with X́pert Highscore plus software [26]

considering a CIF file with COD #1008838. A smooth background was

constructed by considering the linear interpolation of selected points

and the diffraction peaks were modeled using the pseudo-Voigt func-

tion. A pseudo-Voigt function was used for profile simulation after

selecting an appropriate number of background points. To begin with,

the refinements were carried out for scale factor, lattice parameters

and profile width parameters. Thereafter, the position coordinate and

isotropic thermal parameters were refined. The refined lattice param-

eter and unit cell volume of all samples are listed in table 4.1. The

goodness of fit (γ2) value is somehow higher in some refinement. But

the positive, negative, and positive value of FWHM parameters (U,

V, and W) imply the acceptance value of the above parameters. We

have observed an increase in lattice parameters on increasing Fe and

Mn contents, shown in figure 3.1 suggesting that the compound fol-

lows well Vegard’s law [27]. On the other hand, with Mn doping, the

lattice parameters and volume are slightly reduced with respect to the

parent compound (for n=1 and 2). The decrease in lattice parameter

in case of GFO1-GFMO1 and GFO2-GFMO2 can be explained due to

the smaller radius of Mn3+ that replaces Fe3+. However, lattice pa-
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rameter is increased in case of GFO3-GFMO3 (i.e. for n=3) due to

the competing tendency of Mn3+ ions for the site occupation. Much of

Mn3+ (0.64 �A) substitute at Fe3+ (0.645 �A) octahedral site, but some

portions occupy Ga3+ (0.624 �A) octahedral site due to their close ionic

radii. Ramana et al. [28] reported the similar behavior of decreasing

lattice size on Mn substituted Cobalt Ferrite. Electronic interaction

caused by strongly changing microstructure might also be responsible

for this type of behavior.

Figure 3.1: Rietveld Analysis of (a) GFOn and (b) GFMOn (n=1,2,3), (c) Lattice
parameters and unit cell volume of GFOn and GFMOn with respect to Fe contents.

Further analysis of refined structural parameters of GFO1 is carried
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out with VESTA software. Bond lengths and bond angles of the tetra-

hedral and octahedral polyhedral units of GFO1 is derived through this

software. The crystal structure along c-axis is shown figure 3.2(a) that

clearly marks the position of Ga and Fe. Ga1 is tetrahedral coordinated

with oxygen ions whereas Ga2, Fe1, and Fe2 are octahedrally coordi-

nated with oxygen ions. From the ionic position, the bond length and

bond angle of cations with neighboring oxygen ions have been obtained,

shown in figure 3.2(b). The average bond lengths for Ga1-O, Ga2-O,

Fe1-O, and Fe2-O ions were obtained as 1.9321 �A, 2.0195 �A, 2.103 �A,

and 2.1976 �A respectively. These results are in fair agreement with

the previous theoretical calculated values [21] and neutron diffraction

results [9]

Figure 3.2: (a) Schematic crystal structure of GFO along the c-axis (b) schematic of
cations–oxygen bond lengths and bond angles simulated using the VESTA program.
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3.3.2 Scanning Electron Microscopic Studies:

SEM studies were carried out to check the granular structure and mi-

croscopic properties of elements in the sample, both at large surface area

and at a single grain area. Surface micrographs of Ga2−x(Fe1−yMny)xO3,

shown in figure 3.3 illustrated a well sintered granular structure with

almost uniformly distributed grains. The final average grain size ob-

tained are ∼ 2-8 µm. The larger grain sizes are seen in GFOn/GFMOn

for n=3 (i.e. for x=1.4), as a consequences of higher sintering temper-

ature. It can be seen in the SEM image that the pores are decreasing

with an increase in Fe and Mn composition. Figure 3.4(a) is the elemen-

tal mapping of GFO1, scanned for large surface area. It is clear that,

all elements (Ga, Fe, O) are distributed uniformly over all area. To

check the distribution pattern at microscopic area, elemental mapping

is done further at single grain size, as shown in figure 3.4(b). Elements

are well distributed across small size as well.

Elemental mapping is done for GFO3 and GFMO3 samples (not

shown here). Absence of clustering of Mn and Fe in the SEM im-

ages within the resolution limit indicates that the observed physical

properties are of intrinsic properties of the materials. Hence it can be

concluded that the magnetic properties observed in GFO are not due

to the secondary phases or clustering of Fe.
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Figure 3.3: SEM images of all samples

Presence of all cationic elements were further confirmed by EDX

spectrum. Figure 3.5 is the EDX spectrum recorded from the sample in-

dicating the presence of elemental compositions (Ga, Fe, and O ions) at

their respective characteristic X-ray emission lines (O(kα) 0.5249keV,

Ga(kα) 9.251keV, Ga(kβ) 10.2642 keV, Ga(lα) 1.0979 keV, Fe (kα)

6.4038 keV, Fe(kβ) 7.0579 keV, and Fe(lα) 0.7056keV).
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Figure 3.4: Elemental mapping of GFO1

3.3.3 Raman Study

For a better understanding of the structural changes upon composition

variation, we studied Raman spectra of all samples at RT. Fig. 3.6

shows the RT Raman spectra of all compositions in which 17 promi-
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Figure 3.5: EDX spectrum of GFO ceramics
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nent Raman modes are shown in the spectral range of 80-860 cm-1.

Theoretically, the RT orthorhombic phase of GFO consists of 117 Ra-

man active phonons from a group theoretical analysis of phonon modes

from C2v factor group distributed as Γ opt = 29A1 + 30A2 + 29B1 +

29B2. Reduced number of modes for pure GFO was reported in earlier

studies as well [29, 30]. The number of Raman modes doesn′t change

upon increasing Fe and Mn contents. It is noticed that the number

of observed Raman modes remain the same upon increasing the Fe

contents and after doping the Mn contents suggesting that there is no

phase change due to the incorporation of Fe and Mn. It can be seen

in both graphs of Fig. 3.6 that the position of most prominent modes

move towards lower frequency as Fe content increases indicating that

the modes soften with excess Fe concentration.

The relative intensities of the modes corresponding to 357, 430 ,689

cm−1 tend to decrease with respect to their nearest counterparts, i.e.

the modes corresponding to 391, 459, and 743 cm−1, with increasing

Fe concentration. This indicates that the vibrations corresponding to

357, 430 ,689 cm−1 modes are due to Ga1-O bonding. This could

be explained in the way, as Fe content is increasing, the population

of Ga1 is reduced, lowering the spectral intensity. Similar behavior

is observed by Mukherjee et al. [25]. Detail analysis of temperature
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Table 3.2: Lattice parameters of all compounds determined by Reitveld refinement

GFO1 GFMO1 GFO2 GFMO2 GFO3 GFMO3

a 8.7413 8.7338 8.7486 8.7468 8.7490 8.7503
b 9.38955 9.3787 9.3983 9.3966 9.413 9.4148
c 5.08044 5.0767 5.0811 5.0811 5.0815 5.0817
V 416.985 415.8380 417.7845 417.6168 418.494 418.6397
a* 0.114399 0.114498 0.114304 0.114328 0.114298 0.114282
b* 0.106501 0.106624 0.106402 0.106421 0.106236 0.106216
c* 0.196833 0.196980 0.196806 0.196807 0.1967922 0.196785
V* 0.0023982 0.002405 0.002393 0.002394 0.0023895 0.002389
γ2 2.06 4.76 4.44 3.56 2.59 1.503
Rp 1.55 1.37 1.25 1.3 2.18 1.69
Rwp 2.1 2.05 1.81 1.75 2.84 2.19
Re 1.46 0.942 0.851 0.875 1.76 1.79
U 0.02249 0.00222 0.00211 0.00460 0.20212 0.13631
V -0.02991 -0.00658 -0.00100 -0.00362 -0.00510 -0.00762
W 0.01344 0.00535 0.00625 0.00704 0.02764 0.15451

dependent Raman spectra for pure GaFeO3 (GFO1) is presented in

another session.

In Mn-inclusive (GFMOn) Raman spectra, the relative intensity is

decreasing with an increase in Fe contents; however, the decreasing

rate is not as significant as in GFOn. Additionally, we see a shift in

phonon modes at around 600 cm−1 in GFMOn. It could be attributed

to stretching and bending of MnO6 octahedral in RMnO3 perovskite,

indicating that Mn is occupying Fe site only [31]. The modes in the

vicinity of 600 - 620 cm−1 are varying in Mn-doped samples, which

might be due to the change of Fe-O bonds induced by Mn+2 ions [32].
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Figure 3.6: Raman spectra of GFOn and GFMOn at RT.

3.3.4 Magnetic Properties

To observe the existence of magnetic ordering in Ga2−x(Fe1−yMny)xO3,

dc-magnetization measurements have been carried out as a function

of temperature M(T) and as a function of magnetic field M(H). Both

M(T) and M(H) measurements were carried out in the in-plane (mag-

netic field parallel to the sample’s surface) configuration with external

static magnetic field of 100, and 1000 Oe, respectively in a wide tem-

perature range of 5 - 395 K. The M(T) measurements were recorded at

two different conditions: zero-field-cooled (ZFC) and field-cooled (FC).

Figure 3.7 shows the temperature dependence of magnetization of all

samples under field-cooled (FC) and zero-field-cooled (ZFC) conditions
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at the static magnetic field of 1000 Oe. Upon warming, magnetization

decreases slowly at the beginning and then decreases sharply, after spe-

cific temperature, magnetization vanishes indicating the samples have

undergone to paramagnetic state. All samples show thermomagnetic

irreversibility. The observed bifurcation of the ZFC and FC magne-

tization curves in these compounds possibly arises from ineffective Fe

ions as mentioned by Wang et al. [33] and/or the frustrated behavior

due to the geometrical arrangement of the Fe1, Fe2, and Ga2 in corner

sharing tetrahedral positions as described previously by Mukherjee et

al [20]. It can be seen from Fig.3.7 that all samples have undergone a

ferrimagnetic-paramagnetic transition, and the TC increases with the

increase of Fe content. Addition of Mn lowers TC value slightly than

parent GFO compound. The decrease of TC on adding Mn might be

due to the reduction in Fe-O interaction. On adding Mn, different

interaction is possible in the system such as Fe3+-O2−-Fe3+, Mn3+-O2−-

Mn3+ and Fe3+-O2−-Mn3+ super-exchanges. Of these, the Fe3+-O2−-

Fe3+, Mn3+-O2−-Mn3+ are strong antiferromagnetic [34, 35] where as,

Fe3+-O2−-Mn3+interaction could be both ferromagnetic or antiferro-

magnetic [36]. Thus, the addition of Mn would lead to decrease Fe -

Fe linkage that could decrease TC , which is seen in our case between

GFOn and GFMOn for n=1 and 2. However, for higher Fe content,
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TC value doesn’t lower with Mn addition (as in the case of GFO3 and

GFMO3). It could be because, at this condition (n=3), Fe-O-Fe in-

teraction is dominating against Fe-O-Mn interaction due to the higher

concentration of Fe. TC value for pure GFO (GFO1) is found to be

at 220 K, which increased to 340 K on increasing Fe content (GFO3).

Magnetic field dependence of magnetization (M-H) was also carried out

at different temperature (5 - 400K) is shown in figure 3.8. Gradual in-

crease of remanent magnetization (MR)and coercive field (H C) with

a decrease in temperature is seen for all samples, which is the typical

signature of ferrites. The wider hysteresis of GFO loop figure 3.8(a)

became narrower with increasing Fe and Mn composition figure 3.8(f).

The MR and H C for GFO1 (pure GFO) are obtained as 10.08 emu/g

and 7.792 kOe at 5K. MR value increased to 16.82 emu/g whereas HC

value decreased to 1.95 kOe for GFMO3. Table 3.3 shows the MR and

H C values for all compositions at different temperature.

GFO1 GFMO1 GFO2 GFMO2 GFO3 GFMO3
T (K) MR HC MR HC MR HC MR HC MR HC MR HC

emu/g kOe emu/g kOe emu/g kOe emu/g kOe emu/g kOe emu/g kOe
5 10.08 7.792 9.26 4.626 17.159 5.937 14.189 4.520 12.49 6.24 18.79 4.105
50 9.08 6.610 8.58 3.579 16.20 5.66 13.393 4.342 11.83 5.909 17.96 4.024
100 7.766 5.725 6.93 3.126 14.577 5.623 11.890 4.281 10.669 5.751 16.32 4.006
150 6.206 3.688 4.8 1.384 12.49 5.209 9.958 3.972 9.354 5.398 14.53 3.956
200 2.10 0.154 0.147 1.017 10.13 4.302 7.918 3.246 8.115 4.793 12.780 3.677
250 0.024 0.007 7.04 2.328 4.967 1.124 6.648 3.300 10.74 2.983
300 0.024 0.297 0.037 2.28 0.109 6.73 1.448
350 0.070 0.373 0.21 0.01
400 0.070 0.566 0.027 0.007

Table 3.3: Remanent magnetization (MR) and coercive field (HC) of GFOn and GF-
MOn at temeprature range (5-400 K)

Precise analysis of M-H measurement is carried out. 3.9(a,b) shows
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Figure 3.7: Magnetization vs temperature of Ga2−x(Fe1−yMny)xO3 shows the transi-
tion temperature higher than RT for x ≤ 1.4.

the magnetic field dependence of magnetization (M-H) measurements

of GFOn and GFMOn at 300 K. GFO3 possess low magnetization,

whereas GFO2 and GFO1 are paramagnetic at RT as shown in Fig.

3.9(a).

The magnetization of GFMO3 is significantly higher than GFO3,
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Figure 3.8: Magnetization versus magnetic field measured
at various temperature (5K - 400K)
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which can be seen in Fig. 3.9(a)(b), whereas GFMO1 and GFMO2

show paramagnetic behavior at RT. On increasing Fe contents, the

magnetization of the compound increases. However, we observed that

GFO3 exhibits lower magnetization than GFO2 below 250 K despite

higher Fe content. The magnetization behavior of GFOn at 100K,

shown in an inset in Fig. 3.9(a) depicts this behavior. This might

be due to the presence of a significant amount of isolated Fe dopants

in GFO3 which exhibits paramagnetic behavior at low temperature.

Similar type of observations has been reported by Ray and Chakraborty

et al. [37, 38]. At room temperature, we observed a systematic increase

of magnetization with an increase of Fe contents. The inset of Fig.

3.9(a)(b) is the magnetization of GFMOn at 100 K. It is seen that Mn-

doped GFO shows better magnetization with the lower coercive field.

We observed a linear increase in transition temperature with increasing

Fe contents. Additionally, the rate of increasing TC was found to be

higher in Mn-doped GFO, as shown in Fig. 3.9(c). Fig. 3.9(d) depicts

the coercivity (H C) of GFOn and GFMOn at 100K. H C of GFMOn is

observed to be lower than GFOn, i.e. H C decreases on Mn addition,

which is similar to the earlier report [36]. This indicates Fe is being

replaced by Mn. Such type of behavior is also found in Mn-substituted

CoFe2O4 [28]. On increasing Fe contents, Magnetization (MR) of the
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Figure 3.9: (a) Magnetization vs magnetic field of GFOn at RT. Inset of (a) shows
the magnetization hysteres of GFOn at 100 K. (b) magnetization vs field of samples
GFMOn at RT. Inset of (b) is the magnetization hysteresis loops of GFMOn at 100
K. (c) transition temperature (d) Coercive field and (e) remanant magnetization of
GFOn and GFMOn w.r.t. Fe content.

compound increases (Fig. 3.9(e)). This property with higher MR and

lower H C on adding Mn indicates the advantage of doping Mn on GFO.

3.3.5 XPS Study

Net magnetic moment in GFO is usually due to the contribution of

extra Fe atoms occupying at Ga2 sites pointing at the same direction

[9]. On magnetic study, we have observed the increase of remanant
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magnetization and decreasing of coercive field with increasing Fe and

Mn content. This is an exciting result that the investigators would

like to achieve as such properties possess great potentiality in device

application.

Figure 3.10: XPS analysis of Fe element of all samples. Insets in GFMOn are the
XPS spectra of Mn compound.

To understand the chemical states of doped elements in the sam-

ples, X-ray Photospectroscopy (XPS) is performed. All elements were
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observed at their respective binding energy state. Here we analyze the

obtained XPS data of Fe and Mn using CasaXPS software [39]. The

binding energy of C1s (284.6 eV) was used as the reference peak for all

other spectra analysis. Fig. 3.10 shows the fitted XPS data for Fe ele-

ment present in the samples. Fe 2P splits into two main peaks 2p1/2 and

2p3/2 components due to spin-orbit coupling. The peaks were further

deconvoluted to estimate Fe3+ and Fe2+ ions contributions. The concen-

tration ratios of Fe3+/Fe2+ ions with satellite for GFOn are calculated

as 47.92/36.3/15.78, 49.59/45.29/4.78, 52.07/48.93 for n = 1, 2 and 3

respectively. For GFMOn the values are found to be 49.63/41.24/9.12,

49.11/46.54, 58.46/36.03/5.50 for n = 1, 2 and 3 resp. This shows the

co-existence of Fe3+ and Fe2+ ions. Fe2+ ion can be formed within the

iron sublattice even by a slight oxygen deficiency in the compounds.

Equation 3.1-3.4 indicates the creation of Fe2+ ions [40].

Oo → Vo +
1

2
O2 (3.1)

Vo → V •o + e′ (3.2)

V •o → V •o
• + e′ (3.3)

Fe3+ + e′ → Fe2+ (3.4)

The presence of Fe2+ confirmed by CasaXPS fitting indicates Fe2+ -
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Fe3+ polaronic hopping phenomena [41] which could be explained by

the process,

2FeFe(2Fe
3+) +Oo ↔

1

2
+ V ••o + 2Fe′Fe(2Fe

2+) (3.5)

It is seen that in all samples, the amount of Fe3+ ions are higher

than Fe2+ ions, which agrees well with the excellent magnetic behav-

ior obtained in the compounds depicted in figure 3.8. XPS spectra

of Mn were also recorded for GFMOn samples, shown in the inset of

corresponding Fe spectra. The peaks at B.E. ∼ 641 eV and ∼ 653

eV corresponds to the Mn components; Mn2p3/2 and Mn2p1/2, which

are split due to spin-orbit coupling. Mn 2P3/2 is further deconvoluted

into Mn4+, Mn3+, and Mn2+. Interaction between Mn ions and Fe ions

could lead to electron transfer causing vacancy degeneracy as

Mn4+ + Fe2+ ↔ Fe3+ +Mn3+. (3.6)

3.3.6 Temperature dependent Raman Spectroscopy and spin

phonon coupling on GaFeO3

As mentioned earlier, the room-temperature orthorhombic phase of

GFO has eight formula units in the crystallographic unit cell. The

cations are occupied at four in-equivalent sites. The non-magnetic Ga1
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and Ga2 ions occupy at 4a sites while magnetic Fe1 and Fe2 ions sit at

4a sites and six oxygen ions occupy at 4a sites. Since the primitive cell

has eight formula units, one can expect 40 atoms in the orthorhombic

primitive cell which translate into 117 (Γ = 0) optical phonon modes.

Detailed group theoretical analysis of the orthorhombic phase has not

yet reported so far. A systematic group theoretical analysis of phonon

modes from the C2v factor group of the crystal using correlation method

is presented in table 3.4. The corresponding mode symmetry and their

spectral activity are also included in the table.

Table 3.4: Factor Group theoretical analysis of modes from C2v factor group on
GaFeO3 system

Site site C2v factor group
Atoms a b representation A1 A2 B1 B2
Ga1 4a C1 A 3 3 3 3
Ga2 4a C1 A 3 3 3 3
Fe1 4a C1 A 3 3 3 3
Fe2 4a C1 A 3 3 3 3
O1 4a C1 A 3 3 3 3
O2 4a C1 A 3 3 3 3
O3 4a C1 A 3 3 3 3
O4 4a C1 A 3 3 3 3
O5 4a C1 A 3 3 3 3
O6 4a C1 A 3 3 3 3

Γtotal 30 30 30 30
Γacoustic 1 1 1 1
Γoptical 29 30 29 29
Γraman 29 30 29 29

ΓIR 29 29 29

The group theoretical classification of normal modes is Γopt = 29A1

+ 30A2 + 29B1 + 29B2, which are all Raman active, where A1, B1 and

126



B2 are active in infrared. Therefore, 117 Raman active phonons are

expected to be observed. All phonon modes are non-degenerate. The

reduced Raman spectra of GFO at selective temperatures are shown in

figure 3.11. At room temperature the major Raman bands are located

at 86, 119, 151, 170, 239, 353, 395, 439, 468, 692 and 747 cm−1 in the

frequency range of 50 - 900 cm−1. A total of 17 Raman modes are

identified using Raman line-shape analysis. The observed Raman spec-

trum and the total simulated Lorentzian least squares curve fit pattern

are depicted in Figure 3.11(a). The observed Raman mode frequen-

cies are similar to those reported earlier [29]. The observed Raman

mode frequencies are less than the theoretically predicted one. The

less number of modes could be accidental degeneracy of several phonon

frequencies lying close to each other or smaller polarizability of several

phonons leading to insufficient intensity. To account for the struc-

tural changes [42], spin-phonon coupling [29, 43] the thermal evolution

of phonon spectra are useful. The elimination of thermal population

factor from Raman spectra are essential for analyzing the spectra to

identify and ascertain the magnetoelastic coupling and structural or-

dering arising at induced temperature. The experimental raw Raman

spectra were corrected from the Bose-Einstein thermal factor using I(ω)

= Iexp(ω)/[1 + n(ω,T)], where n(ω, T) = [exp(~ω/kBT) - 1]−1, where

127



Iexp(ω) is the recorded Raman intensity and the n(ω, T) is the phonon

occupation number, ~ and kB are the Planck and Boltzmann constants,

respectively. The lorentzian multicomponent line-shapes analysis was

adopted to follow the changes in Raman spectra quantitatively. A mini-

mum number of Lorentzian peaks were considered to fit each spectrum,

which yielded a good agreement between the experimental data and the

total fitted Raman spectra. If more number of spectral lines than re-

quired were used, it leads to strong correlations in fitted parameters due

to their inherent large standard errors, that could lead to unphysical

interpretation. Secondly, at low temperature, the Raman peaks be-

come sharper due to the increase in the phonon lifetime; thereby, often

overlapping modes are resolved. Thus, the analyses of Raman spec-

tra were carried at 82 K, the lowest temperature of the present study.

The deconvolution of the Raman peaks of the spectrum recorded at 82

K, yielded 31 modes (Figure 3.11(b)). Table 3.5 lists the normal mode

frequencies of the observed Raman mode frequencies, and the mode po-

sitions are marked in Figure 3.11(a). Upon increasing temperature, the

Raman bands soften continuously due to anharmonicity involved in the

interatomic potential. A few Raman modes located at 153, 175, 240,

700, and 756 cm−1 show faster hardening behavior below 220 K, the

magnetic phase transition temperature, TC . The line-widths of modes
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are broadened, and peak intensities decrease due to enhance phonon

scattering mechanism; hence, at room temperature, only 17 modes are

observed due to mode broadening resulting into coalescing of a few

peaks with each other (Table 3.5). Neither disappearance of existing

modes nor appearance of any new modes proves the absence of struc-

tural phase transition in GFO within the temperature range. Earlier

temperature dependent diffraction studies [9, 29] on GFO indicates the

structural stability of the compound in the similar temperature range.

Figure 3.11: (a) Reduced Raman spectrum obtained after correcting for the thermal
population factor. Multi-Lorentzian fitted reduced Raman spectra measured at 82,
and 560 K. Vertical ticks indicate the individual fitted Lorentzian peak positions. (b)
The reduced Raman spectrum for the GaFeO3 at 82 K along with Lorentzian fits.
Solid curves are the Lorentzian least-square fits to data. Individual fitted Lorentzian
peaks are also shown.

Often coupling between the spin degree of freedom and phonons are

observed in MF compounds. Studies on spinphonon coupling in oxides

play an important role in its exotic properties; by varying its mag-
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Table 3.5: Observed mode frequencies at 82 K, 300 K, their mode assignments and
spin-phonon coupling constant (λ) for modes are also given:

82 K 300 K Assignment Spin-phonon
(cm−1) (cm−1) coupling constant (λ)
89.64 87.84 . . .
99.99 99.5(w) . . .
122.48 118 Translational modes
134.98 133.91(b) . . .
152.9 151.6 . . . 0.89
175.22 172.35 . . . 1.1
200.32 199.47 . . .

212 . . . . . .
221.8 . . . . . .
240 239.02 . . . 0.89

258.3 . . . Librational modes
267.27 .. of rigid units
294.84 .. . . .
307.12 303.29 . . .
353.62 .. . . .
359.9 .. . . .
375.21 .. . . .
399.2 395.55 Bending vibration
433.34 .. of polyhedral units
445.31 442.3 . . .
473.84 470.4 . . .
525.78 524.12 . . .
604.81 602.22 Stretching vibration 2.14

700 693.52 of polyhedral units 2.93
755.9 749.7 . . .
842.38 845.3

netic ordering, its structural properties can be controlled [44]. Often

the strength of the spinphonon coupling parameter on these oxides is

related to their magnetoferroelectricity, colossal magnetoelastic behav-

ior, etc. Therefore, it is of interest to examine the coupling strength

of phonon modes of oxides and get insight into the intriguing spin or-
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dered coupling phenomena in that material. The magnetoelastic cou-

pling is manifested in the magnetodielectric effect, dielectric behavior,

and phonon spectra [17, 20, 44, 45]. In Raman spectra, the change

in phonon frequency with temperature has a contribution from lattice

anharmonicity, spin-phonon interaction, and electron-phonon coupling

effect.

As discussed earlier, the perovskite orthorhombic structured GFO

consists of Ga1-O tetrahedron corner shared with Ga2-O, Fe1-O and

Fe2-O octahedron units while the cations octahedral units have edge

shared networks. The Ga1-O4 tetrahedra unit is tightly bound whereas

octahedral units are comparatively loosely bound. Therefore, in the

present Raman spectra of GFO, the vibrational mode involving tetra-

hedral vibration can be seen in the high-frequency region and the mode

vibrations involving octahedral units are expected in the low-frequency

part. Hence, the Raman spectrum is contributed by the vibrational

modes associated with both tetra- and octahedral units. The inter-

nal vibration represented by high-frequency range 650 - 850 cm−1 is

attributed to the symmetric stretching vibration of GaO4 units, while

the symmetric stretching vibrations of octahedral units are in the range

of 600 - 650 cm−1. The asymmetric stretching vibration of tetra and

octahedral units are observed in the range 500 - 900 cm−1. The bending
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vibrations of these polyhedral units are assigned in between 400 - 490

cm−1. The librational modes (rigid rotation) involving the tetrahedral

and octahedral rigid units and the lattice translational mode related to

Ga3+ and Fe3+ cations are noticed in the low-frequency range 80 - 390

cm−1. As mentioned in the introduction, the temperature induces a

change in the mode frequency is a consequence of lattice anharmonic-

ity, spin-phonon coupling, and another excitation effect like electron-

phonon coupling [42, 46]. However, the latter electron-phonon contri-

bution is absent since GFO is a dielectric. Hence, the resulting con-

tributions from anharmonicity and spin-phonon coupling are expected

for observed shift in mode frequencies in GFO with temperature. Fur-

thermore, as the magnetic ordering is observed below TC (220 K), one

can expect the spin-phonon coupling below TC , in the low-temperature

ferrimagnetic phase. Above TC , in the high-temperature paramagnetic

phase, the only anharmonicity governs the shift in mode frequency and

can be analyzed by using the sole anharmonicity formalism, consists of

a major contribution from cubic and quartic anharmonicity [42]. The

effect of cubic anharmonicity leads to decay of a phonon of frequency

ωo into two phonons of each frequency ωo/2, whereas quartic anhar-

monicity resulting in three phonons of each frequency ωo/3. Therefore,

the shift in frequency (ω) can be analyzed by using the relation ω =
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ωo + C [1 + 2/(exp(x)-1)] + D [1 + 3/(exp(y)-1) + 3/(exp(y)-1)−1],

where, ωo is mode frequency at 0 K, x = ~ω/2kBT and y = ~ωo/3kBT.

C and D are coefficient of cubic and quartic anharmonicity, respec-

tively. The observed mode frequencies namely 153, 175, 240, 700 and

756 cm−1 exhibiting steeper hardening below TC , are fitted for the

paramagnetic phase using the above expression in figure 3.12. An ex-

ample of mode frequency that hadn’t exhibited magnetoelastic coupling

(399 cm−1) is also shown in figure 3.12. The prominent mode at 240

cm−1 exhibits higher dispersion of the measured data since the mode

frequency is affected by the neighboring weak modes located at 221

and 257cm−1. These near-by weak modes are not observed at higher

temperature (280 K) due to their insufficient intensity. A significant

shift in mode frequency (∆ω) from the theoretically extrapolated line

below TC can be attributed to the spin-phonon coupling effect, govern

by using the relation, ∆ω = λ*<Si.Sj>; where <Si.Sj> is the spin-spin

correlation function and λ is the spin-phonon coupling constant. Sim-

ilar kind of mode behavior due to magnetoelastic coupling is observed

in several magnetic systems, such as MnF2 [47], FeF2 [47], Sr4Ru3O10

[48], BiFeO3 [49]. The shift in mode frequency ∆ω is given in table 3.5.

The internal mode located at 756 cm−1 is found to have a large magne-

toelastic coupling with ∆ω value as large as 4.4 cm−1 while the lowest
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value of ∆ω is observed for translational mode at 153 cm−1 indicating

its weaker spin-phonon interaction.

One can estimate quantitatively the magnetoelastic coupling con-

stant between the phonon and the Fe-cationic spins in the ferrimag-

netic phase. As mentioned earlier, the stronger magnetic interaction

is ferromagnetic along c-axis, and it is weaker in the ab-plane; the net

magnetic ordering is ferrimagnetic in nature. The spin-spin correlation

function can be approximated by using molecular field approximation

and <Si.Sj> can be obtained from the ensemble average of nearest-

neighbor spins [48, 29] as <Si.Sj> = 2[M(T)/Ms]2, where M(T) is the

magnetization per Fe-site magnetic ion, Ms represents the saturation

magnetization. The factor 2 is considered to take care of two sets of

nearest-neighbors of Fe-cations in a unit cell. The resulting expression

for the phonon frequency due to spin-phonon coupling effect can be

written as: ∆ω = λ*2[M(T)/Ms]2. The slope of the plot of ω ver-

sus [M(T)/Ms]2 shown in figure 3.13 essentially represent spin-phonon

coupling strength λ. We examine those modes (effected by magnetic

ordering), namely 153, 176, 240, 700, and 756 cm−1 behavior with re-

spect to [M(T)/Ms]2 and the respective coupling constants are obtained

(Table 3.5). The spin-phonon coupling strength is found to be larger for

internal mode vibrations located at 700 and 756 cm−1. Translational

134



Figure 3.12: Mode frequency vs. temperature for several characteristic phonons. The
anharmonic model was used to fit the data in the paramagnetic phase above 220 K.
Extrapolated phonon positions in the ferrimagnetic phase below 220 K was used to
extract the frequency shift (δω). An example of the mode at 399 cm−1 which is not
affected by spin-phonon coupling is also included.
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modes at 153 and 175 cm−1 and the librational rigid mode at 240 cm−1

are found to have nearly the same coupling strength (λ ∼ 1). Larger

λ values of internal modes indicate a stronger sensitivity of magnetic

interaction to the atomic vibration displacements. The magnitude of λ

values is found to be three times larger than the earlier reported [29]

value for a 374 cm−1 librational rigid vibrational mode. In contrast to

earlier observation on the change of spin dynamics ∼ 180 K [29], no

anomaly in mode frequency ω versus magnetization around ∼ 180 K is

found in the present study.

3.3.7 Dielectric studies

Figure 3.14 show frequency dependent permittivity (εr ) of the GFOn

and GFMOn measured at RT in the frequency range 100 Hz - 1 MHz.

With increase in Fe/Mn concentration, permittivity is increased at

low frequency regime. However, at high frequency regime, the change

in permittivity is insignificant with Fe-doping. For pure composition

(GFO1), εr value is ∼ 100 at 100 Hz. This value is increased to ∼

400 for Fe and Mn doped compounds. On the other hand, it is seen

that εr and tanδ are strongly dependent on frequency, as in figure 3.14.

Permittivity values of GFOn and GFMOn are at 130 - 430 at lowest fre-

quency (100 Hz), which decreases to ∼ 50 for frequencies higher than 1
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Figure 3.13: Plots of ω(T) versus [M(T)/Ms]2 are shown for 153, 176, 240, 700, and
756 cm−1 modes. Linear least square fits to the data are shown by lines. Slope of
these lines represent the spin-phonon coupling constants, λ.

kHz. Permittivity initially decreases sharply with increase in frequency

upto 1 kHz and then decreases slowly and become almost constant up
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to 1 MHz, which is usual dielectric dispersion. The dispersion of di-

electric constant with frequency is due to Maxwell-Wagner type inter-

facial polarization in agreement with Koop’s phenomenological theory

[50, 51, 52]. It is well known that the polarization in ferrite is through

a mechanism similar to the conduction process. The dipole of ferrite

(Fe3+ and Fe2+ ) experiences rotational displacement that results in ori-

entation polarization. The polarization at lower frequencies may result

from electron hopping between Fe3+ ↔ Fe2+ and Mn2+ ↔ Mn3+ ions

in ferrite lattice. With increase in frequency, the polarization decreases

and reaches a constant value as seen in figure 3.14. It is due to the fact

that beyond a certain frequency of external field the electron exchange

Fe3+↔ Fe2+ and Mn2+↔Mn3+ cannot follow the alternating field [53].

Figure 3.14: Room temperature frequency dependent permittivity of (a) GFOn and
(b) GFMOn. Inset of represents tangent loss of (a) GFOn and (b) GFMOn
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The dispersion of εr can also be explained based on the contributions

from various sources of polarizations, such as electronic, atomic, and

orientation, and interfacial (space charge polarization). Electronic and

atomic polarizations are frequency independent, but orientational and

interfacial polarizations are frequency dependent. In frequency region

of 100 Hz to 1kHz, all types of polarization appear. Above 1 kHz, there

are contributions only from electronic and ionic polarization. The de-

crease in orientational and space charge polarization with increasing

frequency is responsible for decrease in εr at high frequency.

Inset figures show the loss tangent (tanδ) of respective compounds.

In general, the dielectric loss in polycrystalline ferrites is a result of the

lag in polarization with respect to the applied alternating electric field.

The dielectric loss peak is observed in some compositions. This indi-

cates that a polarizing species with a relatively long relaxation time [54].

This is originated from the thermally activated long and/or short range

movement of charge carriers such as space charges, various charged de-

fects etc. Moreover, the loss factor is considered to be caused by domain

wall resonance. At higher frequencies, losses are found to be low since

domain wall motion is inhibited and magnetization is forced to change

by rotation [53].

We studied temperature dependent dielectric constant and dielectric
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Figure 3.15: (a, b, c) Temperature dependent permittivity and (d, e, f) dielectric loss
of GFO1, GFO3, and GFMO3 repectively measured at various frequencies

loss for GFO1 (GaFeO3, principle compound) and the compositions

with TC > RT, they are GFO3 and GFMO3. Figure 3.15(a,b, and c)

are the plots of temperature dependent permittivity of GFO1, GFO3

and GFMO3 repectively. This study is done in the temperature range

of 90 to 700 K and frequency range of 100 Hz - 1 MHz. In case of

GFO1, figure 3.15(a), we can see the dielectric maxima shifting towards

higher temperature for larger frequency. Within the given temperature

range, maxima peak is not seen for high frequencies ( >100 kHz) . In

case of GFO3 and GFMO3, dielectric maxima could not be observed

within the temperature range (figure 3.15 (b and c)). Unfortunately, we
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have experimental limitation to go beyond 700 K. However the trend

of increasing permittivity is analogous to GFO1, i.e. the dielectric

maxima of lowest frequency (100 Hz) is largest and appears at lowest

temperature whereas, the maxima for highest frequency is smallest and

appears at highest temperature.

The increase in permittivity with temperature can be explained as:

at relatively low temperature (i.e. upto 300 K), charge carriers are un-

able to orient themselves in the direction of applied field contributing

less polarization that result in lower permittivity. On increasing tem-

perature, more bound charges are released and the mobility of charge

carriers increases due to the increase in thermal energy, which enable

them to align in the direction of easy axis of an applied AC field. This in

turn, enhances their contribution to space charge polarization leading

to an increase in the value of permittivity. As mentioned above, di-

electric constant of any material is due to the dipolar, electronic, ionic

and interfacial polarization. At low frequencies, dipolar and interfa-

cial polarization (which are strongly temperature dependent) known to

play the dominate role. The interfacial polarization increases with in-

creasing temperature via generation of crystal defects, whereas dipolar

polarization decreases with increasing temperature. The rapid increase

in the permittivity with temperature at low frequencies suggests that
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the effect of the temperature is more pronounced on the interfacial than

on the dipolar polarization. At high frequencies, electronic and ionic

polarization are the main contributors and hence their temperature

dependence is insignificant [55, 56, 57].

In figure 3.15(a) shifting of dielectric maxima at higher tempera-

ture with increasing frequency resembles the relaxor nature of the com-

pound. Moreover, large dielectric dispersion below and above Tm and a

similar shift of dielectric loss peak with temperature strongly suggests

the relaxor behavior. Temperature dependent dielectric loss of GFO1,

GFO3, and GFMO3 is shown in figure 3.15(d, e, and f) respectively. In

case of GFO1 (figure 3.15(d)), one prominent peak is clearly observed

at all frequency. It can be seen that there tends to appear secondary

peak at higher temperature region. This behavior is seen in dielectric

graph as well. Likewise, the maxima shifts towards higher temperature

with higher frequency. The compounds possess loss of ∼ 1 to 2.5 upto

∼ 400 K, at high temperature, graph shows speedy increasement. The

high loss could be the consequences of oxygen vacancies formed dur-

ing sintering process due to volatilization and/or charge compensation

process. The material is synthesized at high temperature, so both Fe2+

and Fe3+ naturally develop in the matrix. These Fe ions aid to increase

ionic conduction at higher temperature, resulting the speedy raise of
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dielectric loss at high temperature [58, 59, 60].

3.3.8 Leakage Current (I-V)- study

Figure 3.16 shows the IV characteristics of GFOn and GFMOn. The

current was recorded within both polarities of DC applied the electric

field. With an increase in Fe contents leakage, current density increases

as Fe is transition metal with lower resistivity.

On doping Mn, the leakage current is reduced in all composition ap-

proximately by 2 orders, which indicates the significant improvement in

the reduction of leakage current density. The decrease in leakage cur-

rent could be due to the substitution of Fe2+ with Mn2+ that decreases

the hopping possibilities between Fe2+ and Fe3+. A possible mechanism

explaining this behavior can be explained using the Kröger-Vink nota-

tion, oxygen vacancies in compounds during the growth process can be

written.

δOx
o → δ(V •o

• + 2e′ +
1

2
O2) (3.7)

Where Vo
•• is oxygen vacancy with a double positive charge. Fe3+ acts

as an acceptor of electrons and gets reduced into Fe2+.

2δFeXFe + 2δe− ⇔ 2δFe′Fe(Fe
3+toFe2+) (3.8)

Thus, it allows the electrical conduction via a hopping mechanism
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due to simultaneous presence of Fe2+and Fe3+, which is also elucidated

above in XPS study. Immediately after completing Fe oxidation (all

Fe2+ ions become Fe3+), further oxidation (second-stage oxidation) in-

creases current density due to the formation of hole h• which can be

written as δ Vo
••+1

2 O2 → OX
o + 2h• resulting in higher leakage, which

is seen in figure 3.16(a).

In the case of Mn-doped GFO, the substitution of Fe with Mn leads

to the creation of holes.

δMnO → δ(Mn′Fe + h• +
1

2
O2) (3.9)

where Mn
′

Fe represents Mn in the Fe site with an apparent negative

charge and h• denotes a hole. These holes can be recombined with

electrons e− + h• → 0. In this case, Mn acts as a buffering species for

suppressing an increase of h• by oxidation. After Fe2+ is completely ox-

idized to Fe3+, Mn2+ absorbs h• generated in further oxidation process

by the valence increase of Mn [61] as expressed by

Mn′′′Fe + h• →Mn′′Fe(Mn2+toMn3+) (3.10)

Mn′′Fe + h• →Mn′Fe(Mn3+toMn4+) (3.11)

Thus, the origin of lower leakage observed in Mn-GFO compounds
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Figure 3.16: Leakage current of (a) GFOn and (b) GFMOn

is plausibly by the hole absorbing function originating from the Mn-

valences.

3.3.9 Magnetoelectricity study

To confirm the magnetoelectric coupling, we have carried out magne-

tocapacitance, magneto loss, magnetoimpedance and magneto-phase

measurements of GFO3 at RT. The direct magnetodielectric coupling

of the system can be calculated qualitatively in terms of magneto-

capacitance (MC%), magneto-loss (ML%), magneto-impedance(MI%)

and magneto-phase (Mφ%) with the help of M-W equations [62, 63].

MC(%) =
C(H,T )− C(0, T )

C(0, T )
X100% (3.12)
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Figure 3.17: (a) Capacitance, (b) dielectric loss, (c) Impedance, (d) phase angle as
a function of frequency for GFO3 ceramic. Insets show the magnified version of
respective plot.

ML(%) =
tanδ(H,T )− tanδ(0, T )

tanδ(0, T )
X100% (3.13)

MI(%) =
I(H,T )− I(0, T )

(I(0, T )
X100% (3.14)

Mφ(%) =
φ(H,T )− φ(0, T )

φ(0, T )
X100% (3.15)

Figure 3.17(a-d) shows the frequency dependent electrical characters

(capacitance, tangent loss, impedance and phase angle) of GFO3 col-

lected at several static bias magnetic field (0≤H≤ 2T). Insets are the
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enlarged version of respective characters shown to highlight the changes

with applied bias magnetic field. In figure 3.17(a) the capacitance de-

creases throughout the frequency range on increasing static magnetic

field implying negative coupling coefficients. On changing static field

from 0 T to 0.5 T, a significant change of capacitance, whereas at high

field, i.e. on increasing field from 0.5 T to 2 T, the change in capac-

itance is minimal. It is because once the spin is aligned the changed

in magnetic configuration with increasing field become negligible [58].

Using above formula, MC(%), ML (%), MI(%), Mφ (%) is calculated

at 1 kHz w.r.t maximum field (2T) which is obtained as -3.6%, 0.7%,

3.46%, 0.6% respectively. On applying magnetic field to a multifer-

roic system, the magnetic phase shows piezomagnetic effect and gets

strained. This strain induces stress which generates electric field on

ferroelectric domains; that helps to modify electrical order parameters

such as capacitance, loss and impedance [62, 64, 65]. In figure 3.17(b),

the dielectric loss increases on increasing frequency at the beginning

and then decreases after certain frequency. This indicates the increase

in deflection boundary in dielectric leading to relaxation behavior which

is similar to Debye relaxation [66]. This is further cleared in our case

by phase vs frequency plot in figure 3.17(d). These results confirm the

presence of coupling between magnetic and electrical parameters at RT.
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Chapter 4

Study on electronic, magnetic and
optical properties on
Ga2−x(Fe1−yMny)xO3, 0 ≤ y ≤ 0.02
and 1 ≤ x ≤ 1.4 thin films

4.1 Introduction

The field of material science and engineering has changed the modern

society through its ability of extraordinary combination of chemical,

physical and mechanical properties. Modern technology requires thin

films for different applications. Thin film technology is the basic of

astounding development in solid state electronics. Due to unique phe-

nomenon of thickness control, geometry and optimization of the films,

this technology has advanced many new areas of research in solid-state

physics and chemistry. This technology has an extensive applications in

diverse fields of electronics, optics, space science, aircrafts, defense etc.

in the forms of active devices and passive components such as piezo-
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electric devices, micro-miniaturization of power supply, rectification

and amplification, sensor elements. Solar energy, magnetic memories,

super conduction films, interference filters, reflecting and anti-reflection

coatings are another ingenious applications of this technology [1, 2]. In

this chapter, structure, surface morphology, magnetic and electric be-

havior of GFO thin films grown by pulse laser deposition technique will

be discussed.

After Remeika synthesized GFO for 1st time in 1960, this material

gained a huge scientific attraction. Mishra et al. [3] have shown the

phase stability of GFO up to a temperature of 1368 K, which opens the

possibility to exhibit ferroelectricity up to high temperature. Arima et

al [4], at first showed the electric polarization, Ps value ∼ 2.5 µC/cm2

in a GFO single crystal using neutron diffraction. However, Stoeffler

[5] has predicted the Ps value to be 25 µC/cm2 computed through elec-

tronic structure using first principles. Roy et al, on the other hand has

obtained a Ps value of ∼ 59 µC/cm2 along the b-axis calculated based

on first principles with the structure obtained from the minimization

of the free energy [6]. Ferroelectricity emerges in GFO mainly due to

tilting and distortion of the FeO6 octahedra and the off-centering shift

of the Fe ions [3]. In recent studies, S Song et al. [7] has reported

net polarization (2Pr) of ∼ 35 µC/cm2 at room temperature, which is
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the highest reported experimental value so far. Additionally, the sig-

nificant activation barrier of 1.05 eV per f. u. is calculated through

the Kohn-Sham (K-S) energy as a function of the fractional unit graph

with the help of the minimum corresponding ground state K-S energy.

This value is ∼ 2.5 times larger than BiFeO3 and ∼ 20 times larger

than Pb(Zr,Ti)O3, making o-GFO superior and stable against ther-

mally activated random dipole switching across the centrosymmetric

Pnna barrier [7, 8].

In multiferroics, due to availability of small cross susceptibilities

value between different order parameters, the designing of device based

on multiferroics is still challenging. However , a giant cross susceptibil-

ities in multiferroics is recently reported that would open the possibil-

ities of practical use of these materials in magneto- and optoelectron-

ics [9]. Although the detailed nature of the multiferroic state differs

from system to system, there are several common features. The po-

lar multiferroic state breaks both time reversal symmetry (due to the

magnetic order) and spatial inversion symmetry (due to ferroelectric

order). This has profound significance for the optical properties of

these materials [10]. Multiferroic materials exhibit remarkable optical

properties in the absence of external magnetic field. In 2006, Rai et al

[11] have measured the non-linear optical response in YMnO3 showing
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the strong coupling between ferroelectric and antiferromagnetic domain

walls indicating strong coupling between the magnetic and ferroelectric

structure in the system. This also suggests an approach for incorpo-

rating multiferroics into optical devices. The domain structure modifi-

cation through external magnetic and/or elelctric fields could provide

a method for tuning the non-linear optical response in these system

[10]. These effects has been observed in HoMnO3 producing a change

in second harmonic generation signal by modifying magnetic structure

through electric field [12], and recently Bi2FeCrO6 showed enormous

change in second harmonic generation response in an applied magnetic

field [13]. It is suggested that a spatial variation in the toroidal mo-

ments (across a domain wall) produces the optical equivalent of Lorentz

force on the light. This directional dependent optical path would lead to

non-reciprocal refraction through domain walls [14]. This effect could

be utilized to produce novel optical devices. Investigation on magneti-

zation induced second harmonic generation (MSHG), X-ray directional

dichroism in single crystal [15, 16] and later observation of large second-

harmonic kerr rotation in GFO thin films on YSZ buffered Si [17] shows

the material to be potential candidate for magneto-optical applications

as well.
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4.2 Experimental details:

Highly oriented gallium ferrite Ga2−x(Fe1−yMny)O3, 0 ≤ y ≤ 0.02 and

1 ≤ x ≤ 1.4 thin films of thickness ∼ 250 nm were grown on strontium

ruthenate (SRO) buffered (111) strontium titanate (STO) by pulsed

laser deposition (PLD) method. An excimer laser of KrF with λ =

248 nm is used in PLD. A buffer SRO layer of thickness ∼ 30 nm were

deposited on highly cleaned STO (111) substrates by the PLD method.

The parameters used to deposit SRO and Ga2−x(Fe1−yMny)O3 are given

in table 4.1. For all deposition, oxygen is used as carrier gas with base

pressure maintained at x 10−6 Torr.

Table 4.1: Parameters used in deposition process

Energy Frequency Substrate Oxygen Cooling
density (Hz) temp deposition rate
(J/cm2) ◦C pressure

(Torr)

SRO 1.5 10 680 200 5◦C/min
Ga2−x(Fe1−yMny)O3 2 5 725 300 2◦C/min

Prior to deposit thin films, the STO substrates were kept for soni-

cation in acetone medium for about 10 mins. Then the samples were

subjected to oxygen plasma-etching at a power of 30 W under a pres-

sure of 200 mTorr for ultrahigh cleaning i.e., to remove any organic

impurities from the surface. The thickness of the sample was checked

by an Ambios Tech XP-200 profilometer. Surface morphology and
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piezoresponse of the samples were studied by a Veeco Nanoscope V

atomic force microscope (AFM) and piezo-response force microscope

(PFM). Magnetic measurements were done utilizing the quantum Dy-

nacool PPMS. Platinum (Pt) top electrodes of area ∼ 110 x 110 µm2

were deposited through a shadow mask to form a Pt/GFO/SRO (MIM)

capacitor for electrical measurements. The Sawyer Tower test config-

uration (Radiant Technologies Model RT 6000 HVA-4000 V) was used

to record remnant polarization and coercive field of the prepared ca-

pacitor.

4.2.1 X-Ray Diffraction study

Figure 4.1(a) shows the XRD patterns of bare STO substrate along

with Ga2−x(Fe1−yMny)xO3 films deposited on SRO buffered STO. The

schematic diagram of Ga2−x(Fe1−yMny)xO3 thin films are deposited

on strontium titanate (STO) (111) substrate buffered with strontium

ruthenite (SRO) is shown in figure 4.1(b). The wide range of the θ-2θ

scan (10◦ - 90◦) showed the peaks only at (0k0 ) direction (in Pc21n

setting) and those from substrates in all films, figure 4.1(a). This sug-

gests the deposition of thin films are highly oriented. From this graph,

we calculated the lattice parameter of the the films, using Bragg’s law,

2dsinθ = nλ, where d, n, and λ are the interplanar spacing, reflec-
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tion order, and wavelength. The lattice parameter (k value) of GFO1

was obtained as 9.433 �A which was slightly increased upon Fe and Mn

doping. The value raised to 9.44 for GFMO3.

On the other hand, the STO substrate exhibits a cubic crystal struc-

ture with a lattice constant a = 3.905 �A. The bulk SRO is arranged

in an orthorhombic lattice, but it is often described as a pseudo-cubic

unit cell with a lattice parameter of 3.93 �A due to its small distortion

of the octahedral structure [18]. With this value, the lattice misfit be-

tween substrate and SRO is calculated as -0.64%. Generally, STO (111)

substrates have a hexagonal platform, figure 4.1(c). For this, the best

possible alignment of the thin film is on two-unit cells of SRO (111)

during the growth of GFO film, with the possibility of three domain

growth as shown in figure 4.1(c). The compressive strain of the film

was calculated using the equation

ε =
abulk − afilm

abulk
X100 (4.1)

and observed as 0.46% out-of-plane strain. (here, abulk = 9.389 �A)

[19]. SRO (111) bottom electrode is chosen due to its compatibility

with hexagonal STO (111) substrate along with fatigue and imprinting

resistance.
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Figure 4.1: (a) XRD pattern of Ga2−x(Fe1−yMny)O3 recorded from 10◦ - 90◦ at RT,
(b) Schematic diagram of thin films with buffered layer SRO on substrate STO, and
(c) Possible alignment of film growth on STO substrate
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4.2.2 Atomic Force Microscopy

The uniformity of the surface was analyzed by AFM. The microscopic

AFM image of STO/SRO/ Ga2−x(Fe1−yMny)xO3 thin films are shown

in figure 4.2. The surface topography captured by AFM in the contact

mode on a scan size of 3 x 3 µm2, appeared to be homogeneous and

smooth. It is seen in the images that the deposited films lack granu-

lar structure and are free of microcracks, pores or holes. The average

surface roughness (Ra) of films are found to be 2 - 4 µm. The smooth

surface with low roughness is required for improvement of multifunc-

tional properties [20, 21, 22].

4.2.3 Magnetic properties

Magnetization versus temperature (M-T) plots for all films collected at

both field cooled (FC) and zero field cooled (ZFC) are shown in figure

4.3. All samples are cooled at 0.1 T and also measured at 0.1 T. All

samples showed thermomagnetic irreversibility and undergone param-

agnetic phase change at temperature 250 - 350 K. It is observed that

with increase in Fe contents, magnetic transition temperature, TC is

increased, however doping Mn reduced TC slightly. With Mn-doped

samples, the plausible interchange of Fe3+ - O2− - Fe3+ networks into

Mn3+ - O2− - Mn3+ and Fe3+ - O2− - Mn3+ and their super-exchanges
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Figure 4.2: AFM image of Ga2−x(Fe1−yMny)xO3 films scanned at 0-20 nm height and
1 - 3µm
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lead to decrease in Fe-Fe linkage that cause the reduction in TC . It

can be noted here that the reduction in TC is not significant in our

case unlike the previous on Mn substituted perovskite [23]. It is due to

low quantities of Mn substitution (∼ 2%) in our study. Another find-

ing of this experiment was that the bifurcation between FC and ZFC

was larger than that in ceramics with same field applied. A rounded

maximum, Tmax (hump) in the ZFC curve is seen for all cases. Tmax is

related to the blocking of the particles with the mean particle size. For

noninteracting particles, Tmax is proportional to blocking temperature,

TB, with proportionality constant b = 1 - 2, depending on the type of

size distribution [24, 25, 26]. The rounded peak maxima in our case

suggests the well-defined value for TB illustrating a narrow distribution

of particle sizes and hence of energy barriers. The magnetic hysteresis

loops of GFO measured at the field range of +/- 2T carried at vari-

ous temperature 10 - 400 K is shown in Figure 4.4. The coercive field

(HC) and saturation magnetization (MS) decreases gradually with the

increase of temperature and vanished at 250 K for GFO1. This value

increases upto 350 K for Fe and Mn doped GFO, (GFMO3). At higher

temperature, the spin are disordered due to thermal energy causing the

disappearance of HC and MS that shows ferrimagnetic-paramagnetic

phase transition. The phase transition TC in thin films is obtained at

166



Figure 4.3: Magnetization as a function of temperature measured at 100 Oe

slightly higher temperature than in bulk ceramics. This could be due

to the strain at SRO/GFO interface. These properties of higher TC

in thin film in comparison to bulk has been reported theoretically and

experimentally [27, 28]. On increasing Fe concentration, the magnetiza-

tion of the film increases. However, with Mn co-doping, magnetization
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decrease slightly compared to their parent element. According to Neel’s

Figure 4.4: Magnetization as a function of field measured at various temperature.

two sublattice theory for ferrimagnetism [29], the sublattice magnetiza-

tions MA and MB are antiparallelly aligned and the total magnetization

given by MS = MC - MA. On Mn addition, the replacement of Fe3+
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(5µB) in octahedral sites by Mn3+ (4µB) would decrease the net mag-

netic moment in B sites that weaken the AB superexchange interaction

between the two antiparallel magnetic sublattices [30] reducing the to-

tal magnetization. When the iron concentration is increases, the excess

iron ions will be deposited at tetrahedral (Td) sites and the directions

of Mn and Fe spins at Td sites are antiparallel to each other resulting

in reduced magnetization of sublattice A [31].

4.2.4 Piezoelectric force microscopy

GaFeO3 is known as RT piezoelectric material, however its magnetic

transition temperature (Tc) is below RT. From magnetization study

of various component of GFO, it is observed that GFO3 and GFMO3

have TC above room temperature, as shown in figure 4.3. In order to

confirm RT multiferroics, we probe a ferroelectric property on these two

compounds, as well as on the principle compound GFO1. Piezoresponse

force microscopy (PFM) is an ideal tool to characterize the ferroelectric-

ity for both probing and switching the local ferroelectric polarization at

nanoscale [32]. Figure 4.5 shows amplitude and phase patterns written

on the GFO1, GFO3, and GFMO3 with the application of electric field

via a conducting tip. A tip bias of +12 V was applied to pole the 6

µm × 6 µm square region, followed by another poling with a tip bias
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of -12V in the central area of 4 µm x 4 µm. The total surface scan

for GFO3 and GFMO3 was 10 µm for GFO1 and GFO3, and 8 um

for GFMO3. The clear contrast area seen on applying different volt-

ages indicates domain switching behavior due to ferroelectric nature

of the films [33, 34]. GFMO3 shows higher roughness overall. This is

due to a large grain size of it’s ceramic. The growth parameter during

film deposition also might affect the roughness of the film. This result

suggests that polarization of GFO layer is switchable, confirming the

ferroelectric nature of the heterostructure.

4.2.5 Ferroelectric properties

Ferroelectricity of thin film was tested with polarization vs electric

field (P-E) hysteresis loop measurement. We conduct this experiment

on GFO3 and GFMO3, (which has TC > RT) along with principle

compound GFO1. Figure 4.6 reveals the RT P-E loops observed on

Pt/Ga2−x(Fe1−yMny)xO3/SRO thin-film capacitor at frequency 10 kHz.

In GFO1, we found remanent polarization of ∼ 30 µC/cm2 and coercive

field (EC) of 0.09 MV/cm. This value is slightly lower than earlier re-

ported value [7] and is similar to [35]. On increasing Fe concentration,

breakdown field is decreased. It is because, as Fe increases, leakage in

the compound increases. As a result, P-E graph is deviated away from
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Figure 4.5: Piezoresponse force microscopy; a and b, c and d, e and f are amplitude
and phase images of GFO1, GFO3 and GFMO3 respectively.
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saturation, as seen in figure 4.6(b). The curve tends to saturate on

Mn inclusive compound fig 4.6(c). However, none of curves aren’t com-

pletely saturated. This unsaturated behavior of P-E loops observed is

believed to be relatively due to the leaky nature of the current, which

is typical for multiferroics [35, 36].

Figure 4.6: Polarization versus electric field plot of (a) GFO1, (b) GFO3 and (c)
GFMO3 measured at RT.
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4.2.6 Dielectric properties of GaFeO3

For further understanding of electronic nature of the film, permittivity

vs. temperature is carefully studied on GaFeO3. Figure 4.7 shows the

RT permittivity and dielectric loss w.r.t frequency. The permittivity

(εr) decreases with an increase in frequency, indicating the presence of

large dispersion due to Maxwell-Wagner type interfacial polarization.

The rapid decrease in εr at a lower frequency than at higher frequency

elucidate that the film is slightly leaky in nature that is supported by

P-E loop as well. This is further clarified by dielectric loss graph show-

ing the value of ∼ 1.2 at 100 Hz which decreased to 0.2 at 1 MHz. The

frequency and temperature variation of the dielectric constant of GFO

thin film is shown in figure 4.7(b). With increase in temperature, εr

increases in all frequency regime and reach the maximum permittivity

(εm) and then decreases. The peak temperature (Tm) where permit-

tivity is maximum, is shifted from 471 K to 563 K over the frequency

range of 100 Hz to 1 MHz. This indicates the compound is deviated

from normal ferroelectric. Such type of diffused and frequency disper-

sive maxima of temperature-dependent permittivity indicates the pres-

ence of relaxation type behavior in a material called as relaxor [37][32].

In a dielectric material, thermal motion regulates the dielectric relax-

ation process and the temperature dependence of relaxation time (τ)
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follows the Arrhenius law. However, relaxation time usually follows

Vogel-Fulcher (V-F) relation more precisely than Arrhenius law in case

of relaxor like behavior. Hence, to analyze the relaxation characteris-

tics of the film, the maximum dielectric constant is plotted with (V-F)

model [38] given by

f = foexp
−Ea

kB(Tm − Tf)
(4.2)

that describes the relation similar to that recognized for glasses [39].

Here, f and f0 is the measured frequency and the attempt frequency

which is related to the cut-off frequency of the distribution of relaxation

times. Ea, kB, Tm and Tf are activation energy, Boltzmann constant,

and peak temperature and freezing temperature, respectively. Below

freezing temperature, the dynamic reorientation of the dipolar cluster

polarization is not thermally activated. On fitting the experimental

values to the above equation, as shown in Figure 4.7(c), we obtain the

values as f0 = 4.13x1013 Hz, Tf = 274 K, Ea = 0.39 eV. This activation

energy, Ea, is a measure of the energy barrier that separates metastable

states in the system [21]. The Ea value obtained is analogous to the

earlier reported GFO films [40]. The diffuseness of phase transition

on relaxor can be described by a modified Curie-Weiss law with the
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relation,

1

Er
− 1

Em
=

(T − Tm)γ

C ′
(4.3)

γ is diffuseness coefficient that shows the character of the phase tran-

sition and limits between 1 ≤ γ ≤ 2. γ approximate to 1 for normal

ferroelectrics and 2 for pure relaxor.C’ is a constant quantity. Figure

4.7(d) shows the plots of ln(εm/εr – 1) vs ln (T-Tm) at 10 kHz and

1MHz. The value of γ is found to be 1.95 and 1.96 for 10 kHZ and 1

MHz respectively. This values of γ clarifies that the compound exhibits

diffuse phase transition with disordered crystals which occurred due to

the existence of different states of polarization and hence different re-

laxation times in different regions [37, 41]. The diffuseness appears

mainly because of compositional fluctuations and/or due to structural

disorder in the lattice [37]. This could be correlated with the prevailing

disorder between Fe/Ga cations in GFO due to their isovalent and close

ionic radii [42]. In Figure 4.7(b), after peak temperature, it is noticed

that the curve tends to deviate from their regular smooth pathway on

decreasing temperature. This tendency of forming secondary peaks are

seen in all frequency. These incomplete peaks are observed in all curves

and are shifted to higher temperature with increasing frequency. Here

we write the first dielectric relaxation as R-1 (peak at temperature

region) and second dielectric relaxation as R-2 (peak at higher temper-
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Figure 4.7: (a) Room temperature dielectric permittivity (εr) and tanδ w.r.t fre-
quency, (b) Permittivity at various temperature and frequencies, solid brown line
indicating the shifted peak temperature from lower frequency to higher frequency (c)
Voger-Fulcher fit of frequency dispersion of the dielectric maximum, 1000/Tm versus
lnf, (d) Modified Curie-Weiss law for GFO thin film, ln(εm/εr-1) vs ln (T-Tm).

ature region). The dielectric anomaly in R-1 indicates the transition

from ferroelectric to relaxor ferroelectrics state (F-R), hence the Vogel-

Fulcher relation was studied on this region. This behavior agrees with

previous studies on relaxor type materials [43]. The polar nanoregions

(PNRs) begin to establish at this region R-1 where the ferroelectric
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long range order is destroyed, giving rise to a secondary peak (R-2)

with wide dispersion of dielectric permittivity with frequencies. Hence,

there occured the incomplete formation of secondary diffused phase

transitions with different relaxation times [44]. This might be due to

thermally excited charge carriers at high temperature end [45].

4.2.7 Photo-detector properties on GFO1

Photo-detectors are useful sensing devices with a wide range of appli-

cations including space communications, UV detection, and chemical

and biological sensing [46]. In order to investigate the photo-response,

we measured the current-voltage (I-V) curve of the GaFeO3 (GFO1)

system under dark condition and under light illumination of 1 sun (AM

1.5G) over a voltage range of -10 V to 10 V. Under the solar illumi-

nation, the photocurrent of the device is determined to be 1.955x10−3

A while the dark current was 1.023x10−3 A at 5V, shown in figure

4.8. The substantial non-linear dependence of current as a function

of voltage indicates a good double-schottky contact behavior between

platinum electrode and the GFO thin film, which agrees well with the

theoretical band structure calculation [47]. The higher electrical con-

ductivity observed with light intensity can be explained in terms of

the excess of charge carriers generated by photoexcitation by photon
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energies above and close to Eg of the dielectric. The electrons being

excited from the valence band to conduction band are transferred to

the adjacent interfaces by the electrodes. To investigate the device’s

reliability, the time dependent photoresponse and recovery time was

demonstrated by switching light ON and OFF for each 50 seconds at

bias of 0V, -5V and 5V as shown in figure 4.8(b-d). It can be seen

that the I-t curve changes as the solar light turned ON and OFF. We

haven’t achieved a large switching ratio, however, the device shows the

photoresponse properties. The quality might be increased by fabricat-

ing the defect free systems both in films and electrodes. The reliability

of the device is checked by studying current vs time graphs. Identical

currents rises and the recoveries observation over the course of cycles

indicate good reliability. On applying electric field, the excitons split

into electrons and holes at the interface region of GFO/SRO and then

the electrons at conduction band of the GFO is transferred to SRO.

The low electrical resistivity of SRO (2.0 x 10−4 ohm cm at 300 K)

[48] facilitates to reduce the resistance of the heterojunction structure,

which enhances the electron-hole separation and improves the carrier

transport in the heterojunction. When light is OFF the excess electrons

from the SRO transfer into the film where they recombine with the holes

increasing the resistance [49], as shown in figure 4.8(c). Similar trend
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is observed for opposite polarization confirming the photoresponse of

the Pt/GFO/SRO heterostructure.

Figure 4.8: Photodresponse of GFO. (a) I-V graph obtained at dark and under il-
lumination of white light of 1 sun (AM 1.5G), (b) , (c), and (d) are the I-t curves
measured at 0V, 5V and -5V, showing switching of current on light ON and OFF
condition confirming photoresponse in the film.
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4.3 Optical Properties of Ga2−x(Fe1−yMny)xO3 grown

on fused silica

To study the optical characteristics of the films, Ga2−x(Fe1−yMny)xO3

thin films are grown in fused silica. The parameters used were same

as above mentioned. The optical properties of the samples are charac-

terized using a UV visible spectrometer. Figure 4.9 shows the trans-

mittance of thin films in the wavelength range 300 - 800 nm deposited

on fused silica. The films are highly transparent with transmittance

of ∼85% in the range 600-800 nm in all films revealing the excellence

optical transparency. The absorption coefficients (α) can be calculated

using the equation

α =
1

d
ln

1

T
(4.4)

where d is the thickness of the film and T is its transmittance respec-

tively. In general, α is related to the photon energy derived from Tauc

relation αhν = A(hν-Eg)
n where h is the planck contant; ν is the pho-

ton frequency; A is a constant corresponding to electron-hole mobility;

Eg is the band gap, and n is a ratio which characterizes the type of

optical transition in the material (n=2, 1/2, 2/3, or 1/3 correspond-

ing to allowed direct, allowed indirect, forbidden direct and forbidden

indirect) respectively. Direct and indirect band gap (Eg) of the sys-
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Figure 4.9: Transmittance rate of Ga2−x(Fe1−yMny)xO3 thin films deposited in fused
silica

tem is analyzed by studying the optical characteristics of thin films

with αhν2 and αhν(1/2) against hν respectively. Figure 4.10 depicts

the direct band gap characteristics of the films. The Eg values were

found by extrapolating the linear region in the absorption edge region

to zero at x-axis. On increasing Fe contents, a red shift in the band

gap is observed. However, with Mn co-doping significant bandgap shift

isn’t observed with respect to their parent compounds, i.e. Eg value of

GFMOn is similar to Eg value of GFOn.

The reduction in bandgap with Fe concentration could be due to

complex interplay between excess Fe3+ electronic levels mediated by
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oxygen through super-exchange interaction. Basically, the ferrimag-

netically [50] coupled Fe3+ induce a spin disorder on oxygen which can

enhance the broadening of oxygen p-orbitals and valence band edges of

Fe3+ revealing the small band-gap [51, 52]. It can be explained in terms

of the energy level shift of Valence band maxima (VBM) and conduc-

tion band Minima (CBM). The VBM shifts due to the hybridization of

d-orbitals of Fe with p-orbitals of oxygen in the valance band [53]. S.

George et al [54] reported that the increase in Fe content in TiO2 lowers

the band gap energy due to creation of trap levels between conduction

and valence bands of TiO2. On adding Mn, no significant change in

bandgap is observed.

Additionally, we also observed the indirect band gap of the films,

shown in figure 4.11. Normally, indirect bandgap appears due to cre-

ation of defect levels and oxygen vacancies. Indirect band gap usually

originates due to intrinsic oxygen vacancies/defect which might be cre-

ated due to metastable states of Ga2+/Ga3+ in our case. The indirect

band gap observed was 2.4 eV for undoped GFO which decreased to

2.15 eV with high Fe concentration. These observations of reduction

in Eg with Fe addition and also observation of indirect band gap shows

the potential application of the material in optical devices.
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Figure 4.10: Direct band gap of GFO shows red shift on increasing Fe concentration
and Mn co-doped samples
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Chapter 5

Study of T-RRAM on graphene
electroded Aluminium oxide thin
films

5.1 Introduction

Resistive switching is a basic physical phenomenon in which resistiv-

ity of materials can be electrically modulated between nonvolatile high

and low conducting logic states. The potential incorporation of resis-

tive random access memory (RRAM) in the realm of next generation

highly scaled electronic and opto-electronic circuits and neuromorphic

computing is envisaged owing to its high operation speed (∼ 100 ps),

high-density storage, low power consumption, excellent endurance (1012

cycles), low cost, and simple cell architecture [1, 2, 3, 4, 5, 6, 7, 8, 9].

Recently, extensive interest has risen in visible transparent electronic

circuit applications in consumer electronics, defense, space, civilian,

and transport sectors such as integrated solar panel, touch panel, and
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wearable displays [10] and large-area sensors [11] . Transparency of

the display, logic, and memory units of the integrated circuit is es-

sential to establish the above goal. High optical transparency and

high electronic conductions are two mutually exclusive properties. Al-

though researchers have demonstrated see-through transistors [12, 13]

high transparency with efficient charge trapping is still a challenging

task in mainstream floating gate thin film storage memories in addi-

tion to their physical scaling limitation. This issue can be overcome

by RRAM that works on a non-charge-based mechanism [14] as long

as both resistance-active (oxide) material and electrodes possess more

than 80% transparency throughout the visible spectrum [15, 16, 17].

Over the past few years, considerable effort has been made to address

this existing challenge by developing a variety of new material combi-

nations that include oxides, organics, two-dimensional conductors, and

nanostructures in vertical and planar sandwiched architectures and de-

vice processing techniques [15, 18, 19, 20, 21, 22].

With the motivation to design and evaluate transparent, lightweight,

and scalable devices, we have studied the switching behavior of a trans-

parent resistive random-access memory (TRRAM) fabricated on a glass

platform with semiconductor process friendly Al2O3 as a functional

oxide layer, intensively researched graphene as a top electrode, and
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conventional n-type (partly due to oxygen vacancies) ITO as bottom

electrodes for non-volatile memory applications. Binary oxides such

as HfO2 [23], TiO2 [24], NiO [25], ZrO2 [26], Nb2O5 [26], and Al2O3

[27] have been extensively studied for the fabrication of RRAM due to

their simple conformation, good compatibility with CMOS back end

of line technology, and low-cost of fabrication. Al2O3 has drawn the

particular attention of scientific community because of its moderately

high permittivity of ∼ 8 – 10, wide optical bandgap of ∼ 9 eV with

transparency down to deep UV (beneficial for the initial high resistance

state), large breakdown electric field of ∼ 5 – 30 MV/cm, good ther-

mal stability of as high as 1000◦C, and low cost [11]. Based on these

properties, Al2O3 has found potential applications like high-k gate in-

sulator in thin film transistors [28], tunnel-control oxides in flash mem-

ory [29], resistance switching layer in RRAM [30], dielectric layer in

metal/insulator/metal (MIM) capacitors [31], surface modification at

the cathode in Li-ion batteries that improves the cycle stability of the

cell [32], and gas diffusion barrier in organic electronic devices [33],

to name a few. Graphene, a two-dimensional crystal made up of just

hexagonal covalent bonded carbon atoms, possesses unique electronic

properties such as high charge carrier mobility (∼ 104 cm2/V s), elec-

trical (∼ 2000 S/cm) and thermal (∼ 5000 W/mK) conductivities, me-
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chanical strength (∼ 40 N/m), and flexibility [34, 35, 36]. It is a promis-

ing candidate material for transparent conductor applications due to its

low sheet resistance (∼ 30 Ω/�) and low light absorbance (only ∼ 2.3

%) [37, 38] and has the potential to replace the commercially available

transparent conducting electrode, ITO, in near future. Being a good

transparent conductor as well as oxygen passivation layer, graphene

has shown to be an effective electrode material for various devices. For

example, Yang et al. [10] have shown that insertion of graphene layer

above the oxide layer helps in reducing resistance variation of high resis-

tance states. Lee et al. [39] reported that graphene electrodes improved

the performance of pentacene organic FET significantly such as min-

imized channel resistance, high mobility, and reduced effective barrier

height compared to traditional Au electrodes. In this study, in order to

figure out the efficiency of graphene as the top electrode in the device,

we have compared its performance with an identical device but with

conventional platinum as a top electrode.

5.2 Experimental Details

Commercial low cost 180 nm thick ITO coated glass was used as a sub-

strate for Al2O3 thin film deposition. About 15 nm thick amorphous

Al2O3 layers were deposited on these substrates by plasma-enhanced
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atomic layer deposition (PE-ALD) in a Picosun R200 system at an op-

timized growth rate of 1.1 Å/cycle. Trimethyl aluminum (TMA) was

used as a precursor of aluminum, and oxygen plasma acted as an oxi-

dizing agent. The substrate temperature was maintained at 200 ◦C, a

low device processing temperature. The thickness of the deposited film

was measured using a JA Woollam spectroscopic ellipsometer. X-ray

photoelectron spectroscopy (XPS) was performed on the Al2O3 layer

with a monochromatized Al Kα X-ray source operating at a base pres-

sure of 4.9 X 109 Torr. Monolayer graphene (G) used in the device

as the top electrode was grown on copper in a hot filament chemi-

cal vapor deposition (HFCVD) reactor at a substrate temperature of

1000 ◦C and a filament temperature of 1600 ◦C by flowing 1 sccm of

methane for 80 min in a hydrogen atmosphere of 35 Torr. The graphene

layer was then transferred from copper to Glass-ITO/Al2O3 by a stan-

dard poly methyl methacrylate (PMMA) assisted wet transfer method.

About 500 nm thick layer of PMMA (MicroChem 950 A9) was spin-

coated on the copper/graphene sample and, subsequently, baked on a

hot plate at a temperature of 150 ◦C for 10 min. The copper substrate

was then etched out by 20 % ammonium persulfate solution. The ob-

tained G/PMMA sample was rinsed several times in de-ionized water

and placed onto the ITO/Al2O3 sample that was placed overnight on
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a hot plate set at 45 ◦C. Finally, the top PMMA layer was removed

by selectively dissolving it in hot acetone to obtain a layer of graphene

on ITO/Al2O3. Then after, to obtain a desired shape of graphene top

electrode, at first, we evaporated ∼ 200 nm thick square gold layer

on the 2D material through a metal shadow mask. The device was

then subjected to oxygen plasma etching at a power of 80 W under a

pressure of 200 mTorr to remove the graphene which was uncovered by

gold. The gold layer covering the non-reacted graphene was removed

by a reclamation process to obtain patterned graphene top electrodes.

For this purpose, the sample was kept in a solution of 4 gm of KI, 1

gm of I2, and 40 ml of de-ionized water for 10 h and then dried by N2.

The gold removal can be explained by the following series of reactions

[40]. I2 + KI → K+ + I−3 , iodine reacts with potassium iodide to form

potassium ion and tri-iodide anion. These products can react with gold

to form potassium auric iodide, 3K+ + 3I−3 +2Au→ 2KAuI4 +K+ +I−3 .

Hence the gold completely reacts with potassium and iodine ion leaving

the ITO/Al2O3/G sample gold free. The device fabrication process is

schematically shown in Fig. 5.1(a).

The surface topography of the graphene electrodes and active ox-

ide layer was analyzed in vacuum using a scanning electron microscope

operating at 70x magnification. Phase purity of processed graphene
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was further confirmed by Raman spectroscopy. The laser line at 514.5

nm from a coherent argon ion laser (Innova 70-C) was focused on the

sample. A liquid nitrogen-cooled CCD device collected the Raman

scattered signal through a 50x objective. The transmittance spectra

of the device were recorded by a ratio recording, computer controlled

UV-visible spectrometer (Shimadzu UV-2450) in the spectral range of

280–800 nm. I-V measurements were done at room temperature us-

ing a Keithley electrometer (model #2401) with the top electrode DC

biased and the bottom electrode grounded. For comparative study, ∼

50 nm thick and ∼ 90 µm broad square platinum dots were deposited

on an identical ITO/Al2O3 sample by dc-magnetron sputtering at a

power density of 1 W/cm2 using a metal shadow mask to form the

ITO/Al2O3/Pt capacitor structure (control device) as shown in Fig.

5.1(b).

5.3 Results and discussion

Figure 5.2(a) shows the SEM image of well-defined graphene top elec-

trodes having an area of ∼80 x 80 µm2. The Raman spectra showed

in Fig. 5.2(b) provided an intensity ratio of the two prominent peaks;

G-band (1580 cm−1) originated from the in-plane vibration of sp2 car-

bon atoms and 2D-band (2689 cm−1) due to the two-phonon double
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Figure 5.1: (a) Fabrication process of the ITO/Al2O3/G device, (b) Schematic of
ITO/Al2O3/Pt capacitor.

resonance as 0.5. This figure along with a full-width at half maximum

(FWHM) of ∼ 12 cm−1 for G-band and ∼ 32 cm−1 for 2D-band con-

firmed the monolayer nature of graphene. Figure 5.2(c) shows that the

fabricated device is highly transparent in the visible region (370-700

nm) with an optical transparency of > 82%. It is apparent that the

transparency of the device is not significantly affected by the process

of graphene electrode formation. Optical transmittance of ITO/Al2O3

structure is reduced slightly (only by 1.2 %) because of low optical ab-

sorbance in graphene [37]. Note that here graphene square dots serving
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as top electrodes occupy less area resulting in less transmittance reduc-

tion as compared to reported 2 % reduction for the graphene layer [41].

Figure 5.2: (a) SEM image of graphene square dots on the Al2O3 layer. (b) Ra-
man spectra of graphene on Al2O3 showing G- and 2D-bands. (c) Optical trans-
mission spectra of ITO/Al2O3 and ITO/Al2O3/G samples and the inset shows the
ITO/Al2O3/G sample placed on the university logo.

Figure 5.3 shows the resistive switching characteristics of the TR-

RAM devices with graphene and Pt as top or SET electrodes. Electro-

forming is the primary step and is an essential phenomenon in resistive

switching to commence switching in the active material. This process

is usually carried out by applying a high voltage or current compliance

to the as-prepared switching device [5, 42] that in turn leads to the

controlled decrease in resistance. In this study, electroforming was ob-

served at 4.8 V and 6.8 V for ITO/Al2O3/G and ITO/Al2O3/Pt devices,

respectively, which was revealed by a sudden increase in current flow

and are shown as insets (b) and (c) in Fig. 5.3. To avoid any electric
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breakdown due to high current flow, compliance current Icc was set at

1 mA in both cases. In the case of ITO/Al2O3/G, the device turned to

low resistance state (LRS), also called ON-state with a resistance of ∼

330 Ω (read at 0.1 V) after electroforming. On applying a negative bias

voltage, the current suddenly decreased from ∼ 1.55 mA to ∼ 2.1 µA

at ∼ - 0.65 V, turning the device from LRS to HRS (High Resistance

State) also called OFF-state, and the process is called the “RESET”

process. Subsequently, applying the positive voltage bias from 0 V on-

wards, a rapid increase in current was observed at ∼ 0.8 V, switching

the device back to LRS again, called as “SET” process. Hence, the

device is found to switch with alternate polarity, hence called bipolar

switching. In the case of the ITO/Al2O3/Pt device, SET and RESET

voltages were observed at 2.6 V and - 2.4 V (a drop in RESET or op-

eration current from ∼ 18.9 mA to ∼ 89 µA), respectively, which is

higher than the corresponding figures obtained for ITO/Al2O3/G.

Endurance and retention properties were measured for a better eval-

uation of the reliability and functional characteristics of the devices.

Resistance at the ON-state is denoted by RON measured under an Icc

of 1 mA and that at the OFF state is denoted by ROFF (both read at

+ 0.1 V). The endurance test of the ITO/Al2O3/G transparent device

depicted in Fig. 5.4(a) demonstrates no signs of memory state deterio-
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Figure 5.3: (a) Resistive switching characteristics and the forming process of (b)
ITO/Al2O3/Pt and (c) ITO/Al2O3/G devices.

ration. For retention tests, the resistance at the ON state was read out

for 104 s at + 0.1 V, subsequently, the device was switched to the OFF

state, and the resistance was recited for 104 s. The ratio of ROFF/RON

was observed to be ∼ 5x103. Replotting the I-V curve in log-log scale

as shown in Fig. 5.4(c), the conduction mechanism in the ON state of

the ITO/Al2O3/G device was concluded to be of Ohmic nature as the

slope of the plot was determined to be ∼ 1. This can be due to the

formation of conductive filaments in the device during the SET process.

In the OFF state, the I-V plot showed a linear behavior at low voltages
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(0 to + 0.4 V). However, at high voltages, the device showed a non-

linear behavior dominated by the electrode/interface-limited Schottky

charge transport which can be elucidated via the room temperature

linear current density (J) vs E1/2 plot shown in the inset of Fig. 5.4(d).

The Ohmic behavior at a lower voltage regime might be due to the

remnant minor concentration of tiny conductive filaments even after

rupture of majority of filaments during the SET process.

Endurance and retention tests conducted on the ITO/Al2O3/Pt de-

vice are shown in Figs. 5.5(a) and 4(b), respectively. The obtained

ROFF/RON ratio was ∼ 104 and is in fairly good agreement with the

study by Wu et al. [43]. Both ON and OFF states were observed to

be stable, and no significant degradation was seen. The switching ratio

of approximately 104 in the retention of bistable resistive states may

be prolonged to more than 10 years [43]. The ON state leakage curve

replotted in logarithmic scale [Fig. 5.5(c)] can be approximated by a

straight line with a slope of ∼ 1, confirming Ohmic conduction. I-V

characteristics for the OFF state showed a nonlinear behavior. The

conduction mechanism can be identified as bulk limited Pool-Frenkel

emission [43, 44] as the ln J/E versus E1/2 plot shows a linear rela-

tionship as demonstrated in Fig. 5.5(d). The difference between metal

work-function and Fermi level of the wide bandgap semiconductor (in-
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Figure 5.4: (a) Endurance characteristics of the ITO/Al2O3/G device over 100 cycles.
(b) Retention behavior of the ITO/Al2O3/G device over 104 seconds. Log-log I-V
characteristics of the ITO/Al2O3/G device at (c) ON state and (d) OFF state. The
inset of (d) shows the linear relation between J and sqrt E implying the Schottky
conduction mechanism.

sulator) determines the type of contact [45] during the formation of the

metal-insulator interface and explains the asymmetry observed in the

I-V data (Fig. 5.3). The work-function of graphene (∼ 4.9 eV) and

platinum (∼ 5.2 eV) is higher than that of ITO (∼ 4.7 eV). This higher

work-function can be attributed to the formation of the Schottky bar-
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rier at the G or Pt/insulator active interface with an expected shorter

barrier height for G.

Figure 5.5: (a) Endurance characteristics of the ITO/Al2O3/Pt device over 100 cycles.
(b) Its retention behavior over 104 seconds. (c) Log-log I-V characteristics of the
ITO/Al2O3/Pt device at the ON state. (d) ln J/E vs Sqrt E relation at the OFF
state of the device.

The observed significant difference in SET and RESET voltages is

usually the result of the electrode-oxide interaction [41, 45]. Graphene

shows a low sheet resistance (in-plane) and much lower contact re-

sistance with an insulator than other conventional electrodes like Pt.
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G/Al2O3 is a Schottky contact [41] that helps us to improve the electric

field intensity in the switching layer and hence a faster conductive fila-

ment growth. Also, nonpolar graphene exhibits a weak interaction with

other materials resulting in an out-of-plane (6 kΩ/�) leading to a high

series resistance and a low RESET current in the device. Owing to its

higher work function than G, Pt is expected to have a higher Schottky

barrier height with Al2O3 which in turn results in a larger voltage drop

prior to the filament formation. The filament formation is associated

with the Joule heating generated during the Forming/SET/RESET

processes [46]. The inert and atomically thin graphene has a much

lower out-of-plane thermal conductivity (∼ 6 Wm−1K−1) than its in-

plane counterpart (2000-4000 Wm−1K−1) [47] and can act as an interfa-

cial thermal resistance that can considerably reduce the heat dissipated

making the programming processes more energy-efficient [48]. It can

be noted that the programming power given by the product of RE-

SET voltage and the peak in RESET current was ∼ 1 mW for the

graphene electroded device which is only ∼ 2% of that consumed by

the Pt electroded device. This indicates the possibility of reducing the

programming power further by lowering the SET current compliance

in scaled devices without compromising the stability in switching. Ad-

ditionally, it has been proved that graphene can remove an undesired
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surface effect better that increases switching yield of the RRAM device

[11, 41].

Though not well understood, various models have been proposed to

illustrate the mechanism of resistive switching, such as trap charging

and discharging [49], formation and rupture of conduction filaments

[50], and modulation of Schottky barrier [51]. Several studies on metal-

oxide based RRAM have shown that the generation and recombination

of oxygen vacancies are responsible for switching [22, 52, 53, 54]. In

most dielectric layers, oxygen vacancy is the common defect which is

responsible for switching. From an analysis of XPS survey spectrum

shown in Fig. 5.6(a), the elemental ratio of Al:O:C (here C represents

carbon in graphene electrode) was determined to be 0.265:0.257:0.477.

An asymmetric O 1s core level spectrum [Fig. 5.6(b)] obtained was

Gaussian deconvoluted into two peaks after Shirley background correc-

tion. The binding energy of 530.4 eV (FWHM ∼ 2.23 eV) could be

attributed to the oxygen that was bound to Al in the Al2O3 lattice,

while that at 531.47 eV (FWHM ∼ 2.29 eV) belongs to the oxygen

deficiencies (oxygen vacancies), a common defect found in the dielec-

tric layer. Hence, we assume that oxygen vacancies play a key role

in switching mechanism as explained below. Figure 5.6(c) shows the

schematic of the switching process mechanism that undergoes at OFF
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Figure 5.6: (a) XPS survey spectra. (b) O 1s core level spectra of the Al2O3 film on
the ITO substrate. (c) Schematic illustration of the RS mechanism based on the I-V
characteristics.

and ON states. During the SET process, under positive bias, oxygen

anions were extracted from the lattice, accumulating oxygen vacancies

in the disordered Al2O3 layer starting from the ITO/Al2O3 interface

resulting in a considerable reduction of the Schottky barrier height at

the G or Pt/Al2O3 interface. The Kroger-Vink notation given below

expresses the formation of the oxygen vacancies [55, 56]

Oo → V 2+
o + 2e− +

1

2
O2 (5.1)

where Oo represents an oxygen ion in a regular site and V2+
o is an

oxygen vacancy with a double positive charge in the regular lattice

site. Negatively charged non-lattice oxygen anions (O2− → 1
2O2 + 2e−

thus formed are dragged toward the top electrode [57] leaving behind a

more oxygen deficient Al2O3−n active layer. This process leads to the
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formation of a conical shaped filament made up of oxygen vacancies in

the oxide layer as shown in Fig. 5.6(c) which acts as the low resistance

path for the current flow. Hence current flows steadily through the

filament resulting in a low resistance state in the Al2O3−n layer. The

interface between the electrode and the oxide performs a vital role in the

switching process [57]. Under the application of a negative bias voltage,

non-lattice oxygen anions start to migrate from the interface, injecting

into the lattice. While recombining oxygen ions with vacancies, the

oxidation reaction occurs that results in a more insulating Al2O3 state.

During this process, the conductive filaments in the Al2O3−n layer split

causing a sudden drop in current. Thereafter the device gets switched

to HRS, called RESET.
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Chapter 6

Conclusion and Future Plans

6.1 Conclusion

We have fabricated ceramics of Ga2−x(Fe1−yMny)xO3, 0 ≤ y ≤ 0.02

and 1 ≤ x ≤ 1.4 by solid-state reaction route. The phase and struc-

ture was confirmed by X-ray Differaction, Reitveld and Raman spec-

troscopy. XRD and Raman result preliminarily show that doping of Fe

and Mn in the above range does not change the structural phase. Single

phase of polycrystalline samples, stabilizing in orthorhombic (C9
2v) was

achieved. Temperature-dependent magnetization study reveals that the

transition temperature raises to above room temperature for higher Fe

concentration. Among all these samples, GFMO3 is observed to pos-

sess the highest magnetization value at all temperature range with a

transition temperature at 345 K. The magnetic control of electric char-

acters, i.e. capacitance, tangent loss, impedance, and phase confirms

the existence of magnetoelectric coupling in the sample. Doping of
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manganese showed a greater influence to reduce the leakage current

in GFOn compounds. The coupled phonon and magnetic ordering in

GaFeO3 (GFO1) were studied using magnetization and Raman spec-

troscopic investigations. Temperature dependent Raman spectroscopic

studies in the temperature range of 82 - 580 K indicates the absence

of any structural phase transition. Several modes located at 153, 176,

240, 700, and 756 cm−1 are found to have magnetoelastic coupling con-

tributions below the TC . The spin-phonon coupling strength is found

to be larger for internal mode located at 700 and 756 cm−1 i.e. λ ∼

2.14 and 2.92, respectively. Translational modes at 153 and 175 cm-1

and the librational rigid mode at 240 cm−1 are found to have nearly

same coupling strength with λ ∼ 0.88.

Highly oriented Ga2−x(Fe1−yMny)xO3, 0 ≤ y ≤ 0.02 and 1 ≤ x ≤ 1.4

were depositied on SRO buffered STO (111) substrate. A systematic

study on the fabrication, temperature-dependent magnetic, and electric

behavior of the films were studied. Temperature-dependent magneti-

zation studies at ZFC and FC condition shows large bifurcation with

irreversible nature. Significant contrast within the upward and down-

ward polarization in the PFM images of phase and amplitude con-

firms the piezoelectric nature of the compound. Study on temperature-

dependent permittivity for GFO1 at various frequency satisfy the Vogel-
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Fulcher curve fit following modified Curie-Weiss law. The value of is

obtained as 1.95, showing the relaxor nature of the film. Photodetector

behavior in GFO compound is revealed for the first time. Under the

solar illumination, the photocurrent of the device is determined to be

1.955x10−3A, while under the dark, current was 1.023x10−3A at 5V.

The value obtained is quiet low, however this is the pioneer in the field

of GFO. Both direct gap (3.0 - 3.2 eV) and indirect band gaps (2.1 -

2.4 eV) were obtained on the GFO thin films deposited on fused silica.

This investigation suggests that by tuning Fe contents and Mn-

doping in GFO, RT multiferroicity can be revealed with larger mag-

netization value, which make these materials promising for device ap-

plications.

In case of RRAM, we fabricated a graphene integrated see-through

ITO/Al2 O3/G TRRAM device using a hybrid process and investigated

its anticlockwise bipolar resistive switching characteristics. We found

that the ON/OFF resistance ratio in the ITO/Al2O3/G device was

slightly reduced compared to that in the ITO/Al2O3/Pt device, but

the SET/RESET voltages significantly decreased, and the RESET cur-

rent was noticeably reduced which are important features for memory

operations. The observed resistive switching mechanism is understood

to be due to the formation and rupture of conductive filaments formed
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out of oxygen vacancies. Excellent endurance and retention charac-

teristics and good contrast in the ON/OFF resistance ratio make the

fabricated transparent device a potential candidate for TRRAM.

6.2 Future Plan

I envision my future research investigating on 2D magnetism. I want to

investigate this field because of the novel physics within and promising

applications for nanoelectronics. My focus will be to design 2D mul-

tiferroics with intrinsic magnetoelectric coupling and help to control

magnetism by electric field. Currently, graphene magnet is rising topic

in the field of 2D magnetism. Some transition-metal dichalcogenides

(TMDs) such as MnX (X = S, Se), CrS2, Cr1/3RaS2 and transition

metal trichalcogenides with chemical formula ABX3 like CrXTe3 , (X=

Si, Ge, Sn) nanosheets have also shown ferromagnetic (FM) properties.

Another representative branch of 2D FM material is transition-metal

halides (THMs). This class of magnetic materials will open a new route

to understanding the physics of new magnetic states and superconduc-

tivity. There has been the number of studies reporting the observa-

tion of ferromagnetism, however no consensus has been reached on the

source of the detected signals. The method of electronic engineering is

always theoretically proposed. The anticipated FM phases has not yet
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been observed experimentally.

I am interested in two-dimensional (2D) layered materials, because

of its clean surfaces and large dielectric constants, that can provide

a novel avenue for realizing nanosize ferroics. The complex coupling

can give rise to multiple functionalities; the cross control between the

order parameters provides enormous and promising opportunities for

electronics devices like energy harvesting, memories, sensors, and actu-

ators.
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