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Abstract

Multiferroic (MF) materials have a tremendous interest in the scientific community due to the
existence of many order parameters in a single phase. These order parameters bring various novel
many-body concepts such as magneto-electric coupling (MEC), piezoelectric (PE) effect, magneto-
striction effects, etc., which not only used to understand enrich science but also useful for many
potential applications. Room temperature (RT) perovskites (ABO3) are the most versatile materials
in oxide research. Among various oxides, bismuth ferrite (BiFeQOs), Yttrium ferrite (Y FeO3),
Y ScOs, ete. are promising RT MF materials have studied till date. But BiFeO5; (BFO) is one of
the most studied and versatile MF systems possess antiferromagnetic (AFM) and ferroelectric (FE)
properties well above RT. But due to the presence of high leakage current and spiral spin modulated
structure, it possesses feeble many-body effects. The elementary substitution effect (doping/co-
doping), rapid thermal annealing, thin-film, etc. successfully overcome the problems and improve
the multiferroicity.

Non-magnetic doping/co-doping is a useful approach to improve multiferroic properties and sev-
eral coupling effects as a comparison to many magnetic modified systems. The physical properties of
BFO can be tuned either by magnetic (Nd-Gd), non-magnetic (Y-Sc/Mn) ions without changing the
crystal structure (Rhombohedral: R3c) of the parent. Individual doping with Gd3*, Y3+, Sc3t ions
loses the structural stability of BFO at higher concentrations with poor electrical performance. But,
one can improve the magnetic properties comprehensively improved from the vicinity of the parent
compound. The Nd-Gd co-doping exhibits weak FM order with the appearance of secondary phases.
However, Y-Sc co-doping improves many physical properties (FM, FE, MEC, PE) in single-phase
material, which promises for future applications in terahertz, memory, solar-cell device applications.

Non-magnetic Y-Sc/Mn co-doping at low concentration exhibits single-phase structure with im-
proved physical properties. The role of magnon in AFM ordering investigated by temperature-
dependent terahertz spectroscopy. The change in spin state density in modified ceramics is observed
during the investigation. The AFM ceramics promises for potential applications in terahertz sensors
and tunable lasers. The tuned compounds exhibit tremendous MF properties with many such in-
teresting observations. The frequency-temperature dependent dielectric study reveals the relaxation
peaks shift near to RT during the transition from Y-Mn to Y-Sc co-doping. The bulk system is not
useful for device applications to date, which leads to study the properties in thin-film materials.

Like Y-Sc tuned BFO ceramics, sol-gel grown insulating Y and Sc modified BFO films possess
excellent multiferroicity ar RT in single phases structure. Piezo-force microscopy reveals maximum
domains switched to ferroelastic type [71° and 108°] domains after Y-Sc co-doping. The complete
switching of upward and downward FE domains under dc applied bias reveals the symmetry and
homogeneous FE polarization and capacitance-voltage. With significant improvement in FE, FM,
and PE properties, the non-magnetic modified BFO films are promising candidate for future non-
volatile memory applications. The MF based non-volatile resistive random access memory devices
are fabricated and investigated by conventional I — V' characteristics. The device performance is
improved under various perturbations like elementary substitution effect, magnetic field, white light,
etc. The RRAM device under the application of magnetic field promises for high-storage data density
devices. Several multi-level states are achieved by modulating the pulse-width, pulse-height, and
the magnetic field, which is useful for multi-bit data storage devices and neuromorphic applications.

(Keyword: Multiferroic, dielectric, magneto-electric coupling, piezo-electric, RRAM)
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Chapter 1

Introduction and Motivation

1.1 Introduction to Multiferroics

The functional electronic and magnetic materials play a significant role in modern technology. In
the current scenario, the development in modern electronic techniques, from the sensing compo-
nent in smartphone mobiles to next-generation non-volatile memory (NVM) are functioning directly
from the intrinsic electronic and magnetic behavior of their constituent compounds. Essentially,
the selection of a particular material depends on the approaching problem and its possible practi-
cal applications. Led by the continuous hunt for novel multifunctional materials and drift towards
miniatured application, the trending research termed ‘multiferroics’ has the potential to combine
the intrinsic electronic and magnetic properties in a single-phase [1]. It involves the coexistence of
two or more ‘ferroic’ orders such as ferroelectric (change in polarization under applied electric field),
ferromagnetic (change in magnetization under applied magnetic field), and ferroelastic (change in
strain under applied mechanical stress), etc. simultaneously in single-phase. The interplay of ferroic
orders brings various novel many-body effects (magnetoelectricity, piezoelectricity, magnetostriction,
etc.), which is useful to understand the novel phenomena involving spin dynamic, charge ordering,
phonon interaction, and their correlation. The origin of various many-body effects during interplay
between the ferroic orders are represented schematically in Fig. 1.1.1 (a). The study of these fer-
roic orders and its many-body effects in perovskite compounds are the central focus to track the
cutting-edge potential applications. The multiferroic materials exhibit precise macroscopic prop-
erties (ferroelectricity, ferromagnetism, and ferroelastic, etc.) below a certain critical temperature,
which can be simultaneously switchable and scalable. These properties exist independently, and also
can be manipulated under any external perturbations. For example, the ferroelectric polarization P
and magnetization M can be simultaneously tuned under the applied electric field (E) or magnetic
field (H) or strain (o).

Due to such unique properties, multiferroics have a broad spectrum of applications in memory
technology, solar cell, sensor, actuator, transformer, oscillator, filters, phase shifters, etc. [2, 3].
Essentially, the NVM require strong piezoelectric effect and magnetoelectric effect between the
ferroic orders, which helps to achieve the multistate high-storage data density memory device. The

possible design of such potential device is illustrated in Fig 1.1.1 (b) [4].
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Figure 1.1.1: (a) Origin of various many-body effects during interplay between ferroic orders and
(b) possible multiferroic heterostructure design for possible applications.

Classification of Multiferroics

The multiferroics are classified into two categories according to their origin of ferroelectric order, i.e.
(i) type-I and (ii) type-II multiferroics. The type-I multiferroics reffers to the material in which the
ferroelectric (FE) and ferromagnetic (FM) orders appeared at various critical temperatures. Usually,
the ferroelectricity occurs at very high temperature (800-1100 K) due to structural distortion, while
the ferromagnetism has appeared at a low transition temperature (40-220 K). In this class, FE and
FM orders are not coupled directly, often being elucidated as ‘weakly coupled’ [5]. Room temperature
(RT) BiFeOs is one of the most prominent stable multiferroic system occurring FE at 1100 K driven
by the stereochemically active lone pair of Bi3* ion and FM ordering ocuured near 643 K due to
super-exchange interaction [0].

In term type-II, the magnetic ordering breaks the inversion symmetry and immediate causes fer-
roelectricity i.e., both the orders occur simulataneously at an identical transition temperature. This
class of multiferroics is referred to as the improper ferroelectrics, in which the polarization strongly
coupled with magnetization. The critical temperature is rather low (< 50 K) due to magnetic
frustration arises from the non-centrosymmetric structure [5]. TbMnOs3 is a perfect prototypical
example, where the non-centrosymmetric magnetization driven the FE order directly at 28 K. They
observed the polarization fliped by 90° under magnetic influence [7].

The FE and FM ordering according to their critical temperatures (T, or Ty) for type-I and

type-II multiferroics is represented schematically in Fig. 1.1.2.

1.2 Multiferroism in perovskite oxides

Multiferroics are much attention in the modern scientific community due to the appearance of
many order parameters in single phase, simultaneously. Perovskite type (ABOs3) oxide multiferroics
brought significant attention due to their simple structure [Fig. 1.2.1 (a)] and ease of material syn-

thesis. The ferroelectricity in perovskites arises from the transition metal ions with empty d-shell
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Figure 1.1.2: (a) Schematic diagram of type-I and type-II multiferroics in order to their critical
transition temperature.

(d°), while the partially filled d-shell responsible for the magnetization. The first studied per-
ovskite multiferroic material (1 —x)Pb(Feg/3W1/3)O3_, Pb(M g, /W1 /2)O3, where manganese (Mg)
and Tungsten (W) driven the ferroelectricity, while d® of Fe3T dominates the ferromagnetism [3].
But, the lead (Pb) free research motivates the scientific community to search for new multiferroic
materials. The lead free multiferroic materials BiFeOs, BiMnQOs, BiCrOs, TbMnOs, Y MnOs
plays a significant role to understand the correlation of charge and spin order. The manganites,
BiMnO3 and Y MnOs shows effective [FM, FE] and [antiferromagnetic (AFM), FE] ordering, re-
spectively [9, 10, 11]. The chromite based BiCrOs exhibit considerable multiferroicity [12]. But,
the material with good multiferroicity at RT is still challenging and has a lot of grey areas for the
researchers.

Under several multiferroic systems, Bismuth ferrite (BiFeOs3) is one of the well-controlled RT

O111]
D

Figure 1.2.1: (a) Schematic diagram of a perovskite structure and (b) distorted rhombohedral per-
ovskite BiFeOs.
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Compound Name: BiFeO, g

Material Form

Form: Bulk, nanoparticle, thinfilms

Structure: Rhombohedral (spacegroup:R3c¢)
T:643 K, T: 1100 K

Magnetic ordering: G-type antiferromagnetism
Electronic ordering: Ferroelectric

Applications: Memory applications, spinctronic,
photovoltaic, sensors etc.

Figure 1.3.1: (a) Multiferroic bismuth ferrite identity.

multiferroic material having distorted perovskite structure, as shown in Fig. 1.2.1 (b). Due to its
unique physical properties well above RT, researchers have the primary focus to explore the novel
phenomena from the last two decades. In BiFeQs, the FE and FM ordering originated from Bi3*
and Fe3t, respectively. As per discussion, the d-shell plays a significant role tuning the electronic
and magnetic properties. The present thesis provides the salient features of various d-shell ion
modification of multiferroic BiFeQOs helps to achieve the multifunctional materials, which will be

briefly explained in Chapter-3.

1.3 Bismuth Ferrite (BiFeO;) Identity

Among several multiferroics, Bismuth Ferrite (BiFeOs : BFO) is one of the prototypical multi-
ferroic system that possesses various ferroic orders simultaneously well above RT [6]. The basic
information regarding BFO is displayed schematically in Fig. 1.3.1. Due to its unique character, it
attracts the researcher for depth understanding, which brought a broad spectrum of potential appli-
cations. The presence of many-body effects such as magnetoelectric (ME) effect, piezoelectric (PE)
effect, magnetostriction, ferrotorodoicity, etc. motivates researchers to urge for developing new con-
cepts. However, due to the presence of high ‘leakage current’ and ‘spiral spin modulated structure
(SSMS)’ of order 62 nm, BFO exhibit poor electric and magnetic properties at RT [13]. Essen-
tially, the oxygen octahedral of rhombohedrally distorted structure plays a crucial role in achieving
the various order parameters. In BFO, Bi3>* leads to octahedra distortion due to shifting of their
cations from the centrosymmetric positions. The oxygen octahedra is a tilted [aaa] system that

moves anticlockwise rotation in [111]. direction [14] at distortion angle 10 — 15° [15].

The existence ferroic orders in multiferroics are already discussed in above section. These ferroic
orders are classified into two catagories (i) Primary ferroic orders (individual macroscopic properties)
and (ii) Secondary ferroic orders (interplay of two or more macroscopic properties). The primary
ferroic orders include ferroelectricity, ferromagnetism, ferroelasticity, etc., while magnetoelectricity,
piezoelectricity, magnetostriction, etc. referred as the secondary ferroic orders. The origin of these

ferroic orders obtained from the change in Landau free energy [16]:
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(1.1)
where, €, u, @, and d are the magnetic permeability, magnetoelectric, piezomagnetic, piezoelectric
coeflicient, respectively. i, j, k, and [ are tensor components. The multiferroic or any ferroic system
must have a finite value for any of the term is represented in Equation [1.1]. The prominent ferroic

orders observed in BFO are explained as follows.

1.3.1 Primary ferroic orders in BiF'eO;

Ferroelectricity

If AP(s)iin Equation [1.1] is finite for at least single pair of orientation states of a crystal, it is said to
be ferroelectric (FE). Unlike ferromagnetism, ferroelectricity is very much a 20" century phenomena,
was first observed in Rochelle salt by Joseph Valasek in 1920 [17]. Titrate-based BaTiO3 is the most
stable FE, which is used for modern transducers and capacitors [18, 19]. In BaT'iOs3, the FE is driven
from the polar distortion of oxygen octahedra O?~ —Ti**, which reduces the bond-energy. In recent
years, several new FE materials and its mechanisms were investigated. In multiferroics, FE is one
of the primary properties, which leads to several scientific phenomena for modern technology.

The ferroelectricity in BFO is considered as RT proper FE (order parameters are proportional
to the spontaneous polarization) material. In BFO, the Bi** ions have a lone pair of electron
in their outermost shell. The FE is originated mainly due to the displacement of these lone pair
electrons present in stereochemically active Bi>* ion along the [111] direction [Fig. 1.2.1 (b)]. The
stereochemical hybridization of lone pair electrons of 6s2 orbital with 6p° orbital of Bi3* and 2p®
orbitals of O?~ ion. The 2p® orbital of O?~ ion helps to form BiO covalent bond, which causes
the noncentrosymmetric distortion of the electrons cloud and results in FE behavior [20]. The RT
ferroelectric ordering of bulk BFO is negligible due to the presence of large leakage current at 7,

2 at

1100 K. However, the single crystal system possesses spontaneous polarization (Ps) 6.1 um™
very low temperature, which is one order lower than the theoretical prediction [6]. Till now, the
BFO based thin-films shows significant Ps of 100 um~2 at RT [21, 22].

The FE properties can be improved by elementary substitution effects [doping (e.g. either at Bi-
or Fe-site of BFO) and co-doping (at the both-site of BFO)], fabrication of high-quality thin-film
material, etc. Doping with rare-earth Gadolinium (Gd)/Lanthanum (Nd)/Yttrium (Y) at A-site
and Manganese (Mn)/Scandium (Sc)/Titanium (Ti) at B-site effectively improved the multiferroic
properties of BFO [23, 24, 25, 26, 27]. Also, (Nd-Sc, Y-Sc, Y-Zr, Y-Mn) co-doped BFO system
marks significant impact in the field of multiferroic [24, 28, 29, 30]. The FE behavior also depends
on the selection of foreign elements according to their availability states. For example, Gd>t, La3t,
Y3+, Sc3t ions available only in +3 states, while Mn (42, +3, +4, etc. states), Ti (+2, +3, +4)
are available in various oxidation states. These states helps to manipulate the Fe3t and Fe2T
ratio, which in turns suppressing the oxygen vacancies (O,s). The histogram representing the FE
properties of few multiferroic based BFO materials is shown in Fig.1.3.2. With Y-Sc co-doping,

BFO (current thesis work) exhibit enhanced FE properties in comparison to some of the existence
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Figure 1.3.2: Comparative analysis of (a) ferroelectric and (b) ferromagnetic properties for some of
the well-controlled multiferroic BiFeOs system.

multiferroic system. The detail of ferroelectricity in non-magnetic modified BFO system is explained
in Chapter-3 and -5.

Ferromagnetism

If AM(); in Eq.[1.1] is finite atleast one pair of domains (for any i), i.e. the two domains differ
in their spontaneous magnetization, then the crystal system is termed as ferromagnetic (FM). The
ferrimagnetic and weak FM also includes this particular class. The long-range magnetic ordering
in materials comes in form of AFM. The magnetic properties are dominated by various interactions
like direct exchange, indirect exchange (superexchange), double exchange, etc. The term direct ex-
change refers to the partial exchange of electron orbitals of neighboring magnetic ions. But in many
systems this interaction is negligible due to large separation between the ions. There is instead
an indirect exchange interaction, also called superexchange interaction, where the magnetic ions
mediate through a non-magnetic ion (e.g. O?7). Basically the superexchange interaction relies on
the change in bond-distance, bond-angle of the crystal structure. Hence, the structural distortion
influence the magnetic structure and vice versa. This interaction between magnetic and structural
order is essential for multiferroics as it provides a mechanism that can couple the magnetic structure
to other ferroic properties.

The bulk BFO is considered as an AFM system near to T ~ 643 K due to its linear magnetization-
field (M-H) hysteresis curve [31]. The spins of Fe3* are coupled ferromagnetically within the (001)y,
planes, while the AFM behavior is obtained due to the spin of Fe3" ion propagating along the [1 0
1] direction [32]. The presence of the Dzyaloshinskii-Moriya (D-M) interaction suggests a weak FM
behavior, which arises due to the SSMS of order 62 nm [Fig. 1.3.3]. The cycloid spin arrangement
nullified the net magnetization, which leads to disturbs the ME effects [33]. There were several
argument reported on SSMS by using X-ray photoelectron spectroscopy (XPS), Neutron diffraction,
Mossabauer spectroscopy, etc. techniques.

Many reports clasims the elementary substitution effect, BFO in thin film form exhibit low field
saturation at RT. Inserting with forign element helps to unlock the SSMS in BFO, which leads to
improving the magnetic properties of BFO. Magnetic metal rare-earth (Gd/Nd/La) and transition
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Figure 1.3.3: Schematic representation of spiral spin arrangement of spins in multiferroic BiF'eQOs.

metal compounds (Sc/Mn/Ti) improves the magnetization of BFO due to superexchange interac-
tion, distortion of oxygen octahedra (FeOg in BFO), and appearance of other magnetic interaction
form the foreign elements [24, 25, 34, 35, 36, 37, 38]. Divalent compound modified BFO shows
significant magnetization due to superexchange, double exchange interaction with other intrinsic ef-
fects [39, 40]. Hence, it is clear that the ferromagnetic behavior of multiferroic BFO is controlled by
magnetic interaction and controll F'eOg octahedra. The sol-gel coated and epitaxially grown BFO
films successfully saturated at very low coercive field [411, 42]. The histogram for variation in the
magnetization of BFO based materials is represented in Fig. 1.3.2 (b). From the Fig. 1.3.2 (b), the
non-magnetic Y-Sc (present studied material) have a significant impact on the magnetic properties
of BFO, which will explain briefly in Chapter-38 and 5.

Ferroelasticity

If at least two domains of a crystal differ in their spontaneous strain (Ae(y);; in Equation [1.1]
is finite), the crystal system is termed as ferroelastic. As the ferroelasticity is controlled by two
domains variables, i, j in Equation [1.1], so a small displacement can hamper the crystal structure.
Although the evidence for the existence of proper ferroelastic is least and the maximum available
ferroelastics are improper [43]. Hence, the possibity of A¢(y);; may be originated from some other
primary defects. Mechanical stressstrain characteristics may verify the change in strain with respect
to applied mechanical load only. There are very few reports available for the change in strain with
respect to the applied stress in bulk BFO. Wefring et. al. observed the linear elastic response in BFO
with weak remanent strain and minor strain-stress hysteresis that can be improved by quenching
the materials above T, in the air atmosphere [44]. The ferroelasticity can be induced by modulating
either magnetic or electric order through piezoelectric or magnetostriction, respectively. In BFO
thin-films, rhombohedral FE polarization is oriented in 71°, 109°, and 180° direction, while the

ferroelastic switching only prefer in 71 and 109° direction [45].
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1.3.2 Secondary ferroic orders in BiFeQO;

The resultant order of correlation between any two ferroic orders is termed as secondary ferroic
orders. The many-body effects such as magnetoelectricity, piezoelectricity, magnetostriction, etc.
include in this particular class of ferroic orders. Materials for which the finite terms in Equation
[1.1] that are quadratic in the external applied fields (E;, H;, and ;). In contrast to their pri-
mary counterparts, these exhibit no difference between domains in their spontaneous magnetization,
polarization or strain. They instead differ in their induced magnetization, polarization or strain,
when an external field is applied. By applying an appropriate combination of external fields, F;
H;, and oy, it is then possible to switch between secondary ferroic domains. From a practical per-
spective, secondary and higher-order ferroics are of significant interest because they often exhibit
coupling between properties that would otherwise behave independently. Let’s discuss the existence

of important secondary ferroic orders in multiferroic BFO system.

Magnetoelectric (ME) Effects

The ME materials possess finite Aa;; for no less than single pair of orientation states. In magneto-
electricty, the polarization can be induced either by the application of electric or magnetic field and
vise versa [10]; such an effect is termed as linear ME effects. The first multiferroic study perused
by Rontgen in 1888, where the multiferroicity or magnetodielectric was neglected [17]. After a few
years in 1894, Madam Pierre Currie observed the first-ever possible ME effect in the crystal system
under symmetry consideration [18]. The practical ME effect was first predicted by Dzyaloshinskii
in 1959 [19] and evident in Cro03 [50]. A very few reports on the ME effect appeared till the 19"
century until the so-called “Revival of the magnetoelectric effect” came into the attention yearly
2000s [51]. The demand for this novel phenomenon is much for the modern scientific community
due to its unique properties. Figure 1.3.4 (a) displays the schematic representation of the origin of

the ME effect from the charge and spin ordering.

Several ME composites are available that shown a significant ME effect at RT. However, the
existence of such an effect in multiferroic materials is still challenging and have a wide scope for
research. Till now, BFO is the most prototype multiferroic which possesses properties well above RT.
But the weak magnetoelectric coupling (MEC) restricts the possible application, which motivates the
researchers to search for new RT multiferroic with high MEC. The manipulation of BFO under the
elemental substitutional effect marks lots of attention in the current scenario due to the unavailability
of good RT multiferroic. Arya et. al. explained the role of In-dopant and its respective size
effect enhances the MEC up to 4.92 mV/emOe [52]. Kolte et. al. reported, co-doping with La-
Mn improved the magnetic ordering, which leads to enhanced the MEC in BFO under microwave
synthesis [ayp.pro : 3.37 mV/em and La-Mn co-doped apyg.prrvo : 10.11 mV/em] [53]. Roy
et. al. obtained longitudinal MEC coefficient («) for BFO nano-particle is 20.935 [54] and obtained
linear ME effects for Co-doped BiF'ey.93C0g.0203, which is well enough for memory, sensor, actuator
applications. A statistics of a few available ME multiferroic BFO is represented schematically in
Fig. 1.3.4 (b). In the present thesis, we obtained moticiable magnetoelectric coupling (MEC) in
Y-Mn/Sc tuned BFO system, which explained in Chapter-1. However, BFO exhibits good ME effect

either in composite form or under the precise specific conditions [55, 56].
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Figure 1.3.4: Schematic representation of interplay between polarization (P) and magnetization (M)
leads to magnetoelectric effects, (b) statistical comparison of few ME effect multiferroic BFO.

Piezoelectric (PE) Effects

The variation of induced spontaneous strain under the application of external electric field or bias
voltage in material referred as piezoelectricity. Materials displays these properties have finite Ad;
in Equation [1.1], i.e. the elements of PE tensors varies between the piezodomains. Thin film
materials show appreciable polarization switching as comparison to bulk. The ferroelectric domain
switching and its domain evolution play an important role in ferroelectric or piezoelectric materials.
For a prototypical ferroelectric, the polarization switching in 180° is not favorable due to high-
activation energy. Hence, the polarization switching of 180° mediates through either 71° or 109°
type ferroelastic switching, which leads to change in the direction of polarization and direction of
lattice distortion at 71° or 109° domain walls [57]. In multiferroics, there is an easy magnetization
plane that is always perpendicular to the FE polarization, and the switching of anyone (71° or 109°)
changes the orientation of magnetization plane [57]. For example, polycrystalline BFO exhibit 8
possible FE polarization [Fig.1.3.5 (a)] switching angles [71°, 109°, and 180° (Figs.6.3.7 (b)-(c))] and
for ME effect, thombohedral R3c BFO requires 71° or 109° type ferroelastic switching rather than
FE 180° domain switching [53]. The evidence for such phenomena in BFO promises for multistate
memory application [59]. Hence, the transient MEC exists during 180" domain switching, which is
composed of 71° and 109° switching.

In the bulk BFO system, the existence of PE effect is minimal. Elementary substitution effect
and controlling the film thickness helps to improve the PE properties of BFO. Chen et. al. explained
in his report, the complete F polarization switching is observed in epitaxial BFO thin-film, when
the film is thin down to 70 nm [60]. PE properties were improved in Ca-doped by due to structural
effect and charge defects of BFO after doping. Simoes et. al. reports, Nd-coping induced 71° and
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Figure 1.4.1: Schematic representation of terahertz gap in the frequency range.

109° domain reversal along with striped-domain patterns oriented along 45° [61]. The nano-scale
domain patterns were identified in BFO films when grown of (0 0 1) LaSrAlO, substrate due to the
large compressive strains created at the interface between the film and substrate [62]. Seidel et. al.
reported that the electrical conduction is possible through 719, 109° ferroelastic domain walls in (1
1 0) BFO thin-film ensures the correlation between the conduction process at domain wall and the
strain effects created due to application of voltage [63]. Co — Pr co-doping suppresses 180° at the
expense of 719 and 109° type polarization switching, which is useful for memory applications [(4].
The non-magnetic Y — Sc co-doping (current thesis work) switched all domains in BFO along 71°
and 109° direction [12]. Another possible way for complete polarization switching under poling with
opposite applied voltage biasing [65]. In the present thesis, the piezoelectric effects are studied in
detail and explain in Chapter-5.

However, to achieve the practical application in BFO, defects like secondary phases, high-leakage
current, SSMS, etc. need to overcome. The above discussion suggests, elemental substitution modi-
fication and thin-film BFO successfully overcome these defects. Some other possible way to suppress
the leakage current and SSMS is thermal quenching, rapid thermal annealing, the materials in thin-
film form, etc [66, 67]. In Chapter-5, we will explains the creation and manipulation of structural

and physical properties in un-doped and do-doped BFO films.

1.4 Field of Terahertz (THz) Spectroscopy

Terahertz (THz) region is the gap between 1 Gigahertz (GHz) to 1 Terahrtz (THz) [Fig. 1.4.1]; 3 mm

to 30 pm and required about 4.1 meV energy. The major spectroscopic measurements are carried out
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at VIS, UV and NIR range by considering the absorption of light. However, the evidence for major
optical phenoemena for materials have not explored due to lack of suitable sources between the THz
gap. The available table top sources didn’t have the clear resolution and difficulty in optimization.
The eigen modes of biomolecules and to study the large mass at single site of molecular study need
the THz sources [68]. THz spectroscopy promises to unveil some of the most interesting physics rich
phenomena in the solid-state materials. For high-temperature superconducting material, the origin
of attractive interaction between the electron is still not clear. The superconductive gap corresponds
to the cooper pairs have the width of few meV, i.e. few GHz. Heavy fermion compounds (partially
filled f-orbitals) analogous with the conduction band of rare-earth. Due to conduction band, the
effective mass of electron is larger than 1000 higher the mass of free electrons [69]. The width of
the Drude peak in Heavy fermion compounds lies in range GHz to THz [70]. In multiferroic ma-
terials, the magnons carries the electric-dipolemoment i.e. polarization, referred novel phenomenon
electromagnon. The excitation energy of electromagnon lies in the THz region. The existence of
electromagnetic coupling in multiferroics, THz study is utilization.

There is a broad spectrum of applications such detection and quantification of pollution, security,
drugs or explosive identification, biomedical, etc. can be achieved under THz. The major problem
in THz field is the unavailability of THz sources. Backward-wave oscillators, gun-diodes, quantum
cascade laser, free electron laser are successfully achieved THz, but at certain condition [71, 72,

, 71]. However, the major breakthrough was achieved by laser based THz. The time-dependent
(TDS) THz spectroscopy generate upto 10 THz, which is successfully utilize to identify the phase
formation, high signal to noise ratio. The continuous wave terahertz spectroscopy (CW-THz) is one
of the most youngest and promising technique to study the material systems.

In present thesis, the THz studies performed on un-doped BFO and Y-Mn/Sc co-doped BFO bulk
ceramics. The behavior of THz signal in time-domain and frequency domains have been explored at
various temperature. Moreover, the calculated complex optical properties of the material provides
intrinsic dielectric and conductivity of the materials. The detail information is presented in Chapter-
3.

1.4.1 Dynamic Magnetoelectric Coupling

The static magnetoelectric coupling (MEC) is briefly explained in the section [1.3.2]. Now lets
understand the behavior of MEC away from the static region. The microscopic origin of the MEC
is similar for both static and dynamic region explained earlier. But in this system, the order
parameters of polarization and magnetization are oscillatory. In this section, the concept of dynamic
magnetoelectric coupling (DMEC) is briefly discussed. The role of electromagnons as “carriers” in
DMEC is the complex task to explored. Since we are dealing with dynamic effects, it is convenient
to prefer the frequency-domain [75, 76, 77]. The behavior of order parameters of DMEC can be
starts from the static state.

The systems with the absence of MEC, the relation involving polarization (P) and magnetization

(M) under the application of electric field (E) and magnetic field (H), respectively are:

P=x°Eand M =x"H (1.2)

where, x¢ and x™ are the dielectric and magnetic susceptibilities, respectively. The current density
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equation relating to P and H are expressed as: J,, = A, x M and J, = §; P, where r and ¢ refers
to the space-inversion and time-reversal derivatives, respectively. Two coupling coefficient can be

obtained by breaking both r and ¢, simultaneously [78] and expressed as:

P~Mx(VpyxXM)+— M~Px09P (1.3)

Here, the interplay coupled parameters P and M are the spatial divergence and time-dependent of
magnetic moments (A, x M) and polarization (9;P). The DMEC expression can be expressed by
following the linear MEC in equations 1.1 and 1.2 with some additional perturbations appears at
the P and M:

PZ.“’ = Xfi(w)E;f" + a;‘;ij and (1'4)

M7 = x[H(w)HS + o5 B (1.5)

Ji
where i, j are the spatial co-ordinates, and o} is the dynamic magnetoelectric coefficient. P}

and M} are the oscillating polarization and magnetization induces by oscillating electric (E{’) and

magnetic field (HY'), respectively.

Electromagnons

The word electromagnons (electro-active magnons) signifies, ”the lattice and spin excitation couples
the magnetic and dielectric properties” [79]. Basic information regarding spin and lattice excitation
has been presented. The possibility of existence of such type coupling first proposed by Baryakhtar
and Chupis in 1960 and termed it as “seignette-magnons” [30, 81]. In 1982, they further reported
on the excitation of magnons and referred them as “ferroelectromagnon”. The first experimental
evidence of DMEC observed in RMnQOs by Pimenov in 2006 [79]. They observed the coupling via
terahertz transmittance measurements. Theoretical and experimental analysis of Fug 75Y0.05 MnO3
revealing, the spectral wave transfer from low frequency phonon to terahertz magnons [82]. The
polarization induced from spin-orbit coupling under helical magnet, which coupled the lattice and
spin excitations, hence termed as electromagnons. However, the magnon phonon study can possible

on terahertz region. Lets discuss in brief about the field of Terahertz spectroscopy.

1.4.2 Optical properties of solids

Refractive Index (1)

Refractive index (1) is one of the most important properties of the materials, and expressed in terms

of both magnetic and dielectric susceptibility as:

N = e + 000 + X (@) 19

where the symbols have their usual meaning. When an electromagnetic wave propagate on the refrac-
tive index medium, some part of it reflected, some absorbed and rest of it transmitted through the
material. The Schematic representation of electromagnetic wave falls on the material is illustrated

in Fig 1.4.2. The complex transmittance spectrum 7" (w) expressed as:
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Figure 1.4.2: Electromagnetic wave propagation through the medium for optical properties.
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where Eyqp, and E,..s are the frequency domain signals for reference and samples. p (w) and ¢(w)

T () = — p (@)eapl—id(w)] (L.7)

are the amplitude ratio and phase difference, respectively, which can be calculated from the real and
imaginary part of T (w) .

For normal incidence, T' (w) can be obtained using transfer function approach [383, 84, 85]:

4n (w)

IR

exp (—i[ﬁ (w) — 1]‘”) (1.8)

c

where 7 (w) = n (w) + ik (w) is the complex refractive index (attenuated part of electromagnetic
wave), which is the unique property of the material. n (w) is the refractive index (real part),
which indicates the phase velocity. k (w) is the extinction coefficient, which indicates the amount of
attenuation when the electromagnetic wave propagate through the medium. ¢ and d are the velocity
of light in vacuum and thickness of the sample, respectively. The detail derivation is presented in

somewhereelse [80].

Dielectric Properties

The dielectric properties in the material are responsible due to the several polarization effects (i)
interfacial, (ii) dipolar, (iii) ionic, and (iv) electronic polarization. The interfacial and dipolar
polarization dominates at extremely low frequency region, while ionic and electronic dominates the
dielectric properties at very high frequency region. The complex dielectric constant of the material
can be directly measured by using THz spectroscopy. By comparing Equations [1.7]-[1.8] and after

some simplification, n (w) and k (w) can be expressed in form of p (w) and ¢ (w) as [35]:

¢ (w)c
wd

n (w) = +1 (1.9)

n (w 2
B In (p (w)%) c
k(W) = — (1.10)

n (w) and k (w) helps to determine the velocity of light passed through the medium and absorp-

tion coefficient (a (w)), respectively. The relationship between o (w) and k (w), is obtained by

20



propagating the plane electromagnetic waves through the medium as:

_ 2wk (w)

o (w) = =25

(1.11)

The complex dielectric constant can be expressed with the relation € (w)* = € (w) + ie” (w),
where € (w) is the real part and €’ (w) is the imaginary part of the complex dielectric constant. The
polarization vector (?) can be expressed as P= eole (w) — 1]@, where € is dielectric permittivity
at free space. E is the direction of local electric field. The dielectric constant in term of 7 (w) and

k (w) is expressed as: v/e (w) =n (w) + ik (w). After simplification, ¢ (w) and €’ (w) obtained as:

d (W)=n (W)? -k (w)? (1.12)

€' (w) =2n (W)k (w) (1.13)

The terahertz measurements in high dielectric materials have significant applications in the field

of biomedical, THz imaging, security, etc.

Optical conductivity

The relation involving complex conductivity [0 (w)] and current density [J (w)] under local electric

field is expressed as:

T (W) =cE (1.14)

After simplification of Egs.(1.12)-(1.14), the real part ¢’ (w) and imaginary part o” (w) expressed

as [45]

o' (w) = wege” (w) = 2wegn (w)k (w) (1.15)

0" (W) = wep(1 — € (W) =weg(1 —n (W) + k (w)?) (1.16)

The optical conductivity of the material in THz region odeys the empirical power law, MottDavis

model, Drude model, or Drude-Smith model [37, 88, 89, 90].

1.5 Resistive Switching and its applications

Resistive switching (RS) refers to the physical phenomena whereby the change of resistance of the
dielectric material was observed under the application of strong external electric field. It differs from
the dielectric breakdown concept, where the device unable to restore to its original configuration due
to the permanent reduction of resistance. The RS process is repeatable and reversible for large num-
ber of cycles. In this process, the resistance states maintained for a long-period after the withdrawal
of external field. These effects occur in several insulating materials, oxides, chalcogenides, semicon-
ductors, etc [91, 92, 93, 94]. In addition to this, the RS effect also widely studied in oxide materials.
The multiferroic films shows effective RS behavior under applied bias electric field. The straight-

forward application of resistive switching is non-volatile memory (NVM), digital logic applications,
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Figure 1.5.1: Schematic representation of (a) resistive memory configuration, (b) origin of pristine,
low resistance, and high resistance states.

neuromorphic computing [95, 96, 97]. The Ag/BFO/FTO heterostructure ans BF/BFTO bilayer
structure successfully tested for RRAM NVM and digital logic applications [98, 99]. Due to presence
of many-order parameter in multiferroics, the RS effect results promises for future multifuctional

activities.

1.5.1 Non-volatile memory

The Complementary Metal-Oxide Semiconductor (CMOS)-based memories like flash-memory, DRAM,
SRAM, etc. are currently conventional memory technology to store permanent or temporary data
in an information processing systems. The memory wall considerably affects the speed gap between
the logic and memory [100]. In modern technique, the memory devices requires high-data density,
varying speed, and low-cost to optimize the device performance. With CMOS memories are slowly
approaching towards its fundamental scaling limit, some novel non-volatile memory (NVM) devices
has been proposed to overcome the drawbacks. In last two decades the NVM marks a significant
attention in the information technology [101]. Till date, few emerging NV memories are available
with high-density, low-cost data storage and ultra-low power computing [102]. Also, additional per-
turbation like magnetic field, light, temperature provide extra degree of freedom for multifunctional
activities in NVM [103, 104]. Flash memory, ferroelectric random access memory (FRAM), resis-
tive random access memory (RRAM), magnetic random access memory (MRAM), phase change
memory [105], etc. includes emerging NVM in modern technology. The RRAM devices operates

according to the concept of resistive switching and is one of the prime work of the present thesis.

1.5.2 Operation of electric field-induced resistive switching and its clas-
sification

The RS effect can be studied by sandwiching a dielectric oxide material between two metal elec-
trodes (capacitor-like configuration), as shown in Fig. 1.5.1 (a). The capacitor-like structure is more
convenient due to response of large applied electric field [106] and ease of fabrication. This config-
uration successfully utilized to examined the practical RRAM applications. However, its difficult
to investigate the change in internal structural of the film during RS. For example, in oxide based

films the RS process induced in the film due to formation or rupture of oxygen vacancies migrated
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conducting filaments between the two metal electrode [107]. Its is difficult to direct observation of
the changes occur during the formation of conducting filaments in the films.

The basic operation of an RS device is illustrated in Fig. 1.5.1 (b) under the external bias
voltage. In prototypical dielectric, the resistance is very high due to large separation of energy
gap (1 —4 ~ €V) between conduction band and valence band and the thermal energy at room
temperature (~ 22 meV'). Therefore, the pristine state of the device exhibit large resistance i.e. high
resistance state (HRS). However, under high applied voltage, the device switch to low resistance state
(LRS). The resultant process termed as ‘electroforming’, indicate in Fig. 1.5.1 (b) and the voltage
require to switch the state is termed as ‘forming voltage (Viorming)’- The limit of flow of current
during forming should choose carefully to avoid the dielectric breakdown in the films. To avoid
such damage in the films, the maximum value of current need to fixed, which referred as compliance
current (cc) [108]. Following forming process, the device back and forth between LRS and a HRS by
modulating the external field. During LRS, with increase the external voltage, the device evident
a sharp in leakage current at certain voltage and the process is called ‘RESET process’ [red line in
Fig. 1.5.1 (b)]. The voltage requires to switch the device from LRS to HRS is called RESET voltage
‘Vreser’'. Similarly, with increase in applied voltage, the resistance of the device switch to HRS
to LRS, the process is called ‘SET process’ [blue line in Fig. 1.5.1 (b)] and the voltage is referred
as ‘Vggr’. The HRS of the device is typical non-metallic I — V' characteristics. The switching
between two states is repeatable for several cycles. The change in resistance between HRS and LRS
is fluctuating for higher repeated cycles in these memories.

In practical memory operation, the I — V' characteristics of the device is more important. HRS
and LRS of the device referred ‘0 or OFF state’ and ‘1 or ON state’, respectively, and analogous to
the binary state of memory. Depending on the relative polarity (Vsgr, VREser), the RS is divided

int three category (i) unipolar, (ii) bipolar, and (iii) threshold resistive switching.

Unipolar resistive switching

When the switching operation from HRS to LRS does not depends on the polarity of the bias volt-
age, such a polarity is called as unipolar resistive switching (UPR), as shown in the Fig. 1.5.2 (a).
The switching operation is depend on the choice of insulating material and its interfacial prop-
erties and the metal electrodes [109]. Oxide based Pt/NiO/Pt, Pt/TiO/TiN, Pt/ZrOs/Pt,
Ni/HfOy/TiN [110, , , ], etc. devices exhibit effective URS behavior. For example,
during application of positive bias the device switch to LRS following forming process. Further the
device evident a sharp decrease in current at Vgpspr during reducing the bias voltage, which switch
the device LRS to HRS. Typically, the Vsgr is larger than the Vgrgsgr. Note, for URS, the I — V
characteristics are symmetric to the external bias voltage. Similarly, during negative applied voltage
the SET and RESET process also observed.

Multiferroic based Pt/BiFeOs/Pt and BiFeOs/Pt/Ti/Si02/S% [114, 115] shows URS behavior
for larger number of multiple cycles. However, the later requires higher SET voltage to switch the

device.

Bipolar resistive switching

The switching effect is termed bipolar resistive switching (BRS), when the SET process to LRS
occurs at one voltage polarity and the RESET process to the HRS at the opposite voltage polarity,
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Figure 1.5.2: Schematic representation of (a) unipolar resistive switching (URS), (b) bipolar-resistive
switching (BRS) (F8), (c) bipolar-resistive switching (BRS) (cF8), and (d) threshold resistive switch-

ing effect in resistive memory.

as shown in Figs. 1.5.2 (¢)-(d). If the SET and RESET process observed during positive (+ve)
and negative (-ve) bias voltage, such type of BRS referred as ’figure-of-eight (F8)' bipolar switch-
ing. However, the opposite trend is referred as ’counter-figure-of-eight (¢F8) bipolar switching.
WO,, AlsOs, Srrii_Nb,O3 single crystal, SrTy.99/Nb0.0103 single crystal, Smg.7Cag.3MnO3,
Prg7Cag3MnOs, Cr-doped SrZrOs, Pt-dispersed SiOy [116, 117, 118, 119, 120, 121, 122, ?] ma-
terials shows BRS behavior. However, WO,, Nd-doped SrTiO3 [116, 117] based devices exhibit
both F8 and cF8 type BRS. The existence of both type of BRS is complected and its physical origin
related to its microscopic properties.

Multiferroic based Ag/BiFeOs/FTO RRAM device shows effective BRS effect with good repro-
ducibility [98]. Wu et. al. explained the element insertion reverse the switching direction in BFO
after Sr-doping and Ca-Co co-doping [124] i.e. tuning of both F8 and cF8 BRS via elementary sub-
stitution effect. Vagadia et. al. reports, the switching performance damaged with increase in film
thickness of BiggBa0.2FeOs [125]. But, increase in Ba-concentration for low-thickness BFO film
improves the switching performance significantly. BFO evident both URS and BRS simultaneously
after manganese (Mn) doping [126]. In the present thesis, we modulate the switching phenomena of

BFO under elemental substitution effect, which may modify the oxygen vacancy stoicheometry.

Threshold resistive switching

Threshold resistive switching refers to the RS phenomena for which, the device exhibit single sta-
ble state without any external bias [91]. The schematic representation of such type switching is
illustrated in Fig 1.5.2 (d) in form of I — V curve. At SET voltage, the device switches from the
HRS to LRS. The LRS is stable over for a certain range of applied biases, and when the applied

bias decreases below this range, the device restores to the HRS. Many applications such as electrical
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Figure 1.5.3: Oxygen vacancy migrated pristine state, low resistance states (formation of conducting
filaments), and high resistance states (rupture of conducting filament).

switches, terahertz naonantennas, memory metamaterial, etc. has been proposed using threshold
switching [127, 128, 129].
As the BRS is useful for RRAM NVM application, this thesis have more focus on BRS in

multiferroic based resistive memory devices.

1.5.3 Microscopic origin of bipolar resistive switching

Oxygen vacancy migrated conducting filament

As per discussion in the above section, the BRS is polarity dependent i.e. if the SET (RESET) pro-
cess observed in positive (+ve) bias voltage, the RESET (SET) process must evident in the negative
(-ve) region. Extensive study revealed, two charge species oxygen vacancies (O,s) and electrons
are plays an important role during switching. The O, are the point defect under certain thermal
equilibrium i.e. the oxides contain O, upto a certain finite temperature due to the entropic disor-
der. In various oxide films, the O, created during electroforming process. Alternatively, elemental
insertion method is an effective approach i.e. Gd-doped CeO3, Y-doped ZrOs, and Ca-doped BFO
creates O, in films [130, 131]. The O, are positively charges defects. During the application
of +ve sweeping voltage (V) to the top electrode (Fig.1.5.3) to the device configuration, the O,
moves towards the cathode and the oxygen ions (O?~) moves towards the anode. The resultant ionic
motion which is parallel to the applied electric field forms a conducting filament channel between
the top and bottom electrode, which switch the device to LRS or ON state. Similarly, during -ve
sweeping voltage (V_), the O~ combines with the electrons, which leads to rupture the conducting
filament and device restores to HRS. The schematic representation of formation and rupture in oxide
based RRAM devices is displayed in Fig. 1.5.3. Disorder interfaces and grain boundaries effect have

prominent effect during oxygen migration.

Trap/detrap of electrons during switching operation

The electron transport in RRAM devices dominated by trapping and detrapping of electrons due
to defects. The transport mechanism under these process is usually described by three conduction
models: space-charge limited current (SCLC), PooleFrenkel emission (P-F emission), and trap-

assisted tunneling. Theses models shortly summarize as follows:
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(1) The P-F emission conduction model deals with the thermally assisted trapped electrons. The
thermal fluctuation provides sufficient energy to the trapped electron to knockout from the local-
ized state to conduction band [132]. The trapped electron move freely in the crystal until trapped
by the other localized states. The I — V characteristics follows the relation I ~ Vexp(V'/?).
For ITO/LaAlO3/SrTiO3 and CryOs films, the P-F emission dominate the conduction mecha-
nism [133].

(2) The SCLC model is considered when the injected charge carriers are dominated over the free
charge carriers present in the oxide films. At low voltage region, the thermally generated charge
carrier concentration is larger than the injected charge carrier concentration and evident linear
I —V curve. However, with increase in voltage the injected charge carrier concentration dominates
the thermally generated charge carrier concentration [134]. The I — V characteristics has a non-
linear relationship as I ~ (V™), n > 1. With further increase in voltage, the electrons starts to
be trapped in the defects and when all the traps are filled in defects, the injected charge carriers
moves through the entire film. Ca-doped LaMnO3 and TiO- films exhibit trap controlled SCLC
conduction process [135, 136].

(3) In trap-assisted-tunneling model, the electrons are tunneled between successive traps via hop-
ing [137]. The I — V characteristics follows the relation In(I/V?2) ~ I/V). The RS effect in
TiN/HfO,/Pt device is controlled by trap-assisted tunneling model [138].

In some RRAM devices, the electrical transport is dominated by ‘Schottky barrier emission’
conduction models. The Schottky barrier is created at metal-oxide interface due to difference in work-
function, which causes a current rectification. The barrier is conducting during forward biasing, while
behaves insulating during reverse bias. Due to the thermionic emission between the dielectric layer
and an electrode, the electrons are unable to cross the barrier. Hence, to continue the conduction
process, the electrons requires sufficient energy to cross the barrier. The I —V characteristics follows
the relation In(I) ~ V/2). The above models utilize to simulate the experimental results obtained
from the device. The detail mechanism of all models is explained in some other review articles and
books [139, 140].

However, for multiferroic BFO films the conduction process varies with foreign elemental substi-
tution. The Ce-Mn co-doped BFO, Mn-doped BFO, Ba-doped BFO films exhibit SCLC process are
reported [120, ]. Nb— STO/BFO/SRO nanocapacitors modeled as p-n junction diode [112].
The conduction process in Y-doped BFO device controlled by both SCLC and Schottky emission

model [?].

1.5.4 Effects of additional perturbation on resistive switching

Most RRAM devices controlled by the electric or voltage response. However, with the development
of technology, the requirement of multifunctional device is the desire for the modern community. Dis-
ciplines like multiferroic (MF), spintronics, etc. deals with both electrical and magnetic phenomena.
Application of extra perturbation such as magnetic field, light, temperature etc. provides additional
degree of freedom for achieving the multifunction [?, ?]. The resistance states of TiO5 and Si-based
RRAM devices successfully tuned under the influence of external magnetic field [?, ]. The ap-
preciable modulation of resistance states can be achieved under the light in Pt/CeOy/Nb : SrTiOs
based resistive device [?].

As multiferroic materials exhibit many coupling parameters such as MEC, PE effects etc., which
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helps the RRAM device for multifuction activities under external perturbation. The RS effect in
multiferroic films under magnetic field not explored much, hence this thesis will introduce some of

the important aspects, which is still not explored in multiferroic based RRAM devices.

1.6 Motivation

Multiferroic BiF'eOs (BFO) [rhombohedral: R3c] is well studied system for last three to four decades.
Still the synthesis of single phase BFO bulk system is challenging. The single phase BFO achieved
under several conditions like ambient temperature, thermal quenching, pressure control etc. The
d-shell ions are responsible for ferroelectricity and ferromagnetism. Elementary insertion method i.e.
doping or co-doping by rare-earth or transition elements helps to achieve single-phase structure along
with improved ferroelectric and ferromagnetic properties of BFO. We manipulate the BFO under
various d-shell ions, to achieve multifunctional behavior of the multiferroic material. The existence
of many-body effects such as magnetoelectric effect, piezoelectric effect, magnetostriction, etc. is not
only useful to understand the underlying physics behind it but also promises for potential applications
(non-volatile memory, solar cell, etc.) for modern community. The existence for magnetoelectric
coupling evident in some of doped BFO. However, the role of electromagnon in ME effect, whose
excitation lies in THz range, is not explored much and have many space for research. In rhombohedral
ferroelectric, the 180° polarization switching is mediated through 71° and 109° ferroelastic type
switching. The stable polarization switching through different stages will be useful for multilevel
memory applications, which promises for future neuromorphic applications. The modern technology
demand for multifunctional applications and to fulfill such a requirement, the availability of stable

multifunctional is desired.

Summary

The thesis is organized as follows:

In Chapter 2, the experimental techniques used for sample preparation and the characterization
technique used to investigate the properties is briefly introduced.

In Chapter 3, a brief discussion on synthesis process, structural, magnetic properties of un-doped
and non-magnetic Y-Sc/Mn modified BFO ceramic is presented. A detail explanation of role of
magnon at extremely low frequency region and terahertz region is presented.

In Chapter 4, the variation of dipolar polarization in multiferroic Y-Sc/Mn modified BFO ceramics
discussed in detail by frequency dependent dielectric study at various temperature.

In Chapter 5, a brief discussion on synthesis process, structural, magnetic properties of Y-Sc modified
BFO films is presented. The effect of elemental substitution on ferroelectric polarization briefly
introduced.

In Chapter 6, the role of elemental substitution effect and applied external magnetic field on resistive
switching of BFO based RRAM device briefly explained.

In Chapter 7, the overall conclusions are summarized and various suggestions proposed for the future

work.
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Chapter 2

Experimental Techniques

2.1 Introduction

In this chapter, we discuss the various experimental techniques that we used to prepare un-doped
and co-doped BiFeO3; (BFO) materials and to characterization them. The bulk ceramics were syn-
thesized by the conventional solid-state reaction route, while sol-gel spin coating techniques were
used to grow thin-films. The structural characterizations of bulk ceramic and thin-film materials, the
powder X-ray diffraction (XRD), and Grazing Incidence X-ray Diffraction (GIXRD), respectively,
were used. Field-effect scanning electron microscope (FESEM), atomic force microscope, magnetic
force microscopy (MFM), piezoforce microscopy (PFM) were used to characterize the inherent mi-
crostructural properties. Optical properties have been explored using Raman, UV-Vis-NIR, tera-
hertz, X-ray photoelectron spectroscopy (XPS), photoluminescence (PL) techniques. The magnetic
measurements performed under the vibrating sample magnetometer (VSM) and superconducting
quantum interference device (SQUID). Dielectric properties and electrical properties were carried
out using LCR-meter and P-E loop tracer, respectively. The C-V measurements were carried out
using an ultra-precision capacitor bridge. The experimental techniques used for bulk and thin-film
characterization are summarized in Fig. 2.1.1. The multiferroic based RRAM devices were fabri-
cated in thin-film materials. The resistive switching behavior of the device was studied under the

magnetic field (electromagnet unit) by using 2400 and 4200 Keithley source meters.

Material Synthesis

Material characterization

Bulk ceramics Thin films
Micro i Micro ]
Structural Gy cpural SPECtroscopy Magnetic Electrical Structural Stryctural SPectroscopy Magnetic Electrical
XRD LFESEM MH |PE L FESEM [ Raman [ 1] p.g
Raman XRD TEM
DSC-DTA M-T L Dielectric AFM XPS - M-T {-Dielectric
CW-THz 11;/{:1;\1/\[/[ Magnetoelectric
C-AFM coupling

Figure 2.1.1: Characterization techniques used to explore the properties of bulk ceramics and thin
film materials.
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Rotation disk movement

Figure 2.2.1: Schematic representation of working principle of high-energy ball milling technique.

2.2 Material synthesis

2.2.1 Solid-state reaction route

The solid-state route is one of the most widely used methods to synthesize the complex polycrystalline
oxides using starting precursor raw powders in stoichiometry amount [143]. The raw precursor
powders don’t react together at normal room temperature (RT) over standard time scales and
only formed the amorphous phases at low temperatures. Hence, for the proper phase formation,
high synthesis temperature in the range of 900 — 1500° C is required. At high temperatures, the
ions of the starting precursor diffuse with appropriate molecular interaction, which leads to desired
phase formation. The physical diffusion between the precursor powders depends on the atmospheric
condition, structural properties of the reactants, area of contact between reacting solids, reactivity,
and the change in thermodynamic free energy accompanied by the reaction. For manual mixing of
starting reactants, usually, agate mortar and pestle are utilized while for mechanical mixing, the
high-energy ball milling technique can be useful. The mixed powders were pressed into circular
pellets to produce high-density ceramics after heat treatment (calcination and sintering).

For controlling the particle size, density, proper molecular level mixing, composition with min-
imum man-power, we adopted the high-energy ball milling technique over the mortar, and pestle

grinding. The solid-state route is one of the low-cost material synthesis techniques.

High-energy ball milling technique

The ball-milling technique is one of the simplest methods to prepare the samples from the metals
and alloys in the form the powders. This method is quite easier and versatile than the traditional
grinding method for high-temperature synthesis bulk ceramics and nano-particles. The milling
method was carried out with different apparatus e.g., attritor, planetary mill, or a horizontal ball
mill. In contrast, planetary ball milling is a most frequently used due to small amount sample
requirement. The laboratory used a planetary ball milling system consists of a vial, tungsten or
zirconium ball and one turn disk. For milling, the powders or mixed powders are placed in a vial

and are subjected to high-energy collision from the balls. The size of the vial depends on the quantity
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Bi,0, + Nd,0,/ Gd,0,/ Y,0, + Fe,0, + Sc,0,/ Mn,0,
(Powder mixed in a toluene medium )

b

The mixed powder ball milling for 16 hours
(ball: powder = 10:1)

b

dried powders under calcination at 810°C for 3 hrs.

b

Mixed powder added with PVA (binder) and
pressed into 8mm diameter pellets

}

pellets are sintered at 850°C for phase formation

Figure 2.2.2: Flowchart for ceramic sample preparation through high-energy ball milling technique.

of interest. The effective of milling is reduced if the vial is more than half-filled. The vial needs to
be closed with the tight lid. Sometimes, the vial is filled with air or inert gas to avoid impurities.
The hardened tungsten carbide balls are put in the vial along with the powders in a proper ball
to powder ratio (10:1). The 6 mm balls were used to restrict the particle size in the micrometer
range. The low-temperature cooling system sometimes used to avoid dissipate heat energy during
high rpm rotation. However, in our synthesis method, we use 250 rpm, which didn’t require any
cooling system. The vial is rotated in hundreds of rpm around its own axis and adds to some central
axis, hence called ‘planetary ball milling’. The turning disk and the vial is rotating in the opposite
direction, which causes centrifugal forces around the vial axis shown in Fig. 2.2.1. These centrifugal
forces are applied to the powder mixture and milling balls, which crushes the particles up to the
nanometer scale. Figure 2.2.1 represents the motions of the milling ball and the powder. The energy
of milling balls exhibits 40 times higher than the energy due to the gravitational acceleration, which
can be used for high-energy milling. The material synthesis process is performed through (a) initial
stage, (b) intermediate stage, (c) final stage, and (d) completion stage [144]. The flowchart for all

substituted BFO ceramics sample preparation is given in Fig. 2.2.2.

2.2.2 Thin-film fabrication using sol-gel spin coating

Spin coating is one of the most common and low-cost uniforms thin-film fabrication method. Last
few decades, it has considerable interest in both scientific and industrial sectors due to its several
advantages over the other existing techniques. The sol-gel process is a low-temperature process,
which leads to less energy consumption during synthesis. The molecular level mixing between the
precursor ions is well controlled in comparison to the conventional solid-state route. By taking
the sol-gel, it is possible to obtain the powders in the nanometer scale or even thin films. This

route best synthesizes the oxide-based materials. We used low-cost with higher purity (99%) nitrate
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Figure 2.2.3: Processes for thin film fabrication using spin-coating technique.
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Figure 2.2.4: Processes for thin film fabrication using spin-coating technique.

compounds as starting precursors for this process. In spin-coating, the solution is spread evenly
over a substrate using the centripetal force. The substrate accelerates to final radial velocity. The
film coating depends on the velocity at which the wafer is spinning and the viscosity of the fluid.
The spin-coated film baked for a few minutes to get the desired film. The schematic representation
of thin-film deposition using the spin-coating technique is shown in Fig. 2.2.3 [145]. This method
has extensive use in nanotechnology and microelectronics for effective device fabrication [146]. Our
studied sol-gel coated grown films effectively utilized for RRAM device and solar cell applications.
In present work, the BiFeQOs, Y-doped Big.99Yp.10F'€¢O3, Y-Sc co-doped Big.97Y0.03F €0.955¢0.0503
films were deposited on either glass or Fluorine doped Tin Oxide (FTO) coated glass substrates. The
sol-gel was prepared by using the chemical route. The detail synthesis process for film fabrication

is illustrated schematically in Fig. 2.2.4.

2.3 X-Ray diffraction

X-ray diffraction (XRD) technique extensively used to study the crystallographic phase and structure
of the materials. It is a non-destructive technique and also provides information about even an
unknown compound [147]. In the present thesis, we used regular incident XRD (RIXRD) to analyze
bulk ceramics while the GIXRD technique used for thin-film materials. The working principle of
XRD is illustrated in Fig. 2.3.1 (a) [148]. In RIXRD [Fig. 2.3.1 (b)], the [source, sample plane]
and [sample plane, detector]| simultaneously swept. However, in GIXRD [Fig. 2.3.1 (c)], the angle

between the [source, sample plane] is fixed at 1° with varying the angle between [sample plane,
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Figure 2.3.1: (a) XRD, (b) regular incidence XRD, (c¢) Grazing incidence XRD.
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Figure 2.3.2: (a) Schematic representation for origin crystal planes from various Bragg’s angle during
X-ray diffraction measurement and (b) Rietveld refinement for BiFeOs ceramic.

detector]. But the total angle between source and detector in both systems is 26.

The powder XRD manifests the principle of Bragg’s law, as displayed in Fig. 2.3.2 (a). The
interaction between the incident ray and the sample with a parallel plane produces a constructive
interference pattern only when the path difference is an integral multiple of the wavelength (\). The

expression relates A, and the lattice spacing (d) of the compound is:

nA = 2dpgsind, n >0 (2.1)

where n is an integer. For the RIXRD, one condition need to satisfy: n=1. However, for GIXRD
two criteria: (i) n = 1, (ii) the angle between the (hkl) plane and wafer surface plane= (6 — 1) are
important. The diffraction peaks corresponding to the various dpx; planner spacing were obtained

by using 6 — 26 scanning mode.

In the present work, the 10 —90° Bragg’s angle was used and scanned for one hour. In this mode,
the X-ray source was fixed, whereas the material was rotated about an axis that was perpendicular
to the plane containing the source and detector. In general, from the diffraction pattern, the crystal
structure, and the symmetry of the contributing phase can be determined. The detail working

principle and other information for the XRD technique is explained somewhere else [147].
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Reitveld refinement of experimental XRD results

Rietveld refinement is a theoretical simulation approach to verify the experimental XRD diffrac-
tion patterns. This method is widely used due to the computational method, uses the complete
spectrum, provides information about impurities, fast calculation, and quantitative phase analysis.
Rietveld refinement technique helps to understand the structural confirmation and phase purity of

a compound. The refinement is based on the least square method [149]:
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where the symbols have their usual meaning. Y_.,;. ; can be expressed as:

phases
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Before start the refinement, the Wykoff positions of the individual atoms, lattice parameters, crys-
tallographic angle, peak shape, and the structural model need to be known. The various stages of
rietveld refinement are (i) initial known structure, (ii) background point correction, (iii) unit-cell
dimensions refinement, (iv) zero point correction, (v) refine peak shape, (vi) atomic coordinates
and (vii) thermal parameters. The background correction needs to refinement after each stages.
Finally, the goodness of fitting (x?) provides the closeness of fitting [149]. The fitting criteria for
the refinement are depends on the factors:
Profile factor:
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where y;, y.,; are the observed and calculated points, respectively. ‘n’ represents the number of data

points. The Weight profile factor:
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where w; = %, o? is the observation variance of y;. The Expected weight factor:
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where n and p are the total number of experimental and refined data points, respectively. The
difference between (n-p) represents the number of degree of freedom. Finally, the reduced chi-square

factor:

In the present thesis, we have refined the powder XRD patterns of all synthesized ceramics using
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Figure 2.4.1: Schematic diagram of FESEM technique and the scanned topography images of BFO
ceramics at 3X, 5X and 10X.

Fullprof software. The PCR file was created by using Wykoff positions, crystallographic angles,
lattice parameters, background points, etc. to perform the refinement. The Pseudo-Voigt function

is used to perform refinement for all samples. The model overall line broadening is expressed as:

FWHM? = Utan’ 4V tanf + w (2.8)

where the symbols are their usual meaning. During the refinement, the global parameters like lattice
parameters, half-width parameters, scaling factors, and the coefficients of background polynomial
were mainly adjusted. In addition to this, the atomic coordinates, occupancy, thermal parameters
(Biso) also changed during refinement. The chemical occupancy for oxygen (O) was taken as 1
during the refinement. For example, we presented a refined XRD spectra of BiFeOs ceramics in
Fig. 2.3.2 (b). The line (black), line-symbol (red), represents the calculated and observed spectra.
The blue line represents the difference between the observed and calculated spectra, which leads to
perfect fitting. With such good advantages, this method has some common problems such as (i)

background not well fitted, (ii) missed peaks, (iii) peak shape displays the poor description, etc.
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2.4 Microscopy Techniques

2.4.1 Field-emission scanning electron microscope (FESEM)

Field-effect scanning electron microscope (FESEM) is a useful technique to investigate the topo-
graphical and elemental information of the materials at higher magnification. Compared to conven-
tional SEM, FESEM produces high-quality images, large focus-depth, high-resolution (HR), and easy
sample preparation. The working principle of FESEM illustrated schematically in Fig. 2.4.1 [150].
The electrons emitted from the electron emission gun penetrate the surface of the sample and gener-
ates numbers of low energy secondary electrons (SE). The intensity of the SE is governed by surface
topography. The surface micrograph image is developed by optimizing the SE intensity as a function
position of the primary electron beam. For example, the FESEM micrograph of BFO ceramics is
presented in Fig. 2.4.1 with various depth resolution. The atomic and molecular weight percentage
of present elements also can be extracted.

In addition to this, it is also used for back-scattered electrons (BSE) imaging and Energy Disper-
sive X-ray (EDX)analysis for chemical analysis of the elements present in the sample. The intensity
of BSEs collision can identify the atomic number of the element within the selected volume, and a
qualitative elemental distribution can be revealed.

In the present thesis, FESEM measurements are carried out on gold (Au) coated ceramics and
thin films (due to dielectric behavior of the materials) with various resolutions. In addition to this,

EDX analysis also performed on all present studied materials.

2.4.2 Transmission Electron Microscope (TEM)

Transmission Electron Microscope (TEM) is ideally used for investigative the materials in nanoscale
at very HR, which is more significant than 0.5 nm. TEM is more convenient than the conventional
optical microscope, where the resolution and magnification are much higher. As the name suggests,
a beam of the electron is transmitted through the ultra-thin sample. The electrons of very high
energy are used to pass through the number of electromagnetic lenses. The various components and
their basic working principle are illustrated in Fig. 2.4.2. The electrons generated from the electron
guns are interacting with the matter of the specimen, results in a magnified and focused image are
produced at the imaging device, such as the fluorescent screen. The developed high-quality image
is detected by a sensor called the CCD camera. The sample preparation for thin-film material is
tedious than a nanoparticle.

In addition to this, TEM has the advantage that one can identify the structural analysis and
chemical composition of the specimen by using diffraction patterns. The variation of lattice pa-
rameters and defects of the sample can be obtained from the observed fringes of high-resolution
TEM (HRTEM). The SAED pattern of TEM is used to identify the existing planes in the sample
and degree of crystallinity. During the TEM measurement of nano-powder and thin-film multilayer
heterostructure, the sample preparation is essential [145]. For example, the TEM image of BFO, the
lattice fringes obtained from HRTEM, and the diffraction pattern of the SAED pattern is present
in Fig. 2.4.2.

In the present thesis, the TEM images of un-doped BFO and its associate doped/co-doped films
were studied using TEM (Jiol TEM 2100). HRTEM and SAED pattern imaging were performed
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Figure 2.4.2: Schematic representation of working principle of TEM technique and the scanned
images (TEM, HRTEM,and SAED) of BFO film.

on materials. Due to the micrometer size, the bulk ceramics were not considered for the TEM

measurement in this thesis.

2.4.3 Atomic Force Microscope

Atomic Force Microscope is a very high-resolution microscopy tool use for the nanoscale probe to
over a surface. As the name suggests, it measures the forces acting between the cantilever tip and
the sample. The force between the two atoms at a very close distance is:

F(R) = %7" + Jf r (2.9)
F is the resultant force, A, B, x, and Y are constant, and R is the distance between two atoms. 7 is
the unit vector. The first term of the equation is the repulsive force between the two atoms, which
is more prominent at a very short distance and varied rapidly with R due to the Pauli exclusion
principle. The second term is termed as an attractive force. Due to high-depth resolution, this
technique gathers the intrinsic topographic information. The combination of force measurement
and spatial resolution makes the atomic force microscope a versatile microscopy technique. The
schematic representation of an atomic force microscope system with its various components is shown
in Fig. 2.4.3 (a). It measures the sample topography by monitoring the deflection of the cantilever in
Z-direction. Photo-detector will send the signal as an image and constructed at the monitor screen.

The main advantages of the atomic force microscope over scanning tunneling microscope (STM) is
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Figure 2.4.3: (a) Schematic representation of working principle of AFM technique, (b) tapping and
non-contact mode in AFM, and (c) scanned AFM images of spin coated BFO film.

the former can only demonstrate for non-conducting samples [151, 152]. The surface roughness and
root mean square roughness of films can be recorded.

The AFM can operate in three modes such as (i) contact mode, (ii) tapping-mode, (iii) non-
contact mode (NCM) [Fig. 2.4.3 (b)]. The present studied films were investigated by using the
PARK NX10AFM system in NCM operation. The recorded atomic force microscope images (both
in 2D and 3D) of BiFeOs film at various scanned area is displayed in Fig. 2.4.3 (c).

2.4.4 Magnetic Force Microscope (MFM)

Magnetic Force Microscope (MFM) is a sensitive technique that images the spatial variation of mag-
netic forces on the material surface. MFM is widely used for studying the surface magnetic properties
of the magnetic materials and operate in NCM. This technique is quite similar to the atomic force
microscope, only for the tip of the former coated with the ferromagnetic layer to detect the magnetic
properties. The schematic diagram of the MFM technique is shown in Fig. 2.4.4 (a) [153].

In the present thesis, MFM measurement has been performed on sol-gel coated BiFeQOs films
and its associate doped/co-doped films to track the surface magnetic properties. The lift height
between sample and tip during measurements was used 50 nm. The low moment sensitivity magnetic
probe LM-MFMR was used during measurements. The scan MFM image of spin-coated BFO films

presented in Fig. 2.4.4 (b). The scanned signal evident in-plane magnetization in all studied films.

2.4.5 Piezo Force Microscope (PFM)

Piezo Force Microscope (PFM) is a type of atomic force microscope that allows scanning and ma-
nipulation of piezoelectric (PE) or ferroelectric (FE) domains. The FE domain modification can
be achieved by bringing a sharp conductive tip into contact with an FE surface and applying an
ac bias signal to the tip to excite the deformation of the material through converse piezoelectricity.

The resulting deflection of the tip cantilever is detected at the photodiode detector and again de-
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modulated by using a lock-in-amplifier. In this process, PFM generates topography and FE domain
up to an high-resolution simultaneously. The working principle is quite similar to the conventional
atomic force microscope. The PFM imaging is possible in both in-plane (IP) and out-of-plane (OP)
mode simultaneously and represented schematically in Fig. 2.4.5 (a)-(b) [154]. This technique has
an advantage in measurements of phase-voltage and amplitude-voltage ”butterfly-like” curves. The
generated strain (ds3) with the response to the voltage signal can be demonstrated.

In the present thesis, the PFM imaging in both IP and OP-mode was performed for un-doped
BFO and doped/co-doped BFO film by using NX10 AFM (Park) and Bruker system. The amplitude-
voltage or phase-voltage measurements also investigated. The domain switching behavior for the
Y-Sc co-doped BFO film was studied with the poling effect by applying the opposite bias voltage.
The scanned images of PFM is presented in Fig. 2.4.5.

Besides these microstructural analysis, conducting atomic force microscope (CAFM) was carried
to understand the conductivity of the films. During CAFM measurements, current mapping and its

I — V characteristics were recorded simultaneously.

2.5 Spectroscopy techniques

2.5.1 Raman spectroscopy

Raman spectroscopy is regarded as the figure-print of the materials and is used to observe the
vibration, rotational, and low-frequency phonon modes in the material. When a monochromatic
light probe on a material, it may reflect, absorbed, or transmitted. Raman spectroscopy based
on the scattering technique and provides the structural and chemical information of the molecule.
A coherent laser source is used to irradiate the sample. The maximum radiation scattered elasti-
cally, called Rayleigh scattering. A minimum portion scattered inelastically, composed of Stoke and

anti-Stoke. The inelastic anti-Stoke portion particularly provides the information in which we are
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Figure 2.5.1: Schematic representation of energy-level diagram of the Raman scattering.

interested [155].

During the experiment, the monochromatic light knocked out the molecule from the lower en-
ergy level to a higher energy level and returned to the initial state by releasing a photon with
three various frequencies. (i) Rayleigh scattering: Vemmitted photon = Vincident radiation (ii) Stoke
scattering: Vemmitted photon < Vincident radiation, and (ili) anti-Stoke scattering: Vemmitted photon >
Vincident radiation- Lhe energy-level diagram of the Raman scattering is presented schematically in
Fig. 2.5.1. Essentially, these frequencies lie in the ranges associated with rotational, vibrational,
and electronic level transitions of the molecular system. The scattered radiation usually consists
of polarization characteristics different from those of the incident radiation. The scattering occurs
overall directions, and both the intensity and polarization of the scattered radiation depend on the
direction of observation. Through Raman spectroscopy, one can obtain structural information such

as bond vibrations or various modes that would arise due to structural distortion in the compound.

In the present thesis, Raman spectra of both bulk ceramic and spin-coated thin films were
recorded at RT using a Laser Micro Raman spectrometer (Bruker, Senterra, A = 532 nm, power=
10 mW). The technique was useful to understand the structural distortion in BFO after doping/co-
doping.
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2.5.2 Terahertz (THz) spectroscopy

Terahertz spectroscopy is one of the most trending research areas in current science and technology.
This technique rapidly involving medical imaging, security, communication, and the manufacturing
industry. Non-availability of THz generator, detector, and stable femtosecond (fs) laser source
restricts the application of THz. However, the researchers trying to overcome these problems and
can utilize it in a full-fledged manner in the next ten years. The THz spectroscopy is considered
as another technique for material characterization by using optics technique. The continuous-wave
terahertz (CW-THz) is the new and youngest field in the THz field. It is based on the photo mixing
technique, and have greater resolution than THz time-domain spectroscopy, where the material
properties are probed with short pulses of THz radiation [156, , ]. The CW-THz consists of
two NIR fs lasers which employed to generate heat signals. The generate heat converted to THz
radiation inside the photo mixer. This leads to phase formation and allows to the determination of

both real and imaginary part of the complex optical function, according to the expression:

Iph < Erp. (2.10)

where I, and Erp, are the photo-current and THz energy of laser radiation. The advantages of
CW-THz are the broad, accessible frequency range, frequency selectivity, and much higher resolution
over conventional THz sources and on the way to becoming a powerful spectrometer. The working
principle of CW-THz is representing schematically in Fig. 2.5.2 (a).

THz spectroscopy is a versatile technique to understand the magnon and phonon behavior of
multiferroic (MF) materials. The distribution of properties under various frequencies is displayed
in Fig. 2.5.2 (b). In MF, the magnon carries the electric dipolemoment, and this excitation is
called electromagnon, whose excitation energy lies in the THz range. The coherent magnons and
acoustic phonons of MF are excited and probed at RT using fs laser. The excitation creates a magnon
oscillation at 15 GHz, which supports the presence of DzyaloshinskiiMoriya (D-M) interaction, which
has energy 0.31 MeV. The existence of magnetoelectric coupling in MF materials can be studied by
THz radiation. Their are limited reports exist on THz study of MF BiFeQOs materials [159, 160].

In the present thesis, we performed CW-THz spectroscopy to understand the complex optical
properties of un-doped and non-magnetic Y-Sc co-doped BiFeOs; compounds on 0.8 mm thick
pellets. The air is taken as a reference during measurements. The THz amplitude curve as a
function of frequency for BFO, BYFMO, and BYFSO ceramics is shown in Fig. 2.5.2 (c).

2.5.3 X-ray photo-electron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is popularly known as the Electron Spectroscopy for Chem-
ical analysis (ESCA) and based on the photoelectric effect. This technique widely used to inves-
tigate the chemical composition of the materials. Other properties such as chemical shift, valence
band, Auger peas, satellites, plasmon loss, multiplet splitting, spin-orbit splitting of the materials
can be understood by using XPS. The detail working principle of XPS technique is explained else
were [145, ]. The information about the binding energies can be recorded, which further useful
for chemical information.

In the present thesis, the XPS is used for thin-film materials to understand the role of oxygen

vacancies and variation in elemental composition and the ions of BiFeOs film after foreign ion
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insertion.

2.6 Magnetic measurement techniques

The magnetic measurements of present studied ceramic and thin-film materials were investigated un-
der the vibrating scanning magnetometer (VSM) and superconducting quantum interference device
(SQUID).

2.6.1 Vibrating scanning magnetometer (VSM)

Vibrating scanning magnetometer (VSM) is a versatile and sensitive technique to measure the mag-
netic moment of the magnetic materials at very high precision. This technique is based on the
principle that an oscillatory magnetic field (H) can be created by vibrating the magnetic materials
(Faraday’s laws of magnetic induction). The magnetization (M) of the sample can count by applying
a uniform H. The induced manipulation in the H is detected by the pick-up coils. The applied H
is quite high, but being constant is not searched by the coils. Notably, the uniform magnetic field
is not constant but modulate smoothly so that induced M in the material as a function of various
fields can be recorded. The schematic representation of VSM is displayed in Fig. 2.6.1. In standard
VSM, a large electromagnet with 0 to 1.5 T is used. This method widely uses for detecting the mag-
netization of powder, single-crystal, or thin films. VSM also allows measuring the magnetization as
a function of temperature, crystallographic orientation, and magnetic field strength precisely. The
complete mechanism of the working principle of VSM is found elsewhere [162]. The disadvantages
of this technique are self-demagnetization, size, indispensable, and limited field.

In this thesis, the VSM (ADE Technologies USA, EV7 VSM) was used to determine the magne-
tization as a function of field (M-H hysteresis) and temperature (M-T) of modified BFO bulk and
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thin film with maximum applied field 1.5 T. For example, the M-H and M-T curve for bulk Y-Mn
cod-oped Big.94Y0.06F €0.95 Mng.0503 ceramic is shown in Fig. 2.6.1. The magnetic properties of all

compounds extensively studied in detail in chapter 3, chapter 4, and chapter 5 of the present thesis.

2.6.2 Superconducting quantum interference device (SQUID)

SQUID magnetometer is used to precisely count the extremely small magnetic field changes and
based on the theoretical concepts of the Josephson effect. It measures magnetic flux induced from
the magnetic moment and output voltage signal, which is a periodic function of a flux holing a
superconducting loop in which one or two weak links are inserted. The single-junction SQUIDs
are called RF-SQUIDs, while double junction SQUIDs coined as DC-SQUIDs. For our samples, we
used the DC-SQUID magnetometer technique. The DC-SQUID applies current slightly larger than
the critical current, and voltage drop can be monitor across the device [163, ]. The working
mechanism for DC-SQUID is represented schematically in Fig. 2.6.2.

In the current thesis, the magnetization measurements for thin films fabricated in the spin-coating
technique as a function of magnetic field and temperature by using SQUID. M-H hysteresis loop for
Y-doped BFO films was carried out precisely at a maximum applied field of 1 T. Field-cooling (FC)
and zero-field cooling (ZFC) measurements were performed in the temperature range of 10-300 K
at 100 Oe.

2.7 Electrical measurement techniques

2.7.1 Ferrolectric Polarization

The ferroelectric properties (P-E hysteresis loop) of bulk ceramics and thin-films were studying
using a P-E loop tracer. For P-E measurement, the pellets were coated with silver paint on both
sides to make a capacitor like structure. The measurements were carried out under a dielectric
medium (Si-oil) to avoid the break-down of the pellets in the high applied field. The schematic of
P-E measurement is displayed in Fig. 2.7.1 (a). The P-E loop of bulk ceramics was investigated
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Figure 2.7.1: (a) Schematic representation of P-E measurement set-up and the obtained (b) P-E
hysteresis loop for Big.g7Y0.03F €0.955¢0.0503 ceramics.

with an applied electric field of 85 kV/em at 50 Hz. However, for thin-film material, the applied
field and frequency are 85 kV/em at 30 Hz, respectively considered. The P-E hysteresis loop for
Bip.97Y0.03F€.955¢0.0503 ceramic is shown in Fig. 2.7.1 (b). The details regarding ferroelectric

properties are explained in the coming chapters.

2.7.2 Dielectric measurement

The dielectric measurements were carried out using an LCR Novo-control system. This system
is used to measure the dielectric properties precisely as a function of frequency and temperature.
The principle arrangement of dielectric compounds measurement is represented schematically in
Fig. 2.7.2 (a). Like P-E, for dielectric measurement, the pellets of thickness 0.5 mm need to coat
with the silver of either side. The material is placed between two circular plates to act as a capacitor
structure display in Fig. 2.7.2 (b). A generator is used to apply a sinusoidal ac voltage U(w) of
frequency 5% to any of the plate and the current (I(w)) generated in the sample is determined at
other plate [165]. The current vector measure both current amplitude (Iy) and phase shift (¢) of
the current signal as a function of voltage. The calculations between voltage, material properties,
and current leads to the calculation of capacitance, which further determine the dielectric constant
(¢) by the expression:

* / C o C:

€ =¢€ —ie =G (2.11)

where symbols have their usual meaning.

In the present thesis, the frequency modulation dielectric properties were studied at various
temperatures ranging between 30 — 210° C for all studied ceramic samples in a wide frequency
range 1 Hz-1 MHz. For our studied samples, the diameter and thickness of the pellets were taken
8 mm and 0.5 mm, respectively. The high thickness may lead to small capacitance and is difficult
to measure precisely. However, for thin-film materials, the room temperature frequency variation
dielectric measurement was carried out. During dielectric measurements, the impedance, modulus,
conductivity of the ceramics also investigated, which are explained in detail of Chapter-4. In addition
to this, the empirical Cole-Cole, Nyquist plot fitting by EIS impedance analyzer, Jonscher’s power

law, was used to simulate the experimental results.
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2.8 Magnetically Induced Magneto-Electric Coupling

Magnetoelectric coupling (MEC) in multiferroics is one of the modern phenomena, which is not
only used to understand the enrich physics but also promises for multifunctional applications as per

modern community demand. Magnetically induced MEC coefficient is described by the expression:

oP;
afl = ( - > (2.12)
J 0H;

where H and P are the applied field and induced polarization, respectively. Alternatively, by the

magnetically induced voltage MEC coefficient,

ayf = (;fr) = % (g;) (2.13)

Since it is much easier to record a voltage medium than electric polarization, Equation [1.15]
and the measurement of the voltage MEC coefficient are preferred. Integrating Equation [1.15] we
obtain a relationship between the voltage induced on the electrodes of a multiferroic device and the

amplitude of an externally applied magnetic field:

V=0oll HT (2.14)

where t is the thickness of the ferroelectric layer in the case of laminates, H is the amplitude of the
externally applied magnetic field, and V is the measured voltage. According to Equation [1.16], the
voltage response of a multiferroic varies linearly with the amplitude of the applied magnetic field. It
is important to mention that this relation is valid to both single-phase and composite multiferroics.
However, the H field, in this case, is in fact an AC magnetic field and, unless one has the ability
to apply large-amplitude AC magnetic fields, the measurement requires the application of a DC
magnetic field bias. The magnetic DC bias field couples with the AC magnetic field to produce a
pseudo-piezo-magnetic linear response, which in turn modulates the electrical voltage response. The
experimental set-up of voltage magnetically induced MEC coefficient is schematically illustrated in
Fig 2.8.1 [160].

In this current thesis, the MEC measurements performed on silver coated bulk un-doped and
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Y-Mn/Sc co-doped BFO ceramics at applied magnetic bias 26 Oe.

2.9 Summary

The multiferroic un-doped and co-doped BiFeO3 (BFO) materials were synthesized using the solid-
state route and sol-gel spin-coating techniques. For structural characterization, XRD and its theoret-
ical simulations were performed to understand the distortion in doped/co-doped materials. Raman
spectroscopy helps to verify the distortion evident from XRD analysis. The FESEM, TEM, AFM,
MFM, PFM, etc. techniques are extensively used to investigate the intrinsic microstructural analy-
sis. CW-THz spectroscopy helps to identify the complex optical properties of multiferroic ceramics.
The optical properties, such as photoluminescence (PL) and XPS, are performed. The intrinsic
magnetic properties are studied under VSM and SQUID as a function of field and temperature.
The electrical properties are explained by dielectric, ferroelectric, I — V', C'— V characteristics. The
resistive random access memory device characterization performed by 4200 and 2400 Keithley source

meter in the presence of various perturbations.
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Chapter 3

Optimization for stable
multifunctional magnetoelectric
BiFe(O3 ceramics under d-shell ion

modification

This chapter describes the structural and microstructural effect on structural and multiferroic prop-
erties of various d-shell [Gd-Nd, Y-Mn, Y-Sc] ion co-doped BiFeO3 ceramics. The major goal of
this chapter is to achieve the multifunctional material, which will useful for possible applications. A

perfect correlation between the structure, electronic, magnetic properties has been obtained.

3.1 Experimental Details

3.1.1 Sample preparation

Polycrystalline BiFeO3 (BFO), partially filled d-shell Gd-Nd co-doped B _ (5.4, Nd,Gd,O3, unfilled-
partially filled Y-Mn co-doped Bii_;Y,Fei_yMnyOs, and unfilled Y-Sc Bii_,Y,Fei_ySc,Os ce-
ramics were prepared by conventional solid-state synthesis technique using. The value of = and y is
presented in Table 3.1.1. For parent BFO, high purity BisO3 and FesO3 (Sigma Aldrich 99.99%)
powders were used as starting materials. Similarly, for Biy_ (44, Nd.Gd,O3 [Bi2O3, Fes03, GdyO3
and Nd2Os], Bii_z Yy Fei_yMn,Os [BiyOs, Y203, FesOs, and MnoOs], and Bii_, Y, Fei_,ScyO3
[Bi20s3, Y203, FesOs, and ScaO3] were used. Stoichiometric proportion of powders were dissolved
in toluene medium. The mixed solution was grinded for 16 hours by using high energy ball milling
[Retsch] with the ball (6 mm) to powder ratio 10:1. The grinded powder was baked at 65° C for 20
minutes to evaporate the toluene. The dried powder was calcined at 810° C for 3 hours for initial
phase formation. For high density, the calcined powder was mixed with Polyvinyl Alcohol (PVA) as
a binder and pressed into 8 mm diameter pellets. Finally, the pellets were sintered at 850° C for 2
hours for the desired phase with higher density.
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Table 3.1.1: Synthesized Gd-Nd, Y-Mn, and Y-Sc co-doped BiFeOs bulk samples at various con-
centration level.

Sample 1 2 3
code X y X y X y
Nd-Gd | 0.00 0.00 0.05 0.10 0.10 0.10
Y-Mn | 0.03 0.05 0.06 0.05 0.12 0.05
Y-Se | 0.03 0.05 0.06 0.05 0.12 0.05

3.1.2 Material characterization

The structural and physical properties of all studied BFO were studied by using various techniques.
The crystalline structure and phase purification of all samples were obtained from X-ray diffraction
(XRD) [PanAnalytic Pro, Cu-K,, A = 1.54 A°]. Raman spectroscopy was performed to understand
the phonon mode behavior after co-doping. FESEM analysis was carried out to check the microstruc-
tural properties. The magnetic properties were examined by using VSM (ADE Technologies USA,
EV7 VSM) [1.5 T] and P-E ferroelectric loop tracer [85 kV/cm, 50 Hz]. The ME effects of un-doped
and single-phase Y-Mn/Sc co-doped BFO ceramics were obtained from ME coupling at the applied
field of 26 Oe.

3.2 Partially filled d-shell Nd*" — Gd*" ions tuned BiFeO; ce-

ramic systems

Perovskites BiMeOs; (Me=metal cations) materials are always interesting due to its unique proper-
ties and easy synthesis process at ambient conditions [167]. Bulk ceramics like BiScOs and BiMnOs
are successfully synthesized only at high pressure [168, ], while room temperature (RT) multifer-
roic bismuth ferrite (BiFeOs : BFO) have their boundaries. The displacement of Bi ions in these
materials is antipolar due to the centrosymmetric behavior and is associated with tolerance factor
(t). The tolerance factors, of BiScO3 (t=0.92) and BiMnOs (t=0.96) has smaller to BFO (¢=0.96).

Theoretical postulates support as ¢ reduces, antipolar order is more prominent than the polar or-

der [170]. Hence, materials like gadolinium (Gd) [ionic radii:Gd>+ (0.93 A)], neodymium [ionic radii:
Nd3* (0.983 A)] has the ability to suppress ¢ in BFO, which leads to increase the antipolar order
than polar [171]. Moreover, Gd** ions have the largest number of the unpaired electron (seven) in

the outer most d-shell with a high magnetic moment 7 pp. But, the appearance of secondary phases
at higher concentration with weak magnetic and electronic properties in Gd-doped BFO makes it
difficult to utilize for practical application. However, it is interesting, observing the combine effect
of Nd** [3 unpaired electron and 3.8 ug] and Gd**, on physical properties of BFO. Also, Nd** can
be increased antipolar order of BFO.

Figures 3.2.1 (a)-(b) shows the structural and microstructural properties of un-doped and Nd-
Gd co-doped BFO ceramics, respectively. Pristine BFO exhibits rhombohedral. The phase purity
and crystal structure analysis of simulation results (Reitveld refinement) reveal, all the ceramics
in this group exhibit Rhombohedral (space group: R3c) structure (JCPDS no. 86-1518). From
Fig. 3.2.1 (a), it is observed that the residual phases Bis Fe Og () and Bigs FeOyo (#) are appeared

along with the parent. The extracted structural parameters from refinement are listed in Table 3.2.1.
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Figure 3.2.1: (a) X-ray rietveld refinement, and (b) FESEM micro-graph for un-doped and Gd-Nd
co-doped BFO ceramics.

The change Bi-O, Fe-O bond-length and Fe-O-Fe bond-angles indicates, the octahedra distortion

in co-doped ceramics.

In grains in BFO are well distributed and separated by developed grain

boundaries [Fig. 3.2.1 (a)]. However, co-doping affects the nucleation process during heat treatment,
which reduces further grain growth in Gd-Nd co-doped BFO ceramics. The average grain size of
studied BFO and BGNFO ceramic is given in Table 3.2.1. The reduction is grain size may change

the oxygen vacancy O, stoichiometry.

Table 3.2.1: Structural and microstructural parameters extracted from the simulation results and

FESEM micrograph images of un-doped and Nd-Gd co-doped BFO ceramics.

Sample a=b c Bi-O Fe-O Fe-O-Fe A% Grain
Code (4) (4) (4) (4) (4) (A%)  size (um)
BFO 5.5801 (4) 13.8727 (3) 2.346 (1) 2.56 (2) 153.50 (8)  374.1017 6

BG5N15FO 55758 (9) 13.8440 (2) 2.307 (7) 2.42 (4) 153.02 (11) 372.7406 -
BGI1ON10FO 5.5740 (4) 13.8400 (5) 2.240 (2) 2.39 (2) 152.93 (8) 372.3923 -

Reitveld refinement predicts the structural distortion in co-doped ceramics, which can be ana-

lyzed by considering the phonon modes obtained from the Raman spectroscopy, depicted in Fig. 3.2.2 (a).

According to the group theory and from other experimental results, the Rhombohedral R3¢ BFO

exhibit 13 possible phonon modes, assigned by the equation [172]:
v=4A1+9F (3.1)
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Figure 3.2.2: (a) Raman spectroscopy, (b) Tauc’s plot for un-doped and Gd-Nd co-doped BFO
ceramics.

Table 3.2.2: Modulation of phonon modes and energy band-gap (E,) of magnetic Nd-Gd ion modified
BFO ceramics.

Sample Code Al-1 Al-2 Al-3 E3 E4 E5 E6 E7 Al4 E8 E9 E;(eV)

BFO 140 171 219 263 282 351 367 430 469 561 607 2.08
BG5N15FO 143 173 220 260 284 326 396 433 477 559 - 1.98
BGI1ON10FO 144 174 221 261 283 323 389 437 480 556 - 1.97

where A-Modes at the low-frequency region arrises from parallel polarization, and E-Modes at the
high-frequency region arises from cross polarization [173]. The position of each peak corresponding
to the wave-number is presented in Table 3.2.2. The shifting of phonon modes in co-doped ceramics
indicates, the structural distortion at F'eOg octahedra cage of BFO. The material features with the
response to the UV-VIS light is explained through UV-VIS Tauc’s plots, as shown in Fig. 3.2.2 (b).

The energy band-gap (Ey) is calculated from Tauc’s expression:

E = (ahv)? (3.2)

where «, h, and v are the absorbance, Plank’s constant, and frequency, respectively. The calculated
E, is given in Table 3.2.2 and are reduced drastically from the vicinity of BFO. The reduction in
band-gap may possibly by due to the structural distortion and suppression of bond-length distance.
Also, individual doping of either Gd or Nd also compresses the band-gap of BFO [174, 175]. The
energy-gap of appeared secondary phases also much lower, which may affect the E, [176].

RT magnetization hysteresis curve (M-H) for un-doped and Gd-Nd co-doped BFO ceramics
are represented in Fig. 3.2.3 (a). The unsaturated linear M-H curve indicates the AFM ordering
in all ceramics, which indicates for the larger field. The magnetic parameters such as remanent
magnetization (M,.), magnetization at Hy 5 7, and coercivity (H.) extracted from the magnetization
curve are listed in Table 3.2.3. The large opening in the M-H loop of Gd-Nd at (x,y)= (10, 10)
indicates the presence of both ferromagnetic (FM) and antiferromagnetic (AFM) ordering. Moreover,
the magnetic parameters of the Gd-Nd co-doped BFO system are found higher than individual Gd
at low applied field [177, 24]. The magnetization enhancement in rare-earth ion modified BFO is
explained on the basis of a few valid points:

(i) Co-doping causes F'eOg octahedral distortion due to the change in Fe-O bond-length and Fe-O-Fe
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Figure 3.2.3: (a) M-H hysteresis loops at maximum applied magnetic field 15 kOe and (b) magnetic
parameter of BFO at various Gd-concentration label.

Table 3.2.3: (a) Room temperature M-H hysteresis curve (b) variation of magnetic parameters at
various Gd-concentration of BFO and BGNFO ceramics.
Sample Code M5 koe (emu/gm) M, (emu/gm) H.( kOe)

BFO 0.0020 0.0274 0.245
BG5N15FO 0.0175 0.1784 1.457
BG10N10FO 0.0914 0.7000 2.012

bond-angle, which leads to a magnetic modification.

(ii) Appearance of weak canted FM behavior is evident due to the suppression of SSMS and
Dzyaloshinskii-Moriya (D-M) exchange interaction. The reduction of grain size may be another

factor for magnetization enhancement [24].

(iii) Magnetic ions Gd®** — Nd3T leads to suppress the formation Fe?t ion which enhances the

super-exchange interaction between Fe3t — 0%~ — Fe3t,

(iv) Gd** have a maximum number of unpaired electron in their outermost d-shell and can provide

additional magnetic interaction between Gd-Gd, Ge-Fe to the system.

(v) High concentration Gd-doping leads to an increase in coercivity (H.) of BFO. Nd-doping helps
to form the Nd-O-Bi chains in the expense of the Bi-O-Bi chain.

The magnetic properties in Gd-Nd co-doped BFO system is prominently controlled by Gd*t and
the coercivity is controlled by Nd>*. The modulation of magnetic parameters concerning doping

concentration is represented schematically in Fig. 3.2.3 (b).

In summary, the appearance of secondary phases may lead to weak electronic and magnetic
properties diminish the existence of strong magnetoelectric coupling (MEC) Gd-Nd co-doped BFO
ceramic system. Moreover, due to the appearance of secondary phases, the exact contribution from
the parent phase in electrical properties is complicated. Necessarily, this MF system can be useful

to study the intrinsic magnetic properties.
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Figure 3.3.1: (a) XRD Reitveld refinement, (b) Lorentzian fitted Raman spectra, and (¢) FESEM
micrograph images for BFO, Y-Mn co-doped BFO ceramics.

3.3 Unfilled (Y)-Partially filled (Mn) d-shell ions tuned BiFeOs

ceramic systems

Partially filled d-shell Gd-Nd co-doped BFO system didn’t bring much attention due to the appear-
ance of secondary phases, weak MF properties at RT. This surge for searching for new multiferroic
materials with stable primary and secondary properties. This section will provide a perfect cor-
relation between the structural and magnetic properties of Y-Mn co-doped BFO ceramic systems.
Y3+ (1.07 A) has lower ionic radii as comparison to Bi®t (1.07 A), while Mn-ions (+2, +3, +4)
always in higher side from Fe?* (0.654 A). Due to the minimal difference of ionic radii between
parent and foreign ions, BFO may don’t suffer large crystal structure variation.

Figure 3.3.1 elucidated the structural and microstructural properties of Y-Mn tuned Y-Mn co-
doped Bii_;YyFei_yMn,Os [(x, y)=(0, 0), (0.03, 0.05):BY3FMO, (0.06, 0.05):BY6FMO, (0.12,
0.05):BY12FMO] ceramics. Figure 3.3.1 (a) depicts the simulation results of XRD spectra obtained
from BFO and BYFMO powders through Reitveld refinement technique. The obtained results in-
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dicate the unchanged crystal structure [Rhombohedral (R3c: space group)] after co-doping. Some
traces of residual phase (BiaFeqOg (%)) are appeared along with parent, which have been suppressed
at low doping concentration of BY3FMO. The appearance of secondary phases is significant in
BY12FMO. After rigorous fitting with various two-phase system, we obtained best fit with or-
thorhombic Pbam phase [R3c(86%)+Pbam(14%)]. The extracted structural parameters are given
in Table 3.3.1. The Wykoff positions for oxygen atoms (Orthorhombic: Pbam phase) in BY12FMO
ceramic are (X, y, z)= O1 (0.259, 0.169, 0), O2 (0.273, 0.077, 0.5), O3 (0.008, 0.242, 0.291), O4 (0,
5, 0.203), O5 (0, 0, 0.205). The modulation of structural parameters after co-doping evident from
Table 3.3.1 and indicate the structural distortion.

Table 3.3.1: (a) Structural parameters of Y-Mn co-doped Biy_;Y;Fei_yMn,O3 (x=y=0; x=0.03,
0.06, 0.12, y=0.05).

Sample BFO BY3FMO BY6FMO BY12FMO
code R3c (86%) Pbam(14%)
a=b(A) 5.5802(2)  5.5722(6)  5.5683(3)  5.5687(2) a=5.6125(6), b=11.2436(3)
c(A) 13.8727(7) 13.5254(4) 13.8171(2) 13.8201(9) 7.8120(9)
Volume(A?) 374.10(8)  371.75(3)  371.01(8)  371.16(7) 493.24(6)
Bi/Y X 0 0 0 0 0.739 (11)
y 0 0 0 0 0.1364 (5)
z 0 0 0 0 0
Fe/Mn X 0 0 0 0 0.2324
N 0 0 0 0 0.1239
z 0.2190 0.2218 0.2208 0.2226 0.2451
0 x  0.4540 0.4318 0.5378 0.454
y  0.0088 0.0125 0.0113 0.018
z 0.9575 0.9572 0.9638 0.9564
Fe-O 1.951(7) 1.96(6) 1.97(3) 1.96(11) 1.93(3)
Bi-O1 2.57(11) 2.44(8) 2.65(5) 2.51(4) 1.98(4)
Bi-02 2.346(9) 2.345(8) 2.336(4) 2.321(4) 2.117(4)
Fe-O-Fe 161.60(4)  163.76(4)  167.85(9) 158.6(8) 151.8(2)
X2 2.37 2.13 2.06 2.89

For more details regarding structural distortion, the Raman spectra of all studied non-magnetic

system is shown in Fig. 3.3.1. BFO with rhombohedral R3c structure exhibit 13 phonon modes. The
position of each phonon mode of BFO and BYFMO ceramics is extracted from Lorentzian fitting
results and listed in Table 3.3.2. The Y-Mn co-doped BFO system associated with 11 phonon-modes.
The shifting of phonon modes with an increase in Y-concentration (Mn=5% constant) indicates the
structural distortion evident from XRD analysis.

FESEM micrograph images for un-doped and Y-Mn co-doped BFO ceramics are displayed in
Fig. 3.3.1(c).

sesses homogeneous grains in the range of 6um, connected through well-defined grain boundaries.

ImageJ tool was used to calculate the average grain size. Polycrystalline BFO pos-

Table 3.3.2: Modulation of Raman phonon modes of BFO ceramics after Y-Mn co-doping.

Sample Code Al-1 Al1-2 Al1-3 E3 E4 E5 E6 E7 Al4 E8 E9
BY3FMO 143 174 226 263 309 - 371 437 476 571 619
BY6FMO 144 175 227 266 312 - 375 441 478 571 623
BY12FMO 145 176 229 - 323 - 376 447 481 576 625
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Figure 3.3.2: (a) Room temperature M-H hysteresis curve, (b) tuning of magnetization with Y-
concentration, and (b) BSD images for BFO and BYFMO ceramics.

However, co-doped based ceramics have inhomogeneous grains with some voids created between
loosely connected grains. The grain growth in co-doped ceramics suppressed during the nucleation
process at high sintering temperature due to the low diffusivity rate of Y2+. The average grain size
of BY3FMO, BY6FMO and BY12FMO are 3.1 um, 1.7 um and 1.4 um, respectively. The sup-
pression of grain growth may be due to ionic radii difference between Bi and Y ions, the density of
oxygen stoichiometry, and distortion. The larger bond dissociation energy (BDE) difference between
Y-O (715 kJ/mol) and Bi-O (339 kJ/mol) plays a vital role in grain modification. The effect of Mn
is minimal due to a very small BDE between Mn-O (409 kJ/mol) and Fe-O (402 kJ/mol). The
observation of secondary phases (observed from XRD) may also appear in an agglomerate form.

RT M-H hysteresis curve for BFO and Y-Mn co-doped ceramics at maximum applied field 15 kOe
is shown in Fig. 3.3.2 (a). BFO exhibit weak FM behavior due to D-M exchange interaction
[Fig. 3.2.3]. A noticeable enhancement in magnetic properties of BFO with complete magnetic
saturation obtained after Y-Mn co-doping. The extracted magnetic parameters of Y-Mn co-doped
BFO ceramics are presented in Table 3.3.3. The parameters are well improved in comparison to par-
ent and the Gd-Nd co-doped BFO. The enhanced magnetization in such a system can be explained

as:

(i) Due to non-magnetic behavior of Y% ions, the magnetization improvement due to Y-dopant is
discarded. But, the manganese (Mn) ions are magnetically active with larger magnetic moments
(5.9 pp) than the Fe (5.1 pup) may improvise the magnetic properties of BYFMO. Moreover, the

Mn can create additional magnetic interaction between Fe-Mn, Mn-Mn.

(ii) The magnetic enhancement due to impurities BisFesOg and Bigs FeO39 is ruled out due their

paramagnetic behavior [178]. The presence of other magnetic phases in Y-Mn co-doped BFO is also
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Table 3.3.3: Magnetic parameters extracted from the M-H magnetization curve and M-T curve of
Y-Mn co-doped BFO ceramics.

Sample M, M, H, Ty (K)
code (emu/gm) (emu/gm) (kOe) From M-T From DSC
BY3FMO 0.07 0.032 0.207 629 632
BY6FMO 0.30 0.0201 0.036 626 628
BY12FMO 1.28 0.0635 0.017 624 621
0.012 Tn = 641 K
— BFO n~= 0.03F —BY3FMO
0.011 H@) V'd (b) Ty = 629 K
H=1000 Oe n
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Figure 3.3.3: Magnetization-temperature (M-T) and [DSC: inset] plots for (a) BFO, (b) BY3FMO,
(¢) BY6FMO, and (d) BY12FMO at 1000 Oc .

ruled out from back-scattered diffraction (BSD) micrograph, as shown in Fig. 6.3.4 (c).

(iii) Y-Mn co-doping may suppress Fe?T, which leads to strong super-exchange interaction between
Fe3t — 0%~ — Fe3t /Mn3*. Since MnyO3 was used as the starting material for sample preparation,
there is minimal chance for presence of Mn2*/4+ [179]. Hence any kind of double exchange magnetic
interaction can be ruled out.

(iv) Moreover, substituting Mn to Fe-site affects the local environment of FeOg octahedral, due to
change in Fe-O bond-distance and Fe-O-Fe bond angle. This may unlock the SSMS and or improve
the canting angle of AFM ordered adjacent planes, resulting in improved ferromagnetism [180]. Rao
et. al. explained the reduction in grain size could be enhances the magnetic proerties [24].

(v) The change in magnetocrystalline anisotropy energy affects the coercivity of BFO after Y-Mn
co-doping.

The temperature-dependent magnetization (M-T) curve for BFO and Y-Mn co-doped BFO ce-
ramics at 1000 kOe between the temperature 300 — 800 K, as displayed in Figs. 3.3.3 (a-c). All com-
pounds exhibit antiferromagnetic (AFM)-paramagnetic (PM) transition temperature (T) between
620-641 K, given in Table 3.3.3. The non-appearance of any other peaks ensure, the contribution of
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Figure 3.3.4: (a) Reitveld refinement of XRD spectra and (b) FESEM micrograph for BYFSO
ceramics.

any magnetic phases. Ty shifts towards the lower temperature with an increase the Y-doping con-
centration due to the non-magnetic behavior of Y3+ and the decrease in magnetic interaction above
room temperature. The DSC measurements [inset:Figs. 3.3.3 (a-c)] further examined to understand
the AFM-FM transition and found analogous with the result obtained in M-T measurements.

The Y-Mn co-doped BFO shows structural stability and noticeable change in FM properties,
which previously was suppressed in Gd-Nd co-doped based ceramic systems. From the above results,

Y-Mn modified BFO system promises for future spin-ordering mediated applications.

3.3.1 Unfilled Y3t — Sc** d-shell ions tuned BiFeO; ceramic systems

Individual non-magnetic Y tuned BFO system is always exciting due to its magnetic enhancement
at the low applied magnetic field. However, its poor electrical performance and structural instability
at higher doping level minimize the many-body effects [181]. These drawbacks can be successfully
withdrawn in BFO by substituting the similar types of elements (Sc3*: non-magnetic and inert
electronic configuration) at Fe-site.

The structural, microstructural, and magnetic properties were studied in Y-Sc co-doped BFO
ceramic systems. Reitveld refinement of experimental XRD results presented in Fig. 3.3.4. The
structural properties of BFO with the increase in Y concentration (Sc= 5% constant) behaves as
similar to Y-Mn co-doped BYFMO based multiferroic system. However, its electronic and magnetic
properties may appealing. Tuning with various concentrations, the novel single-phase MF material
obtained at (Y, Sc)= (3%, 5%) and (3%, 10%: Appendix). Reitveld refinement analysis reveals Y-Sc
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Table 3.3.4: Structural and microstructural parameters extracted from the simulation results and
FESEM images of Y-Sc co-doped ceramics.

Sample a=b c A% Fe-O-Fe Grain
Code (A) (A) (A3) (A%) size (um)
BY3FSO | 5.5808 (4) 13.9099 (3)  376.53 155 (8) 1.5

BY6FSO | 5.5726 (9) 13.8753 (2) 374.27 157 (11)  1.72
BY12FSO | 5.5822 (9) 13.8669 (2) 374.2146 158 (11)  1.42
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Figure 3.3.5: (a) Raman spectroscopy phonon modes and (b) M-H hysteresis curve obtained from
Y-Sc co-doped BFO ceramics.

co-doped BFO ceramics exhibit Rhombohedral R3c structure without deviating from the parent. The
structural parameters extracted from the simulation results are listed in Table 3.3.4. The modulation
of structural parameters ensures structural distortion in co-doped ceramics. FESEM micrographs
for un-doped and co-doped BFO ceramics are shown in Figs. 3.3.4 (b). The homogeneous grains with
well-developed grain boundaries are obtained at lower Sc-concentration. The average grain sizes for
BY3FSO, BY6FSO, and BY12FSO are 1.5 pm, 1.72 pm, and 0.5—3 pm, respectively, obtained from
ImageJ imaging tool. The stable electronic configuration of foreign ions may suppress the oxygen
stoichiometry, which leads to grain modification in co-doped ceramics.

RT Raman scattering spectra for Y-Sc co-doped BFO ceramics is shown in Fig. 3.3.5 (a). Like
Y-Mn, Y-Sc co-doping shifts the position of A- and E-modes, which indicates structural distortion,
as the modes are associated with bond-length and bond-angle. The shifting of these modes after
co-doping may be due to the minimal ionic radii difference between Bi*t — Y3+ and Fe3t — Sc?t.
The decrease in intensity of A-modes co-doped ceramics may be due to the weakening of Bi-O
covalent bond and low atomic weight of Y in comparison to Bi [182]. The E-modes are gradually
hardened between frequency ranges 270300 ¢m1 due to Sc-insertion due to the FeOg octahedral
distortion. Because doping with Sc3+ at Fe site may change the internal chemical pressure, which
makes unstable Fet ion resulting in FeOg octahedral tilts [183]. The modification of oxygen
octahedra may affect the magnetic properties of BFO. The position of each phonon modes extracted
from Lorentzian fitting of spectra, as illustrated in Table 3.3.5.

Figure 3.3.5 (b) shows the RT M-H hysteresis curve of Y-Sc co-doped BFO ceramics with the

maximum applied field of 15 kOe. The extracted magnetic parameters M, and M, are listed in
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Table 3.3.5: Modulation of Raman phonon modes of BFO ceramics after Y-Mn co-doping.
Sample Code A1-1 Al-2 Al-3 E3 E4 E5 E6 E7 Al4 E8 E9

BY3FSO 141 171 215 263 335 355 370 - 476 570 611
BY6FSO 142 172 224 261 316 355 371 447 480 570 612
BY12FSO 142 173 223 258 318 350 - 455 481 573 607

Table 3.3.6: Magnetic parameters extracted from the M-H magnetization curve of Y-Sc co-doped
BFO ceramics.

Sample M, M, H,
code (emu/gm) (emu/gm) (kOe)
BY3FSO 0.0015 0.30 0.036
BY6FMO 0.0201 0.30 0.036
BY12FMO 0.0635 1.28 0.017

Table 3.3.6. The magnetic properties enhance systematically with the increase in the Y-doping level
and almost higher [BY12FSO] among all the studied ceramic systems in present work. The improved
magnetization in non-magnetic ion modified BFO ceramics is explained as:

(i) The change in Fe-O bond-distance and Fe-O-Fe bond-angle in co-doped ceramics leads to distorts
the Fe-O octahedra, which in turn modify the magnetization [183].

(ii) Due to non-magnetic behavior and stable electronic configuration of Y3+ and Sc3* ions, the M
enhancement due to the insertion of foreign dopant is discarded. Also, the paramagnetic behavior
of secondary phases observed from XRD have minimal effect in magnetic modifications.

(iii) Banerjee et. al. reported, doping Ni®* into Fe?*, their is partial chance for formation of Fe?™,
which bring strong double-exchange interaction [134]. Both Y3 and Sc3* are available in +3
state, which can suppress the Fe?t ions. This results, a strong super-exchange interaction between
Fe-O-Fe, which improve the magnetization.

(iv) Inserting Sc into Fe, Sc3* ions may distort the FeOg octahedral by partially overlapping with
the neighbor Fe®* ions, which results in a non-symmetrically AFM spin ordering [155].

(v) The intrinsic magnetic properties are depends on grain size i.e., decrease in grain size enhance
magnetization, may be the possible reason for enhancing magnetization in YSc co-doped BFO by
suppressing the SMSS.

The decrease in coercivity (H.) in BYFMO and BYFSO compounds may be due to the decline in
magneto-anisotropy energy. However, Neutron diffraction and Mossbauer spectroscopy analysis can
provide dip information regarding magnetization improvement in co-doped ceramics.

After analyzing the various types of foreign ions, the low-field magnetic saturation of BFO ceramic
is achieved by non-magnetic Y-Sc/Mn substitution. However, the ferroelectric (FE) properties have
been carried out for un-doped BFO, Gd-Nd co-doped BFO, (BGNFO), single-phase Y-Mn co-doped
BY3FMO (BYFMO), and Y-Sc co-doped BY3FSO (BYFSO).

3.4 Ferroelectric properties

Figure 3.4.1 displays the polarization-electric field (P-E) hysteresis curve for BFO, BGNFO, BYFMO,
and BYFSO pellets with the maximum applied electric field (E) of 80 kV/cm at 50 Hz. The FE

behavior in BFO ceramic is arising due to the hybridization of lone pair electron of 6s? of Bit with
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Figure 3.4.1: Ferroelectric polarization P-E curve for BFO, BG10N10FO, BYFMO, and BYFSO
compounds.

6p° orbital of Bi3*. The 2p® orbitals of O?~ ion form Bi-O covalent bond, which causes the non-
centrosymmetric distortion of the electron cloud and results in ferroelectricity [186]. From Fig. 3.4.1,
the elliptical P-E curve of BFO shows weak FE behavior. The roundish BGNFO P-E curve indicates
the presence of high leakage current, which is already predicted in Section 3.2. With the presence
of high leakage current, Gd-Nd based BFO system may lead to poor device performance. Y-Mn
co-doping shows minimal improvement in FE properties of BFO, as shown in Fig. 3.4.1 (¢). Also,
both BG10F10FO and BYFMO ceramics are electrically broke down at higher F due to the presence
of high leakage current ([jeqkage). The factors like low crystallinity, lesser density, inhomogeneous
grain growth, O,s, etc. are responsible for Ijcqkqge [187]. The polarization parameters like remanent
polarization (P,), saturation polarization (Ps), and coercive field (E.) are listed in Table 3.4.1 and
found much higher in BYFSO ceramic. The calculated density for BFO, BG10N10FO, BYFMO,
and BYFSO ceramics is 8.1 g/cm?, 7.47 g/em?, 8.22 g/em?, and 8.39 g/cm? supports higher po-
larization behavior in BFO after Y-Sc co-doping. Y3* and Sct ions mark an abrupt modification
in FE properties of BFO at RT and promising for future scientific applications. The improved po-
larization in BYFSO may be attributed from to d° shell of Y and Sc. In addition to this, Y-Mn/Sc
substitution decreases Bi-O bond distance and strengthen the covalent Bi-O hybridizations in BFO,
which induces the non-centrosymmetric distortion to drive the Bi3T ions towards [111]. direction

and enhance FE polarization [187]. The coercive field (E.) increases in co-doped ceramics.

The Y-Mn/Sc co-doped BFO bulk ceramics show appreciable multiferroic properties in a single-
phase. Hence, these compounds may show many-body complex phenomena such as magnetoelectric
(ME) and piezoelectric (PE) effect.
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Table 3.4.1: Ferrolectric polarization parameters extracted from P-E hysteresis curve of BFO,
BGNFO, BYFMO, and BYFSO ceramics.

Sample P. P at 85 kV/cm E.
code (pm.cm™2) (uC.cm™=2) (kV/cm)

BFO 0.007 2.5 15.52
BGI10N10FO 5 1.25 at 23.15 21.78
BYFMO 6 3 62

BYFSO 13 15 50.35
0.04 0.3
(b)
0.2 - BYFMO
0.02+
0.1+
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Figure 3.5.1: Magnetoelectric coupling plots obtained from BFO, BYFMO, and BYFSO compounds
at 26 Oe.

3.5 Magnetoelectric Effect

Magnetoelectric coupling (MEC) measurements were carried out on un-doped BFO and single-
phase Y-Mn/Sc co-doped BFO ceramics. Figure 3.5.1 shows the ME coefficients of synthesized
BFO, BYFMO, and BYFSO bulk ceramics at RT, reflecting their hysteretic behavior. The coupling

coefficients (aprg) has been calculated using the following expression [188]:

@ _57E_Vout
ME = SH ~ hot

(3.3)

where, £ and H are the applied electric and magnetic fields, respectively. V. is the ac ME
voltages appearing across the sample surface (measured by the lock-in amplifier). ¢ and hq are the
thickness of the pellet and ac magnetic field amplitude, respectively. From Figs. 3.5.1 (a-c), it can
be observed that a ;g increases rapidly with the rise in magnetic bias, and attain maximum value,
ayp = 0.032,0.25,4.1 mV/Oe, for BFO, BYFMO, and BYFSO ceramics. This shows the ME

effect of BFO enhanced after Y-Mn/Sc co-doping. The observed values are smaller than some of the
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values obtained in the BFO based nano-particle system due to large grain size and charge variation
of Fe-ions, i.e. Fe™? — Fe3*. In bulk BFO, the long-range SSMS (62 nm) results in AFM ordering;
this cancels the macroscopic magnetization and hampers the ME effect [189]. The observed ME in
present ceramic, can be attributed to quantum confinement, spin-exchange constrictions, exchange-
interactions, and magnetostriction effect [190]. The Y-Mn/Sc co-doped BFO ceramics get strain
with applied magnetic field due to the coupling between FM and FE domains. The appeared
strained induced stress in these materials and generates an electric field. The induced electric field
orients the FE domains and leads to ME. The improved ME in Y-Sc/Mn co-doped BFO may be
attributed to the increase in magnetization [Section:3.3 and 3.4}, which strengthens the sub-lattice
interactions [191]. From M-H analysis of BYFMO and BYFSO, the suppression of SSMS has been
predicated, which may lead to enhance a;g. The grain size of the as-synthesized co-doped ceramics
reduces than the BFO; this leads to suppression of spiral cycloid, modifies the domain structure,
and thereby results in MEC [189]. From XRD refinement, change in Fe-O bond-distance may affect

the cycloid structure.

3.6 Summary

In summary, we have been explored the modulation of magnetic and electronic properties in various
d-shell tuned multiferroic BiFeOs : BFO ceramics. The partially filled d-shell with high magnetic
moment Gd-Nd shows improved ferromagnetism in BFO. But, the presence of impurity phases and
weak ferroelectric properties inhibits the possibility of a strong magnetoelectric effect. Y-Mn par-
tially stabilizes the crystal structure of BFO and improved magnetization due to structural distortion.
The ferroelectric studies unveil the weak ferroelectric properties after Y-Mn, which also indicates
the presence of leakage current. The significant variation is observed in un-filled non-magnetic d-
shell Y-Sc modified BFO ceramics; where both electrical and magnetic properties simultaneously
improved in a single-phase. The nucleation of grain growth is homogeneous in BYFSO ceramics,
which withdraws the pilling effects during electrical measurements. The magnetoelectric coefficient
increases significantly for BYFSO, which is almost 100 times larger than the parent BFO in the
present studies. The enhancement in the magnetoelectric coupling coefficient in co-doped ceram-
ics may be attributed to the improved multiferroic properties of BFO after co-doping. The Y-Sc
co-doped based BYFSO compound, with improved multiferroic and magnetoelectric, promises for

potential applications in memory devices, sensors, transducer, etc.
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Chapter 4

Temperature dependent dielectric
and terahertz spectroscopy studies

of co-doped BiF'e(O3 ceramics

4.1 Introduction

Electrical insulator materials which will prevent the flow of current in an electrical circuit are being
used since from the beginning of the science and technology of electrical phenomena. Dielectrics
are insulating materials that exhibit the property of electrical polarization; thereby they modify the
dielectric function of the vacuum. Chapter-1 provides brief information regarding the structural
distortion induced multiferroic and magnetoelectric (ME) effect of Y-Mn/Sc co-doped BFO bulk
ceramics. When a dielectric material placed inside an electric field, it induces the polarization. In a
prototypical dielectric material, polarizations such as interfacial (also called space charge), dipolar,
ionic, and electronic plays a significant role in carry out the process. However, at extremely low-
frequency region (ELF) [e.g., 1 Hz —1 M Hz], the dipolar polarization provides major contribution.
The schematic representation for dipolar polarization behavior and its distribution as a function
of frequencies in the dielectric materials is elucidated in Fig. 4.1.1. There were many attempts to
improve the dielectric properties of MF BFO ceramics [192, 193] and still have many grey areas which
need to investigate. In Chapter-1, the physical properties improved under elemental (Y-Mn/Sc)
substitution effect. However, the intrinsic electrical properties like conduction mechanism, relaxation
behavior of un-doped, and Y-Mn/Sc co-doped BFO can be explored using dielectric studies. This
chapter will provide an understanding for tuning of relaxation behavior and conduction mechanism
after co-doping. To explore this, frequency and temperature-dependent dielectric properties were
studied in a wide frequency range between 10 Hz — 1 M Hz.

The static magnetoelectric coupling (MEC) behavior of the studied BFO system has been ex-
plored in the previous chapter. The scientific significance of strain mediated dynamical MEC,
combined with the eminent implication of its technological applications, prompted the investigation
of spin and lattice excitations of un-doped and Y-Mn/Sc co-doped BFO system excitations of mul-

tiferroic based materials. In the current chapter, the experimental findings of the complex optical
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Figure 4.1.1: (a) Polarization mechanism in dielectric materials (b) polarization distribution with
respect to the frequency.

properties of studied ceramics obtained from continuous-wave terahertz (CW-THz) spectroscopy will

be presented. Hereby, the structure of the coming chapter will be briefed.

4.2 Experimental Details

The detail material synthesis process of BiFeOs (BFO), Bi.97Y0.03F €0.95Mo.0503 [M= Mn:(BYFMO
and Sc:(BYFSO)] is explained in the previous chapter. For dielectric studies, the 8 mm diameter
pellets coated with silver paint on either side to make it capacitor like structure. The frequency-
dependent dielectric measurements of BFO, BYFMO, and BYFSO ceramics were carried out at the
various temperatures ranging between 30 — 210 C using LCR meter [Novocontrol Technologies].
The THz spectroscopy measurements were carried out to explore the complex optical phenomena
in un-doped BFO and its effects after Y-Mn/Sc co-doping. CW THz photomixing systems offer
a low cost and compact solution to the conventional pulsed THz systems because of their use of
semiconductor diode lasers. CW THz spectroscopy measurements were performed on un-doped and
Y-Mn/Sc co-doped BFO system at the different temperatures ranging between 4-300 K. The low
temperature is achieved by using a closed cycle refrigerator (CCR). Air is used as a reference during

measurements for all materials.

4.3 Dielectric properties at extremely low frequency region
(ELF)

4.3.1 Elemental substitution effect on the dipolar polarization of Y-Mn/Sc
co-doped BFO ceramic

The relaxation process and conduction mechanism modulation of parent BFO and its co-doped
(Y-Mn/Sc) compounds were studied by using frequency-dependent dielectric properties at various
temperatures. The effects of co-doping on the dielectric properties of BFO have been explained
with dielectric constant (e,) and tangent loss (tand). However, the intrinsic electrical properties
have been explored under impedance spectroscopy, complex electrical modulus, and conductivity

techniques.
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Figure 4.3.1: RT (a) dielectric constant (e,), (b) loss tangent (tand), and their (c¢) comparative plots
for BFO, BYFMO, and BYFSO ceramics.

Room temperature Frequency-modulation dielectric constant (e.) and tangent loss
(tanod)

Figure 4.3.1 (a) shows the frequency-dependent ¢, for parent BFO and Y-Mn/Sc co-doped BFO
ceramics at RT. €, decreases with the increase in frequency and found almost saturate at the high-
frequency region due to the dielectric relaxation process and well supported by Koop’s theory [194]
and Maxwell-Wagner relaxation [195, ]. The higher ¢, at the very low-frequency region is respon-
sible due to the interfacial; however, with the increase in frequency, the dipolar polarization actively
participates in the mechanism [197]. However, in the high-frequency region, the ionic and electronic
polarization dominates the relaxation process, which causes the gradual drop-down of the €,.. The
increase in €, at 1 kHz for BYFMO [101 ¢,], BYFSO [4220 ¢,] from the vicinity of BFO [88 ¢,]
indicate a systematic enhancement of dielectric properties of co-doped ceramics. The non-volatile
nature of Bi3>* ions at the high sintering temperature and presence of O,, leads to lower ¢, for
BFO and BYFMO. However, the ¢, of BYFSO found almost 51 times than the BFO. Due to lower
ionic radii of Y3* than Bi3t, it doesn’t seem likely to create any larger vibration space in oxygen
octahedral while may partially affect the F'eOg octahedral cage. The increment in €, in co-doped
ceramics due to the substitution of higher ionic radii Mn3%/Sc3T than Fe3*t, which causes FeOg
octahedra distortion, as seen in our results. The distortion creates [change in Fe-O and Fe-O-Fe]
FE strain, which is responsible for manipulating the dielectric constant. Also, the presence of space

charge carriers may be another factor that influences the ¢, [193].

Figure 4.3.1 (b) displays the frequency-dependent tand plots for BFO, BYFMO, and BYFSO
compounds. All loss tangent plots behave differently from each other, as observed from Fig. 4.3.1 (b).
The loss value for parent BFO and BYFMO decreases with the increase in frequency. The behavior
of the loss plot in BYFSO is quite strange, where it is found sharp increment at the low-frequency
region may be due to the separation between the electrode and dielectric layer [12]. The appearance
of relaxation peak in co-doped ceramics is attributed due to Debye relaxation [199]. The relaxation
peak appears only when the frequency of hopping charge carriers matches the frequency of the
applied electric field. The asymmetric broadening and shifting of relaxation peak towards the high-

frequency region in BYFSO ceramic indicate the time distribution dielectric relaxation.

The variation of €, and tand at different doping elements are illustrated in Figure 4.3.1 (c). The

excellent improvement in insulating properties at the low loss value, BYFSO promises for future
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Figure 4.3.2: (a) Dielectric constant (e.), (b) loss tangent (tand) at various temperature between
300 — 210° C for BFO, BYFMO, and BYFSO ceramics.

scientific applications like memory, transformer, memristor devices.

Temperature-dependent frequency dependent dielectric constant (¢,.) and tangent loss

(tand)

Figure 4.3.2 (a) shows the frequency-modulated €, for BFO, BYFMO, and BYFSO ceramics at the
various temperatures between 30°—210°C measured in a wide frequency range between 10 Hz-1 MHz.
The drop-down of €, with the increase in frequency is similar for all measured temperatures and is
analogous to the dielectric behavior of the FE materials. Moreover, the magnitude of ¢, increases
with the rise in temperature, confirming the dipoles are thermally activated. The interfacial and
dipolar polarization improves the charge accumulation and easy orientation of dipoles at the higher
temperature, which leads to enhancement in €,.. The frequency variation of tand plots at various
temperatures for BFO, BYFMO, and BYFSO ceramics are shown in Fig. 4.3.2 (b). For parent BFO,
the loss peak seems to appear beyond 100° C' when the hopping charge carrier resonates with the
applied external field. However, the relaxation peaks start appearing near 70° and 30° for BYFMO
and BYFSOQO, respectively confirming elemental substitution manipulating the relaxation process and
shifted the peak towards the RT. For BYFSO, the relaxation peak is completely collapsed above
130° C. The loss peak shifts towards the higher frequency with the rise in temperature reinforces
thermally assisted relaxation behavior. The loss values at higher temperature are above unity, which
may be due to the increase in large O, s concentration, results increase the conductivity [24]. The
shifting of relaxation peak near RT motivates us to understand the enrich physics behind it and its
possible applications.

The frequency dependent dielectric properties can be interpreted by empirical Cole-Cole rela-
tion [200]:
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Table 4.3.1: Dielectric parameters extracted from Cole-Cole relation of BFO, BYFMO, and BYFSO
ceramics at 100° C.

Sample €r tand €s oo X 1071 7 (5) o
code at 10 kHz at 10 kHz
BFO 157 0.51 2725 88 7.9 0.18 £0.002
BYFMO 233 0.84 3471 82 8.7 0.12 4+ 0.004
BYFSO 19041 0.43 10152 15 19.2  0.09 4 0.002
* . €s — €
¢ =€ (W) — i€’ = € + T (or)i—a (4.1)
The real (¢') and imaginary part (¢’) expressed as:
- 1 1=ag; 2
oy (o)l ) Sinfan/D)] )
1+ 2(wr)t=2Sin(amr/2) + (wr)2(-a)
e (€5 — €00)(wT)1™*Cos(am/2)] (4.3)

14 2(wr)t—aSin(ar/2) + (wr)2(-)’

where €, and €, are the high frequency and static dielectric constant, respectively. w (27 f) is the
angular frequency, and 7 is the most probable relaxation time. « is relaxation time distribution,
which is varies between ov — 0 to 1 and « > 0 indicates relaxation has a relaxation times [200]. The
extracted dielectric parameters at 100° C' are listed in Table 4.3.1. For the present samples, the o
values at 100° C are below one indicates the relaxation process deflected from the monodispersive

Debye process (o = 1).

4.3.2 Impedance Spectroscopy Analysis

The dielectric analysis only provides the physical sketch of the BFO and its immediate effect after
co-doping. However, the true bulk effect can be understood by equivalent circuitry analysis related
to grain and grain boundary. Impedance spectroscopy analysis (Z'/Z"vs. frequency) is a powerful
approach to correlate the grain and grain boundary with the electrical parameters. The frequency

and temperature dependence complex impedance can be expressed as [24]:
T)d
s Zo(T)/M (4.4)
1+ jwr
Z' and Z" of complex impedance can be extracted from the above equation as:

Z:%@/ﬁﬂﬂ@ (4.5)

14+ w2r?

(wr)*y(r,T)d(7)
1+ w272

T:%m/ (4.6)

where w, 7 and y(w, 7) are the angular frequency, relaxation time and relaxation time distributions,
respectively.
Frequency dependence real part of complex impedance for BFO, BYFMO, and BYFSO ceramics

at various temperature are display in Fig. 4.3.3 (a). The low-frequency dispersive behavior of Z’
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Figure 4.3.3: Frequency modulation (a) real part (Z’) and (b) imaginary part (Z”) of complex
impedance at various temperature for BFO, BYFMO, and BYFSO ceramics.

confirms the presence of dielectric relaxation in all studied materials. The Z’ reduces with the
rise in frequency for all temperature range due to the increase in hopping charge carrier, results
in an enhancement in ac conductivity. All the studied samples behave as semiconducting material
[band gap range E, = 2.08 — 2.18 eV], so the decrements in the magnitude of Z’ with the increase
in temperature can be expected due to negative temperature coefficient resistance (NTCR) effect.
From the Fig. 4.3.3 (a), it is visualized that, for BFO and BYFSO, the Z’ decreases systematically
while BYFMO evident a relaxation peak in the mid-frequency range. The relaxation peaks appear
only when the dipoles resonate with the frequency of the applied field. The fluctuation of the
relaxation behavior of the elementary ion modified BFO system can be understood by the conduction

mechanisms.

Figure 4.3.3 (b) depicts the frequency dependence Z” at various temperatures of BFO, Y-Mn/Sc
co-doped BFO ceramic system. The conduction mechanism of BFO, BYFSO, shows different char-
acters from BYFMO. In the former, the Z” shows dispersion behavior above 150° C, while for
later, two broadened peaks are appeared at the various frequency range 10> Hz — 103> Hz and
10* Hz — 10° Hz confirms the manipulation of relaxation behavior. The low- and high-frequency
relaxation peaks originated from the grain boundary and grain effect [172]. The origin of peaks
may be due to unequal ionic radii of the parent [Bi**, Y3%] and foreign ions [Fe3t, Mn?*], which
may create defects like O, in addition to the charge carriers. The shifting of relaxation peak with
the increase in temperature confirms extra thermal energy added to the applied field. Asymmetric

broadening confirms the distribution of relaxation time [decrease in relaxation time period] [38].

The conduction mechanism in polycrystalline material can be explained with impedance spec-
troscopy Nyquist’s plots (Z' — Z""). To explain the conduction mechanism, the bulk effects like grain
and grain boundary effects due to the application of the electric field need to be understood. These

effects with electric field response described in terms of successive semicircular arc obtained from
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Figure 4.3.4: Nyquist’s plots (a) BFO, (b) BYFMO, (c) BYFSO, and (d) equivalent electrical circuit
to fit the Nyquist’s plots.

the Nyquist’s plots. The plots are explained with equivalent R-C circuits, where each semicircular
arc is modeled as an equivalent electrical circuit. In polycrystalline material, the grain and grain
boundaries are associated with semiconducting and insulating behavior, respectively. The appear-
ance of the semicircular arc in the high-frequency region and the low-frequency region is due to grain
and grain boundary effects, respectively. The impedance of equivalent R-C circuit cab be expressed
as [201]:

R Rgb

z* = —2 + ‘
1+ (jJwRyCy)™ 1+ (jwRgpCgp)mev

(4.7)

where R, Rgp, Cg, and Cg, are the grain resistance, grain boundary resistance, grain capacitance,
and grain boundary capacitance, respectively. ny, ng, represents the relaxation time variables of
grain and grain boundaries respectively. Figures 4.3.4 (a-c) represents the Nyquist plots at different
temperature for BFO, BYFSO, and BYFMO ceramics. The parent BFO exhibits two semicircular
arc i.e., at higher frequency region due to the grain boundary effect and at the low-frequency re-
gion due to the grain effect. Y-Sc co-doping suppresses the diameters of semicircular arcs of BFO.
However, Y-Mn co-doping marks a significant modification in the conduction process with the ap-
pearance of two complete semicircular arcs in BFO ceramics. The Nyquist’s plots of all ceramics are
well fitted with equivalent R-C or CPE (constant phase element) circuit with the EIS impedance
modulus analyzer. The circuit comprises the parallel combination of the R-C circuit connected to
another R-C circuit in series, as shown in Fig. 4.3.4 (d). The electrical parameters R,, Rgp, Cy,
and Cg, are extracted from fitting model are listed in Table 4.3.2. From the table, the Cy, > Cy
for all studied temperatures indicating the dominance of grain boundary effect in the conduction

mechanism. The R, and Ry values are reduced with increasing temperature due to the NTCR
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Table 4.3.2: Electrical parameters extracted from equivalent electrical R-C circuitry model of BFO,
BYFMO, and BYFSO ceramics.

Sample T R, Ry Cy Cyp
(°C) (MQ) (M) (uF) (nF)
BFO 150 0.55 0.4 0.08 0.74
170 0.38 0.12 0.23 1.7
190 0.1 0.04 2.18 6.4
210 0.007 0.009 4.71 11
BYFMO | 150 0.53 0.43 0.02 0.42
170 0.21 0.15 0.18 2.06
190 0.09 0.07 253 4.84
210 0.04  0.043 2 6.23
BYFSO 150 1 0.52 0.02 6.59
170 0.75 0.24 0.26 5.06
190 0.13 0.11  3.53 6
210 0.03 0.07 7 8.2

effect and increase in the density of O,s [202]. The semicircular arc is depressed, with the rise in
temperature towards the real Z’ — axis due to the thermal effect. The improved grain resistance in

BYFSO ceramic indicates the improvement of barrier properties for the flow of charge [193].

4.3.3 Complex Modulus Analysis

The electrical modulus study is a powerful tool to investigate the microscopic behavior of the dielec-
tric materials. The modulus behaves exactly in the opposite way to the dielectric constant (e,) i.e.,
the magnitude of modulus is saturated at the low-frequency and is maximum at the high-frequency
region. In modulus calculation, the intensity of relaxation peaks is inversely proportional to the
capacitance of the material. The impedance analysis [Cy, > Cy] ensures the grain boundary capac-
itance plays a critical role in the conduction process. The relation involving M* and Z* expressed

as [203]:

M =M +M'"=iwCyZ* = iwCo(Z’ - Z'ZN) =wCyZ" +iwCyZ' (48)

where w is the frequency of applied electric field, and Cj is the capacitance in the vacuum. Fig-
ure 4.3.5 (a) shows the frequency modulation of the real part (M’) of the electrical modulus at various
temperatures for un-doped BFO and Y-Mn/Sc co-doped BFO ceramics. At the low-frequency re-
gion, the value of M’ is very weak, approximately close to zero due to the high capacitive nature of
the material and showing dispersion behavior with an increase in frequency. The magnitude of M’ is
minimal from low- to high-frequency region, suggesting negligible electrode polarization phenomenon
in the test materials [204]. The dispersion region of BFO and BYFMO ceramics shifts towards the
high-frequency region with increasing the temperature indicate the polarization is thermally acti-
vated. However, for BYFSO, an asymmetric broadened peak was evident at mid-frequency range
near RT and almost disappeared for higher-order temperature. The magnitude of M’ decreases with

increase in temperature due to an increase in capacitance which follows the relation:

A

C:d

(4.9)
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Figure 4.3.5: Frequency modulation (a) real part (M’) and (b) imaginary part (M") of complex
electrical modulus at various temperature for BFO, BYFMO, and BYFSO ceramics.

where C is the capacitance, A is the area, and d is the thickness of the sample. Hence, the decrease
in electrical modulus is expected.

Frequency dependence of the imaginary part (M"') of complex modulus at different temperatures
of studied compounds is shown in Fig. 4.3.5 (b). M” of BFO and BYFMO exhibit sharp non-Debye
type relaxation peaks for all examined temperature range. The obtained relaxation peak shifts
towards the higher frequency region with the increase in temperature confirms the relaxation being
affected by thermal energy. M"” of BFO and BYFMO ceramics is minimal at the low-frequency
region and increases to a maximum M, and again decreases with further increase in frequency.
However, Y-Sc co-doping broadened the relaxation peak of BFO at RT and completely disappeared
at a higher temperature. This confirms elemental substitution manipulate the relaxation behavior in
BFO and promising for potential applications. The area below the maximum M" is acting a potential
well, where the transport of charge carriers occurs from one region to another region with long-range
hopping. Whereas, the region outside the well hopping of charge carriers is short ranged [202, 205].
The frequency (wmaz) corresponds to the maximum imaginary complex modulus (M;q.) gives the
most probable relaxation time (7,42 ) for the charge carriers. The Arrhenius equation, as a function

of frequency and temperature, expressed as:

Winaz = Wo exp(——) (4.10)

where wy and E, are the exponential factor and activation energy (E,), respectively. The Arrhenius
plots between [nw,q, and % are shown in Fig. 4.3.6. The calculated activation energy for all
compounds is given in Table 4.3.3. Generally, for a perovskite oxide material, the range of activation
energy for singly ionized oxygen vacancy lies between 0.3-0.5 eV, whereas for doubly ionized oxygen
vacancy, the range of activation energy lies between 0.6-1.2 eV [206]. Hence, the change in insulating

behavior in the presently studied compounds can be believed due to the doubly ionized oxygen
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Figure 4.3.6: Arrhenius plots obtained from [nw vs % of BFO, BYFMO, and BYFSO ceramics.

Table 4.3.3: Activation energy extracted from the Arrhenius plots of Inw vs &:ﬁo and Inoge vs

for BFO, BYFMO, and BYFSO samples.

1000
T

Sample code | Inw vs % From Ino,. vs 191&
1 kHz 10 kHz 1000 kHz 1 MHz
BFO 0.69+0.02 0.86 0.37 0.19 0.08
BYFMO 0.75+0.04 1.76 0.36 0.13 0.10
BYFSO 0.89+0.04 1.20 0.91 0.86 0.64

vacancy.

4.3.4 Conductivity Studies:

Figure 4.3.6 manifests the ac conductivity behavior of un-doped and Y-Mn/Sc co-doped BFO ceram-
ics with the response to the applied electric field. The conduction mechanism in dielectric materials
depends on the movement of loosely bound charge carriers under the application of the applied

electric field. The ac conductivity of dielectric materials follows the Jonscher’s power rule [207]:

0w = Oge + AW™ (4.11)

where o, and o4, stands for net conductivity and dc conductivity of the material, respectively. ‘A’
is the pre-exponential factor, and ‘n’ value represents the degree of interaction between the mobile
charge ions and the lattices [208]. Figure 4.3.7 (a) elucidate both the experimental and theoretical
[Jonscher’s power rule fitted] plots for the frequency-dependent ac conductivity spectrum at various
temperatures. From the o, vs frequency plots, it is evident that the conductivity spectrum consists
of two main regions (i) I- the low-frequency region corresponds to grain boundary conduction and
(ii) II- the high-frequency region corresponds to grain conduction. The magnitude of o, increases
with the increase for the temperature of 30° —210° C due to the creation of O, during the sintering
process. The electrical parameters like o4., ‘n’ are calculated from the fitting results. The values
of oge at 100° C for BFO [region-I: 93 x 1076 (Q —m)~!, II: 71 x 1075 (Q — m)~!], BYFMO
[region-I: 79 x 1076 (Q —m)~1, II: 54 x 1076 (2 — m)~1], and BYFSO [region-I: 56 x 107¢ (Q —
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Figure 4.3.7: (a) Frequency dependent ac conductivity and (b) Arrhenius plots of Ino,. vs % for
BFO, BYFS50, and BYFS100 ceramics.

m)~t II: 43 x 107 (2 — m)~!] indicating the improved insulating properties of the co-doped
ceramics. The variation of n with respect to temperature suggests the existence model, which
explains the conduction mechanism of the ceramics. The different conduction models like quantum
mechanical tunneling (QMT) [n is independent of temperature], correlated barrier hopping (CBH) [n
decreases with increase in temperature], small polaron conduction (SPC) [n increases with increase
in temperature|, and overlapping large polaron tunneling (OLPT) [n reaches minimum followed by
further increase in temperature] are explains the conduction process in dielectric ceramics [209, 210].
In the present ceramics, the ‘n’ value for both the region-I and region-II decreases with the increase
[Appendix-I] in temperature indicate the conduction mechanism follows the CBH model and are

thermally assisted.

The activation energy (E,) for BFO, BYFMO, and BYFSO calculated from temperature depen-
dent Arrhenius plots are shown in Fig. 4.3.7 (b). The expression relating o and E, can be written

as:

o = ogexp( ;B;) (4.12)

The calculated E, values for all compounds at different frequency is shown in Table 4.3.3. For parent
and Y-Mn/Sc co-doped BFO, the activation energy decreases with the increase in frequency mainly

due to long-range O,s, which plays a significant role in the conduction mechanism.

73



25 ‘n’ Reference 16 \n' Reference :
3 20f 2 12f 300K
= y .
8 ri—n—3UK TYTI50K
— 15} i 20K | o] 360K
5010- ; 150K J\r .
o B = | 4t 100K
N 5 {b WA "[VW.W
= TSk | o} s SUK
O e AR 4 ®BYFSO b4
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
Time (ps)

Figure 4.4.1: (a) Terahertz time-domain spectra obtained from BFO and BYFSO compounds.

4.4 Temperature-dependent continuous-wave terahertz (CW-

THz) spectroscopy studies

The orthoferrites based semiconductor and insulators, have shown magnon softening near some
various spin orinetation temepratures, colossal magnon-coupling, and symmetry exchnage coupling
mechnaism [211]. Various theoretical models and analysis predict the existence of electromagnons
(spin waves coupled to polar phonons) in multiferroic [212]. The existence of electromagnons in MF
BFO single crystal was first evident in 2008 [213], while magnon-phonon coupling found in BFO
thin-films [214]. The multiferroic BFO has two magnon branches, which are noted as u and k. The
modulation of u and k magnon frequency with an external electric field was observed 30% and 15%,
respectively, which suggest a very long time taken by the electric field to control the magnons [215].
Why was such a long time taken to show the electric control of BFO magnons? One answer lies in
the difficulty to observe magnons at RT. The section will explained salient features of temperature-
dependent THz signal generated from the non-magnetic Y-Sc co-doped BFO ceramics and its related

optical properties.

Time-domain THz signal

The time-domain signal at various temperatures for un-doped and co-doped BFO compounds along
with reference (air) signal is diaplayed in Fig. 4.4.1. The accuracy of time period measurement can
be achieve 0.05 ps under the CW-THz system. Figure 4.4.1 (a) shows there are some oscillating
signals (30-40 ps) are appeared before the original transmitted pulses (near to 50 ps) from the
compounds, which evident to be generation of THz radiation signals. The THz signal is shifted
towards the higher time period with rise in the temperature, which confirms the electromagnetic
radiations are thermally activated. However, Y-Sc co-doping shifts both regular oscillating peaks
(between 40-50 ps) and transmitted signals (near to 55 ps) of BFO towards the higher time-period.
The shifting of the THz signal in co-doped compound may be due to the voids created by Sc3* at
Fe3t [216] and defects. But both the MF ceramics shown well enough THz signal, which may useful

for future potential applications.
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Figure 4.4.2: (a) Transmission spectra obtained from First Fourier Transform (FFT) of time-domain
spectra of BFO and BYFSO ceramics.

Frequency-domain THz transmission signal

The Fast Fourier Transform (FFT) of time-domain spectra provides the amplitude and phase of the
THz transmission spectrum from the BFO and BYFSO ceramics shown in the Fig. 4.4.2 studied in
the temperature range 4-300 K. Only a partial spectrum is presented for better observable. Both
the ceramics shows appreciable signal at THz region. The intensity of terahertz spectra gradually
decreases with increase in THz frequency for all studied temperature indication of high carrier
momentum relaxation time. The intensity of spectra further decreased with increase in temperature
due to the decrease in mobility at higher temperature. For BFO, two weak kinks are found in
transmitted spectum near the resonated frequencies at 0.25 THz and 0.55 THz and the later region
may associated with AFM mode [159]. However, BYFSO exhibit high intense transmission peaks
as compared to the parent, indicates the improved AFM order [216]. The resonate frequency of
AFM mode is exhibit blue shifts as rise in temperature. The effect of temperature on the resonate
frequencies more prominent below 200 K in BYFSO ceramic. Below 50 K, the frequency of AFM
mode shifted from 0.55 THz to 0.62 THz. At ultra-lower temperature, the AFM modes becomes
more harder at 0.72 THz and the resonant strength becomes weakening at higher thermal energy.
The transmission spectrum evident for AFM order at RT, while the exact contribution of FM order

due to D-M exchange interaction cannot be resolved properly.

Room temperature THz optical phenomena of non-magnetic tuned multi-

ferroic BiFeO3; compound

The THz spectra for un-doped and co-doped BFO system were successfully measured in the tem-
perature range between 4-300 K. The complex refractive index can be determined by using the

expression:

N(w) = n(w) + ik(w) (4.13)

where N depends on the complex permittivity (e*) and permeability (u*) through N = €* x p*
for magnetic systems. The THz optical constants refractive index (n) and extinction coefficient (k)

extracted from the THz measurements. Since we are looking at the THz signal contributing to
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Figure 4.4.3: (a) Refractive Index (n) and (b) extinction coefficient (k) of BFO and BYFSO ceramics.

the magnons and phonons, the variation of n and k as a function of frequency only displayed in
the Fig. 4.4.3. Figure 4.4.3 (a) shows the refractive indices of BFO and BYFSO with response to
frequency in THz region. The obtained value of n for BFO and BYFSO are 4.2 and 5.5 at 0.5 THz
indicating Y-Sc co-doping improved the refractive index of the material. The value of n found higher
in co-doped ceramics in entire frequency region. However, the value of k at low frequency region only
with 0.24 and 0.32 for BFO and BYFSO, respectively at 0.6 THz. The increase in optical constants
after co-doping may be due to the softening of phonon mode and rise in phonon damping [217]. The
sharp decreasing of n at low frequency region due to the suppression of free-electron gas behavior of
the materials. From the Fig. 4.4.3, both n and k exhibit broadening peaks in the THz region. Co-
doping shifts the peak of n towards high frequency region while behaves oppositely for the k spectra.
The obtained values and appearance of peaks indicates the insulating behavior of the compounds.
The complex dielectric constant (e*) of BFO and BYFSO compounds is investigated both in
extremely low frequency (ELF) and THz region. Figures 4.4.4 (a)-(b) depicts RT frequency mod-
ulated real (¢/) and imaginary (¢’) part of €* for BFO and BYFSO, respectively. Both € and €”
decreases with increase in frequency and attain saturation at high-frequency region due to Maxwell-
Wagner relaxation. The interfacial and dipolar polarizations are dominate the dielectric properties
in ELF region. The € of BYFSO (=3939.41) increases almost 51 times from the vicinity of BFO
(=75.86) due to its single phase structure, oxygen octahedra distortion, and homogeneous grain
distribution [218]. The non-magnetic ion modified BFO is a special class of MF system where the
many-body effect found strong. ¢ and €’ can be extracted from the value of n and k from the

expression [219]

€ = n(w)? — k(w)? (4.14)

€' = 2n(w)k(w) (4.15)

¢ and ¢’ at THz region behave in different way as compared to ELF. The real and imaginary
dielectric constant exhibits a similar dispersion behavior to n and k, respectively. The ¢’ for both
the ceramics exhibit similar behavior. The spectra can be observed in two region at the either side

of 0.9 THz. € increases with increase in frequency and attains maximum at 0.9 THz and starts
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Figure 4.4.4: Extremely low frequency (a) €/, (b) € and terahertz frequency (c) €, (d) ¢’ of BFO
and BYFSO ceramics.

further decreasing with increase in frequency. The relaxation peak is appeared at higher frequency
region of both the ceramics. The dispersive behavior of € are varied with the frequencies. Below
0.57 THz, the value of BFO smoothly increase upto 0.4 THz, while follow opposite after co-doping.
The behavior of €” follow similar trend for both ceramics. The appearance of dispersive nature may
modulation of polarization relaxation at various frequencies or the scattering effects from THz EM
waves [220]. However, the magnitude of ¢ and €¢” found improved in comparison to parent, which
also evident in ELF region.

The optical conductivity is an important property of the material. The conductivity can be
extracted from the dielectric constant and only the real conductivity of the BFO and BYFSO is
represent in Fig. 4.4.5. At low frequency region the conductivity of both ceramics found close, about
0.55 S/cm at 0.4 THz. The conductivity keeps increasing with rise in frequency and reaches 0.2 S/cm
and 0.16 S/cm for BFO and BYFSO at 1.25 THz, respectively and indicate co-doping improves the
insulating properties of BFO. To analogous this, the conductivity of both ceramics measured at
ELF region between the frequency range 10 Hz-1 MHz at RT as shown in the inset of Fig. 4.4.5.
Like THz, the conductivity is found minimum at the low-frequency, while maximum at the higher
frequency region. The spectra also evident improved insulating properties after co-doping. The THz
conductive spectra tried to fit with Drude, Lorentz, Drude-Smith, Drude-Loretz models, however
the Drude-Smith model found the best fit to it. The Drude-Smith model is expressed as:

Ne2r
me

&1

] (4.16)

U(w)zl—in +1—z'w7'

c1 represents the fraction of initial velocity of carriers which retained after a collision and can vary
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Figure 4.4.5: Frequency variation conductivity of BFO and BYFSO ceramics in THz region [inset:
extremely low frequency region]s.

between 0 to -1 [¢; = 1 Drude conductivity, ¢; = —1 complete carrier backscattering. e, 7, N,
m™ are the charge, scattering time, charge carrier density, and effective mass. The Drude-Smith
model effectively fitted to conductivity spectra of TiO9 and ZnO nano-particles arrays [221, 222].
The extracted RT carrier density for BFO and BYFSO ceramics are 1.58 x 10'6 and 3 x 10'6. The
scattering time for BFO reduces after Y-Sc co-doping (32 fs — 25 fs) at RT. However, the charge
carriers of both the conductivity spectra follows the correlated barrier hopping (CBH) model [223].

4.5 Summary

In summary, we have explored the modulation of dipolar polarization and relaxation behavior of
multiferroic BFO with elementary substitution (Y-Mn/Sc) effect. A perfect correlational between
the extremely low frequency and THz dielectric properties is obtained. The room temperature
dielectric constant (e,) of BFO enhance 51 times after Y-Sc co-doping. The tangent loss peak slowly
shifts towards the room temperature in the path BY FMO [70° C] — BY FSO [30° C], which
was originally appeared above 100 C for the parent compound. The relaxation peak retains up
to higher temperatures for BFO and BYFMO while wholly suppressed at a higher temperature for
BYFSO. The grain resistance and grain boundary capacitance dominate the conduction mechanism
for un-doped and co-doped BFO ceramic and are thermally assisted. The insulating behavior of
co-doped ceramics modified due to the presence of doubly ionized oxygen vacancies. The conduction
mechanism of all compounds follows the correlated barrier hopping (CBH) model and long-range
oxygen vacancies when associated with thermal energy. The Y-Sc co-doped BFO compound produces
intense THz signal in comparison to parent BFO, where the €, is nominal. The optical properties like
complex refractive index, dielectric properties improved after Y-Sc co-doping. Weak conductivity
in BYFSO indicates smaller leakage current. After analyzing the results obtained from Chapter-1
and 2, the BYFSO compound possesses improved multiferroic and magnetoelectric effect along with
dielectric properties, which indicates multifunctional behavior. Currently, bulk BFO is not suitable

for practical application; the physical properties of Y-Sc co-doped BFO need to discuss in thin-film
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material, which will deeply explain in the Chapter-5.
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Chapter 5

Electrically tuned stable
ferroelectric switching in
non-magnetic ion modified BiFeO3

films

5.1 Introduction

In recent years, multiferroic (MF) materials having an enormous impact on the scientific community
due to the possibility of tuning the magnetic ordering by an electric field and vice versa [224].
These materials possess the simultaneous coexistence of ferroelectric (FE), ferromagnetic (FM),
ferroelastic, antiferromagnetic, etc. in a single phase. The presence of these parameters not only
useful to understand the enrich physics but also provides depth information regarding many-body
systems like magnetoelectric (ME) effect, piezoelectric (PE), magnetostrictions, etc. Recently, there
has been much attention to the inherent properties associated with the FE or FM domain walls
of perovskite systems [225]. Hence, the manipulation of room temperature (RT) MF properties
of BiFeOs (BFO) thin films by domain wall engineering has tremendous prosperity to unveil the
possible scientific phenomena for practical applications.

For rthombohedral FE materials, the non-180° polarization switching is most significant. It is
known that 180° FE domain switching doesn’t change the crystal structure, while non-180° FE
domain switching may modify the elastic and magnetic properties of the rhombohedral system.
Non-180Y domain switching disturbed the switched domains, which may lead to losing the storage
information in non-volatile system [15]. The magnetoelectric coupling (MEC) in the rhombohedral
FE material is possible only when the non-180° domains switches under the applied electric field.
Piezoresponse force microscopy (PFM) [226] has the advantage to study both FE and PE properties
of the materials due to its high piezo-actuation sensitivity, spatial resolution, and ease of imple-
mentation [227]. Polycrystalline BFO based films exhibit different switching angles (71°, 109°, and
180°), which may be useful for multistate memory device applications.

We obtained excellent MF properties in the single-phase non-magnetic (Y-Sc) modified BFO
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ceramic system. The applications in bulk ceramic system restricted due to the presence of leakage
current, SSMS, and some other defects in BFO. This motivates us to understand the physical origin
of MF properties of Y-Sc co-doped BFO in thin-film material. In this chapter, we examine the
physical properties of MF BiFeOs (BFO), Y-doped Big.g0Yp.10FeO3 (BYFO) and Y-Sc co-doped
Bio.o7Y0.03Fe0.055¢0.0503 (BYFSO) films. The change in the properties from pristine — doping —
co — doping was carefully examined. The structural, microstructural, magnetic, and electronic
properties of Y-doped and Y-Sc co-doped BFO explained to understand the origin of MEC. This
chapter explains the salient features regarding stable FE switching in non-magnetic modified BFO
films. The electromechanical or PE properties of the films (BFO, BYFO, and BYFSO) deals for

possible future memory storage applications.

5.2 Experimental details

BFO, BYFO, and BYFSO were deposited on glass or fluorine-doped tin oxide (FTO) coated glass
substrate by using sol-gel spin coating technique. Bi(NO3)3.5H20 (BNH), Y(NO3)3.5H>0 (YNH),
Fe(NO3)3.9H20 (FNH), and Sc¢(NOs3)s.xH20O (SNH) are used as starting raw materials. For 0.01-
mole solution of BFO, BNH (5.0932 g) and FNH (4.0399 g) dissolved in 2-methoxy ethanol to make
a complete solution. Similarly, for Y-doped BFO solution 4.5402 gm of BNH, 0.3449 gm of YNH,
3.8379 gm of FNH raw powders were taken. However, for the BYFSO solution, 4.9403 gm of BNH,
0.1149 gm of YNH, 3.8379 gm of FNH, and 0.1155 gm of SNH were used. The solution stirred for 20
minutes at 80° C' to obtain a clear solution with the immediate addition of ethylene glycol and acetic
acid to continue the chemical reaction for the next twenty minutes. Further, the solution was cooled
down to RT and stirred for the next twelve hours to obtained the desired gel. The concentration of
the final solution was maintained to 0.25 mol/L. The gel was spin-coated on the substrate for 40 s
at 3000 rpm, and this process was repeated twice to obtained desired film thickness. The films were

under heat treatment at 550° C for 2 hours to get the desired phase.

The crystallography structure and phase analysis were investigated with X-ray diffraction tech-
nology (PanAnalytic, Cu Ka, 1.54 A°). The structural analysis further examined for all films with
transmission electron microscope (JEOL). Field -effect scanning electron microscopy (Zeiss ultra 55
FESEM) and atomic force microscopic (NX10 AFM) imaging performed to understand the surface
microstructure and roughness of the films with various resolutions (Zeiss). Magnetic measurements
were performed by vibrating scanning magnetometer (ADE Technologies USA, EV7), supercon-
ducting quantum interference device (Cryogenic), and magnetic force microscope (MFM) technique.
Electromechanical properties were performed on all film with various bias voltage under the piezo-
force microscopy (NX10 & Bruker). Capacitance-voltage (C-V) measurement carried out for both
films with Capacitance bridge AH2700A. Electric field controlled polarization for all films demon-
strated by using P-E loop tracer at frequency 50 Hz. The FE domain switching was performed on
BYFSO/STO(110) substrate under applied dc bias +10 V.
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Figure 5.3.1: (a) X-ray diffraction pattern (b) shifting of primary peaks for un-doped BFO, doped
BYFO, and co-doped BYFSO films.

5.3 Structural and Microstructural Analysis

Structural verification under X-ray diffraction pattern

Figure 5.3.1 shows the XRD patterns for BFO/glass, BYFO/FTO, and BYFSO/FTO systems.
Doping or co-doping didn’t induce any major structural transformation evident from the results. x*
represents the FTO phases that appeared along with modified BFO films. All present films exhibit
single-phase rhombohedral structure with space group R3c (JCPDA no.- 86-1518). The major
rhombohedral peaks of BFO disturbed after the addition of Y-Sc, as shown in Fig. 6.1.1 (b), which
was also noticed in bulk system. The shifting of these peaks evident due to the minimal ionic radii
difference between Y3+ (1.04 A)-Bi*t (1.17 A) and St (0.754 A)-Fe3* (0.654 A), which induce
the structural distortion. The lattice parameters (a, b, and ¢ and the volume (V') of the unit cell
modified in BYFO and BYFSO film, which is given in Table 5.3.1.

The change in these parameters indicates the FeOg octahedral cage distortion, which will play
a major role in multiferroic properties. The indirect evident for such type of distortion can be

identified by using Goldschmidt tolerance factor (t) expressed as [228]:

[(1 - x)’l“Bi3+ + xrys+ + 7‘027] (5 1)
\/5[(1 - y)’rF‘e3Jr + Yrses+ + TOZ*] .

where rps+,Tyst, Tpest, Tges+,and To2— are corresponds to the ionic radii of Bi3T, Y3+, Fe3t,
Sc*t, and O?~ ions, respectively. The calculated t for all film is found smaller than the ideal
perovskite crystal structure, as shown in Table 5.3.1 (t=1) [229]. The values below unity recommend
the presence of strain acting on bond-distance and bond angle. The strain developed in the films
due to the insertion of foreign ions is neutralized by the distortion of FeOg octahedral. It can be
seen Y-Sc reduces t, which further modify the Fe/Sc — O and Bi/Y — O bond-length, results in
the FeOg rotation and alters the long-range FE order. ¢ value for all films (¢ < 0.964) indicates
the existence of both in-phase and anti-phase tilting of FeOg octahedral [230]. EDS confirms the

elemental analysis and unchanged chemical composition stoichiometry after heat treatment.
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Table 5.3.1: Structural and microstructural parameter obtained from the XRD pattern and various
microscopy (FESEM, AFM, and TEM) techniques of BFO, BYFO and BYFSO film.

Sample code Lattice parameters | Grain size (nm) |
a="b(A) c (A) V (A%) t FESEM AFM TEM
BFO 5.5784(4) 13.8704(6) 373.81 0.9162 87 75-90 171
BYFO 5.1325(3) 13.8457(5) 373.45 0.8802 61 59-70 120
BYFSO 5.5821(9) 13.9011(1) 375.13 0.8849 94 110-120 188

BYFSO
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d=0.42 nm -

s
| — o)
U

)

-

=G

BYFO | BYFSO

Figure 5.3.2: (a) Transmission electron microscope (TEM), (b) high resolution transmission electron
microscope (HRTEM), (¢) SAED patterns for BFO, BYFO, and BYFSO compounds.
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Figure 5.3.3: (a) FESEM micrograph, (b) 2D-AFM, and (c) 3D-AFM images of BFO, BYFO, and
BYFSO film on 5 x 5 um scanned region.

Structural verification under transmission electron microscope analysis

Figure 5.3.2 (a) depicts the TEM images of pristine BFO, doped BYFO, and co-doped BYFSO
compounds. From the figure, it is evident that the particles are in perturbed spherical structure
for all BFO systems. The average particle size was calculated by using ImageJ software and found
around 171 nm, 120 nm, and 188 nm for BFO, BYFO, and BYFSO, respectively. Fig. 5.3.2(b) shows
the lattice fringe patterns originated from HRTEM images. BFO exhibit three lattice fringes with
interplanar spacing (d) 0.384 nm, 0.419 nm, and 0.265 nm, which are assigned to the crystal planes
(012),(012), and (11 0), respectively. Y-doping didn’t affect d (4.29 nm) of BFO, which leads to
the minimal fluctuation of lattice parameters. However, Y-Sc co-doping marks an abrupt change in
d, which leads to a larger variation of lattice parameters from the vicinity of BFO [Tab. 6.3.1]. Other
fringes also identified at various locations and are corresponds to the BFO phase. The crystalline
phases of BYFSO further verified with the SAED pattern, as shown in Fig. 5.3.2 (c¢). The obtained
crystal planes assigned to the (1 1 3), (104), (02 3), (213), (012). These originated crystal
planes are well-matched with JCPDS no. 86-1518, which confirming the retention of crystalline

nature after non-magnetic modification.

Microstructural analysis

Figure 5.3.3 (a) shows the FESEM micrograph of the un-doped BFO and its associated films. All

films exhibit dense microstructure without any grain diffusion at the grain boundaries, which avoids
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the pilling effects during transport property measurements. The grain size for BFO, BYFO, and
BYFSO are obtained 87 nm, 61 nm, and 64 nm, receptively. The variation of grain growth will
modify the oxygen stoichiometry of BFO after doping/co-doping.

The AFM images [Fig. 5.3.3 (b)] are useful to investigate the surface morphology of the films.
Pristine BFO comprises of mixed grains [avarage grain size = 75 — 90 nm] with the surface rough-
ness is approximately 8 nm. With Y-doping, the grain size (59 — 70 nm) and surface roughness
(3 nm) found stable. However, for co-doped BYFSO film, both grain size (110 — 120 nm) and sur-
face roughness (10 nm) posses significant change. The modification of grain size and roughness after
doping/co-doping may be due to the variation of internal chemical pressure, defect complex, ionic
radii mismatch [231]. The grain growth during the nucleation process may be modified in pristine
BFO due to the void created at the center of the octahedra cage after Y-Sc co-doping. Fig. 5.3.3 (c)
displays the 3D-AFM images for all films to understand the grain height distribution of the films.
The 3D-AFM reveal BFO consists of inhomogeneous hills that are developed throughout the ex-
amined surface. However, non-magnetic ion insertion helps in nucleating smooth hills and found
homogeneous for the BYFSO film. The improvement of hills due to the difference in electronega-
tivity between Bi-Y (2.02-1.22) and Fe-Sc (1.83-1.36), which provides stronger bond energy. The
bond enthalpy of Y-O is stronger than Bi-O, which helps in the formation of stable structure in
Y-Sc co-doped films. The film thickness was measured by optical profiler (Zeta) and found to be
around 460 £ 5 nm for all films [Appendix].

Conductivity Analysis by Conducting AFM

Fig. 5.3.4 (a)-(b) shows the CAFM topography image and its current mapping with the application
of bias voltage between +10 V. The current mapping explains the amount of current flow at various
applied bias voltage, which affects the resistance of the materials. The detail explanation current
mapping will be explained in the next chapter of the present thesis. The current of the corresponding
topology profiles for all films also measure, as shown in Fig. 5.3.4 (c¢). By applying the positive
voltage, the film conduct less as compare to opposite negative polarity, where the current flow is
maximum i.e., the film exhibits low resistance. This behavior of the films indicates the existence
of resistive switching phenomena in all films, which promises for future next-generation memory
applications. The detailed study of switching phenomena is discussed in Chapter-6. The curves
profile curve for all films, the ljcqrage value at 0 V of the CAFM mode, is in the current offset. The
conductivity of BFO, BYFO, and BYFSO film are very weak (pA range) and found higher in Y-Sc

co-doped BFO film, which supports effective resistive switching behavior.

5.4 Manipulation of ferromagnetic properties in non-magnetic
ion modified BFO thin-film

The magnetic interaction was found weak in AFM bulk BFO ceramics, discussed in Chapter-3.
However, the magnetization of BFO shows minimal growth after non-magnetic Y (3%: constant)
and Sc (5%, 10%) modification [38]. Its a quite interesting to investigate the intrinsic magnetic
properties of Y-Sc co-doped BFO in the form of thin films. Few reports suggest BFO film exhibits

saturation magnetization under low magnetic field [232], which motivates to study the intrinsic
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Figure 5.3.4: (a) C-AFM topography, (b) current mapping image, and (c) current profile of BFO,
BYFO, and BYFSO film on 5 x 5um.
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Figure 5.4.1: M-H hysteresis loop of BFO, BYFO, and BYFSO film at maximum applied field of
15 kOe. (b) comparison with various non-magnetic magnetization, and (c) spin-cycloid nature of
multiferroic BFO.
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Table 5.4.1: Magnetic parameters extracted from the M-H curve of BFO, BYFO and BYFSO film.

Sample code | M, (emu.cm=3) M (emu.cm™3) H, (Oe)
BFO 2.514 175 (Mis7) 0377
BYFO 0.79 2.87 0.266
BYFSO 6.154 9.45 0.822

magnetic behavior of non-magnetic modified BFO system. RT M-H hysteresis curve for all films
with the maximum applied magnetic field of 15 kOe is displayed in Fig. 5.4.1 (a). Except for BFO,
other films exhibit excellent saturation magnetization at the very low coercive field (H.). The
magnetic parameters extracted from the M-H curve are listed in Table 5.4.1. The parameters of
BYFO are found lesser than BFO in the present system, while found much better properties in
Y-doped BFO ceramics, and nano-fibers [25, ]. Moreover, the BYFSO film exhibit very strong
magnetization in comparison to the other studied films. In addition to this, the magnetization of thin
film based materials found much stronger than the Y-Sc/Mn co-doped BFO bulk ceramics [216, 38].
The enhancement in magnetization in thin films may be due to reduced grain size of nm range [234],
suppression of SSMS, and structural distortion created at the octahedral cage. The mechanism for
improvement in doped/co-doped films isn’t differed much from the bulk system, which is already
explained in Chapter-1. We explained the enhance FM properties in non-magnetic modified BYFSO
film based on the exchange interaction between the Fe-ions. Due to the non-magnetic behavior of
foreign Y3+ and Sc** ions, the magnetic improvement due to Y and Sc insertion ruled out. The
coercivity (H.) of non-magnetic modified BFO systems fluctuated from the pristine due to a change
in magnetocrystalline anisotropy. But all films exhibit low field saturation, which promises for future
memory storage applications.

The observed saturated FM behavior may be referred to as “canted ferromagnetism?”, where
the magnetic modification occurred due to change in the crystallographic angle and distance of the
perovskite system. Figure 5.4.1 (c) shows the aspect of AFM — FM behavior in MF BFO in the
presence of SSMS of order 62 nm. The magnetization only improved when the cycloid periodicity
reduced below 62 nm. Application of a huge magnetic field will destroy the SSMS in transition
through anhormonic field (H,,) — coercive field (H.) and switch to FM system. In our system,
the reduced particle size (nm range) and change in Fe—O and Fe—O —F'e (due to doping/co-doping)
unlock the SSMS present at F'eOg octahedra which result in an enhancement in magnetization. As
MF BFO is a complicated system, the improvement of FM properties one can study deeply by using
X-ray photoelectron spectroscopy (XPS), Neutron diffraction, Mossbauer spectroscopy, etc. We used
the XPS technique to validate the magnetization results.

To identify the elements and its oxidation states, XPS measurements were carried out for all
films. Figures 5.4.2 (a-b) and Figs 5.4.2 (c-d) elucidate the Gaussian-Lorentzian fitted XPS spectra
for Bi4f and Fe2p regions, respectively. From the XPS spectrum of un-doped BFO, Bidf spectrum
consists of two different peaks that appeared at 158.1 eV and 164.3 eV, respectively. The appeared
peaks are referred to Bidf7/, and Bid f5/,, respectively, which assigned to Bi-O bond-distance [235].
However, the position of Bidf;/; and Bidfs5/; is disturbed after elemental modification of BFO. The
position of (Bi4f7/2, Bidfs/2) for co-doped BYFO and double-doped BYFSO films extracted from
the fitting results are (152.7 eV, 158 eV) and (152.7 eV, 158 eV), respectively. The gap between

two Bidf peaks is obtained approximately 5-5.5 eV, confirming the valence state of Bi is in +3
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Figure 5.4.2: X-ray photoelectron spectrometer (XPS) spectra of Bidf (a) BFO, (b) BYFSO; and
Fe2p (c) BFO, (d)BYFSO films.

state in all studied films. From Fig. 5.4.2 (d), Fe2p is splits into two spectrum for Fe2p; o and
Fe2ps 5 due to spin-orbit doublet components in all films. The Lorentzian fitting results suggest,
the 707.6 eV, 725.8 eV belongs to Fe37 ions, while 702.2 eV and 722.56 eV belong to Fe3T originated
from pristine BFO. Similarly, in BYFO film, the position of Fe2p didn’t hamper much and found at
similar location obtained for BFO. But after, Y-Sc co-doping the position of Fe region peak evident
a shift and appeared at 702.2 eV and 722.56 eV. Moreover, all the studied films manifest both
Fe3t and Fe?t ions observed from XPS results. Based on the fitting results, the ratio between
Fe?t . Fe?t for BFO, BYFO, and BYFSO is calculated to be 1.27, 1.12, and 2.57, respectively,
which confirm the increase in Fe3t concentration after Y-Sc co-doping. In the present MF system,
partially filled d orbital of Fe3t in BFO plays a critical role in magnetic properties. As explained
in bulk ceramics, the magnetization enhancement in non-magnetic Y-Sc co-doped BFO, patterning
due to the increase in Fe3T concentration, which makes stronger the Fe-O-Fe exchange interaction.
In BYFO film, the decrease in Fee?t : Fe?" ratio indicates the weak super-exchange interaction,
which results in lower magnetic properties. Similarly, the higher Fe3* : Fe?t ratio makes stronger
Fe-O-Fe exchange interaction in BYFSO film, which improved the magnetization significantly, as

evident from M-H curve.

Zero field cooling (ZFC) and field cooling (FC) are fundamental techniques to understand the
intrinsic magnetic properties of polycrystalline materials. ZFC and FC magnetization curves (M-T)
for BYFO [Inset: M-T of BFO] and BYFSO films within the temperature range 10—300 K at applied
field 100 Oe are shown in Figs. 5.4.3 (a)-(b), respectively. The contribution from the diamagnetic
FTO substrate was subtracted from the magnetization data to obtain the exact contribution from
the studied films. Sharma et. al. explained a broad gap between FC and ZFC curve is visible at
50 K of BFO film reveals the origin of spin-glass behavior [236]. The magnetization of the FC curve

increases with reduction in temperature for all films. The gap is visible larger in both BYFO and
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Figure 5.4.3: Field cooling (FC) and zero field cooling (ZFC) for (a) BYFO [Inset: BFO], and (b)
BYFSO film between the temperature range 4-350 K at applied magnetic field of 100 Oe.

Figure 5.4.4: MFM images of un-doped BFO, Y-doped BYFO, and Y-Sc co-doped BYFSO films.

BYFSO film, which indicates the collapsing of the real AFM behavior due to spin frustration in
SSMS. Thus, both RT and low-temperature magnetization results indicate, Y and Sc modify the
original AFM of BFO, which leads to improving the magnetic properties.

The magnetic interactions in the sol-gel coated BFO, BYFO, and BYFSO films were identified
by MFM techniques, as shown in Fig. 5.4.4. The M-H curve found saturation in in-plane (IP) mode
and found weak when it was out-of-plane (OP). But some actions were present which may appear
from the surface topography. It can be believed, as the M-H magnetization is strong during IP, the
IP domains are persisting throughout the film surface. For MFM imaging, the film surface roughness
must need to be smooth, and a pulse laser deposited (PLD) grown films may provide a better picture

regarding magnetic information.
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Topography

Figure 5.5.1: (a-c) Topography, (d-f) out-of-plane (OP), and (g-i) in-plane (IP) phase PFM images
of BFO, BYFO, and BYFSO films.
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Figure 5.5.2: Capacitance-Voltage (C-V) measurements of BFO, BYFO, and BYFSO films.

5.5 Quantitative ferroelectric polarization switching in non-
magnetic modified multiferroic films under voltage re-

sponse

The piezoelectric (PE) or ferroelectric(FE) properties of BFO, BYFO, and BYFSO film investigated
by using the piezoforce microscope (PFM) technique. The surface topography [Fig. 5.5.1 (a-c)]
images reveal BYFSO posses higher domain size than other studied films, which is already demon-
strated in Fig. 5.3.3 (b). Figures 5.5.1 (d-f) and Figs.6.3.7 (g-i) depicts the OP- and IP-phase PFM
images respectively for all the films. From the images, it is evident that all sol-gel grown films ex-
hibit strong OP and IP PFM signal. But the non-magnetic ion doping/co-doping marks a significant
modification in FE domains of BFO film. The OP PFM image of pristine BFO consists of bright,
dark, and mix contrasts, which represent the polarization direction either upward or downward or
random, respectively. The mix phases indicate the FE domains are switched to the 71° and 109°
type ferroelastic domains, which is analogous to the PE properties [65]. The IP PFM image of BFO
has major differences as the majority of FE domains switched to the opposite polarization direction
with suppressing the upward and downward FE domains. 180°-type FE domain are suppressed with
Y-doping, while completely lapse in BYFSO film, which indicates most of the FE domains 71° and
109° type domains. 180° type domain switching was completed through 71° and 109° with various
states, which indicate the possible multistate memory application. From the above analysis, the
strong IP and OP PFM signal confirm Y-Sc co-doing enhances the PE properties and can be useful
for future potential applications. The FE switching behavior in prototypical FE materials directly
affects the orientation of domains and domain walls [237].

PFM analysis reveals BFO and its associated films exhibit FE properties, and capacitance-voltage
(C-V) measurement has a close association with it. Fig.5.5.2 (a) illustrates the RT C-V plots for
parent BFO, Y-doped BYFO, and Y-Sc co-doped BYFSO films measured at 1 kHz between sweeping
the voltage 0V — 1.5V -0V — 1.5V — 0 V. The non-symmetric hysteresis C-V curve under
+ve and -ve sweeping voltage indicates the presence of oxygen vacancies in BFO film, which leads
to suppress the FE behavior of the film. However, for BYFO and BYFSO film symmetric hysteresis
C-V curve with two sharp capacitance peak under +ve and -ve sweeping voltage indicates better FE
behavior after non-magnetic modification. BFO exhibit lower coercive voltage (V. = 0.9 V) than
BYFO (V. = 1.1 V) and BYFSO (V. = 1.2 V) indicate the presence of oxygen vacancies in doped
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Figure 5.5.3: (a) Ferrolectric polarization orientation in BYFSO film and schematic representation
of ferroelectric domain switching with opposite bias, (b) in-plane (IP) phase, (c¢) out-of-plane (OP)
phase PFM images with applied bias of +2 V, (d) ferroelectric polarization switching under dec
applied bias 8 V, (¢) CP-AFM current profile image under various voltage +10 of BYFSO film.

and co-doped films. The C-V loop of Y and Sc modified films is more broadened from pristine BFO,
which suggests the presence of high leakage current. In addition to this, the considerable variation
in capacitance between parent BFO and non-magnetic modified films indicates the improvement in
the degree of ferroelectricity in the Y-Sc co-doped BYFSO film.

Ferroelectric domains switching in BYFSO film under electrical influence

The electrical controlled FE domain switching of (1 1 0) grown BYFSO film on SrTi0s (STO)
substrate is further examined with PFM techniques. The schematic representation of eight possible
polarization orientations of BYFSO crystal cell are shown in Fig. 6.4.2 (a) [57]. The four upward
polarizations (P, Pa, P, P4) are approaching the surface and the other four downward polarizations
(P_y, P_3, P_3, P_4) are towards the STO surface. Figures 6.4.2 (b-c) manifests the 5 x 5 um
region of IP- and OP-PFM images of as-grown BYFSO film polarized under bias 2 V. The tip was
probe at 0° during scanning and found patchy irregular domains are evident from the PFM images.
The polarization P; and P, appeared in yellow color, while P3 and P, are brown observed from
IP-PFM image.

Figure 5.5.3 (d) depicts the FE polarization switching of the BYFSO film by applying +8 V
dc tip bias. The upward (+ve) and downward (-ve) biases were probed on the square region of
3 x 3 um (brown) and 2 x 2 um (Yellow), respectively. The PFM images were taken of large
square with immediate action of -ve bias the polarization switched suddenly to opposite direction.

From Fig. 5.5.3 (d), the upward polarization of FE domains is dominating over the downward
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Figure 5.5.4: (a) phase vs. voltage, (b) amplitude vs. voltage obtained during PFM measure-
ments, (¢) Room temperature P-E hysteresis loop of Y-Sc co-doped BYFSO films, and (d) sketch
to demonstrate FE polarization ordering along [111] direction.

polarization in BYFSO film. Maximum FE domains are switched to the downward direction (region-
I: corresponds to brown color) when polarized with dc bias of +8 V during scanning. Oppositely,
almost all the FE domains were reversed to upward polarization direction when the region-II is
polarized with dc bias of -8 V, and become the yellow color domains. This confirms +8 V dc bias is
sufficient to switch the upward and downward FE polarization domain completely in non-magnetic
ion modified BFO films.

The CAFM image of the BYFSO film is presented in Fig. 5.5.3 (e) with various upward and
downward voltages to examine the amount of flow of current. From the figure, it is observed that
the region with downward polarization shows minimum current flow than the region with upward
polarization (at +8), which may cause the FE polarization switching. Therefore the leakage current
at certain voltage (V.) can read out the information in a nondestructive way. These results discussed
above implied a symmetric FE hysteresis characteristic possessed by our sample, which already
verified with the C-V hysteresis loop (exhibit symmetry switching).

The local electrical properties were estudied through PE hysteresis loop measurement on BFO
film. The electromechanical performance of the BFO film is explained by piezoresponse phase-
voltage and the “butterfly-like” amplitude-voltage hysteresis loop displayed in Figs. 5.5.4 (a)-(b),
respectively. The two symmetric coercive fields V; =4 V and V_ = —4 V can be identified, which
ensures the polarization reverse is symmetric, which is evident from FE domain switching. The
amplitude is found higher in BFO film, which supports the higher PE constant (ds3) value. The
presence of a maximum non-180° domain with high ds3 value makes BFO promises for multistate
memory device applications [65]. To verify the symmetry FE polarization switching, the RT P-E
hysteresis loop of BYFSO film is represented in Fig. 5.5.4 (¢). The P, value is found 23 uC/cm?,
which is lower than the value (100 uC/cm?) achieved in epitaxially BFO thin films [237] due to
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the polycrystalline nature of the specimen prepared by sol-gel technique, line-defects from grain
boundaries. But, the obtained electrical parameters (P, & P;) are higher than the value obtained
in bulk-ceramics indicated the improved FE properties in thin-film materials and simultaneously
useful for device applications. Y-Sc co-doping may suppress the BiO bond length and strengthens
the covalent BiO hybridization in BYFSO film, which results in non-centrosymmetric distortion to
drive the Bi3* ions toward the [111]¢ direction and enhance long-range FE ordering, which explained
schematically in Fig. 6.4.3 (d) [32, 186].

The above analysis suggests Y-Sc co-doping significantly affects the FE properties of BFO. With
excellent FE polarization and complete domain switching, BYFSO film may be useful for non-volatile

memory device applications, which has been explained in Chapter-5.

5.6 Summary

The single phase (Rhombohedral: R3c) un-doped BFO, and non-magnetic ion modified BYFO,
BYFSO thin-films fabricated by using sol-gel spin coating technique. The grain and particle size
manipulated due to Y/Y-Sc insertion. The conductivity of the BYFSO is found weak in comparison
to BFO and Y-doped BFO film. The evidence for improved canted ferromagnetic properties and
spin glass behavior for long range temperature obtained in BYFSO film. MFM analysis suggests
in-plane magnetic domains are evident in all films. The ferroelectric domains switched completely
to non-180° with a maximum of 71° and 109° type ferroelastic in Y-Sc co-doped BFO film. All
upward and downward ferroelectric domains switched with the applied dc bias of £8 V', which is
well supported with symmetry C-V, P-E, and amplitude-voltage hysteresis curves. With significant
improvement in ferroelectric, ferromagnetic, and piezoelectric properties, the Y-Sc co-doped BFO
system is useful for future non-volatile memory applications, which was predicted in the previous

chapter.
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Chapter 6

Magneto-electric rectifying
multilevel resistive switching in

multiferroic based devices

6.1 Introduction

According to Moore’s prediction, the semiconductor industry is fastly approaching its lowest possible
scale limit [238]. This causes a surge in searching for new materials with more reliability and
functionalities for future generation memory applications. Resistive random access memory (RRAM)
can be considered as a potential candidate to cover up the shortcomings for the next-generation non-
volatile memory (NVM) due to their high-caliber performance, ultra-fast switching, high storage
data density, and low power consumption [239]. In RRAM, the data can be written and read by
switching the resistance between lower resistance state (LRS) [“1”] and high resistance state (HRS)
[“07] [240, ]. Novel MF BFO has a potential caliber for better switching performance due to
its stable resistive switching (RS) effect at room temperature (RT), which promises for RRAM
applications. However, the switching phenomena in MF material are quite completed due to the
coexistence of many ferroic orders. The elementary substitution method is an effective approach to
improve both the stability and performance of BFO based resistive memory. In the current thesis,
we investigate the RS effect in highly improved dielectric Y and Sc modified films with improved
magnetoelectric effects.

Considering the fact, most of the conventional RRAM operated under the application of applied
electric field (E) or current (I). However, with the development of technology, the requirement of a
multifunctional device is the desire for the modern community. In the past few years, additional per-
turbations like magnetic field, light, and temperature are the new parameters are used to control the
RS along with the applied F or I has been reported [242, , ]. Systems like MF and spintronics
deal with both electronic and magnetic phenomenon. Magnetic field H can provide an additional
degree of freedom for achieving the multifunction [245]. The appreciable modulation of resistance
states can be achieved under the light in Pt/CeO2/Nb : SrTi0O3 based resistive device [246]. MF

BFO response to both F and H, which promises for multifunctional activities. Material with good
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Figure 6.1.1: Multiferroic based Ag/BFO/FTO, Ag/BYFO/FTO, & Ag/BY FSO/FTO resistive
random access memory devices configuration and its effects under additional perturbation which
provide extra degree of freedom to achieve multifunction.

ME effect and stable polarization switching useful to achieve the multistate memory application and
BFO film have both ingradient [59]. Modulation of pulse-width (PW) and pulse-height (PH) useful
for improving the switching performance along with the multilevel resistive state. Alamgir et. al.
observed 14 various resistive states by tuning the PW of the device [247].

This chapter explains the salient features of the RS effect of BFO based RRAM device under the
influence of elementary substitution effect and applied magnetic field [Fig. 6.1.1] as the additional
perturbation. The effects of the magnetic field under the magnetic field not explored much. The
study of such a novel system will use to achieve multifunction, which is the primary desire for modern
technology.

6.2 Experimental Techniques

To fabricate Ag/M F/FTO devices, high-density BiFeO3 (BFO), Y-doped Big.99Yo.10FeO3 (BYFO),
and Y-Sc co-doped Big.97Y0.03F€0.955¢0.0503 (BYFSO) films need to grown on fluorine doped tin
oxide (FTO) coated glass substrate (15 ). The film deposition process is already explained in the
Chapter-5. For RRAM device configuration, the silver (Ag) contacts (0.2 mm) were made on the
all BFO based films due its favorable conduction and anti-oxidation properties. The distance be-
tween two consecutive Ag contact is maintained at 0.25 ¢m. The minimal work-function difference
between MF films and FTO makes easier for electrons to overcome the barrier under a small applied
potential. The device configuration of Ag/BFO/FTO, Ag/BY FO/FTO, and Ag/BY FSO/FTO
is illustrated in Fig. 6.4.26.1.1.

RRAM device characterization examined under Keithley 2400 and 4200. The RS effects were
explained through conventional I — V' characteristics. The effect of the magnetic field on RS of MF
based devices investigated by using an electro-magnetic unit (Walker Scientific), where the magnetic
field is applied both perpendicular (L) or parallel (||) to the applied electric field. PW modulated
multilevel RS effect measurements were performed by keeping the SET voltage constant at +3 V
and tune the PW from 30 — 60 us at fixed -3 V RESET voltage. However, pulse-height modulated
multilevel resistive states measurements were carried by tuning the PH from -3 - -5 V (fix PW of

60 ps) at a constant SET voltage (+3 V). RT impedance spectroscopy was performed to understand
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Figure 6.3.1: BRS I — V characteristics for [(a) BFO, (b) BYFO, (c) BYFSO], and logl — V curve
for [(d) BFO, (¢) BYFO, (¢) BYFSO] based RRAM device.

the macroscopic origin of RS effect in MF based devices by using LCR meter (Novocontroller) in
the presence of magnetic field (0-3000 Oe) in a wide frequency range between 1 Hz — 1 M Hz.

6.3 Effect of doping (Y) and co-doping (Y-Sc) on the resis-

tive switching properties of multiferroic BiFeO;

6.3.1 Electric field rectifying RS effect in un-doped and modified BFO
system

Rhombohedral BFO, BYFO, and BYFSO films with improved MF properties and ME effect [ex-
plained in previous chapters| are promises for next-generation NVM technology. To examine the
RRAM characteristics, the RS effect on 50 x 50 um? Ag/BFO/FTO (A), Ag/BY FO/FTO (B),
and Ag/BY FSO/FTO (C) memory cells was studied under applied voltage. The RS effect in MF
based devices is explained through conventional I — V' characteristics. Except for A, the other
two devices (B, C) exhibit RS effect without any electroforming process, which is one of the novel
characteristics of high-density data storage devices.

Figures 6.3.1 (a-c) & (d-f) displays the linear I —V and semi-logarithmic (logl — V') “butterfly-
like-curve” characteristics of A, B, and C devices obtained by sweeping the voltage between 0 V' —
TV-o0V—os-7V>0V(AandB)and 0V -2V -0V — -2V — 0V (C), respectively.
(a)—(b)—(c)—(d) represents the direction of flow leakage current (Ijeqkage) for one complete cycle.
For memory cell A, the electroforming process is obtained by applying a high positive voltage of
9 V on the Ag top electrode at the beginning with compliance current (cc) of 10 mA to activate
the RS properties of the memory cell. A compliance current (cc) of 10 mA was applied to avoid

the permanent dielectric breakdown for smooth operation. All the studied devices exhibit initial
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Figure 6.3.2: CAFM topography images for (a) BFO, (b) BYFO, (c) BYFSO, and their respective
I -V curves (d) BFO, (c) BYFO, (c) BYFSO films.

HRS due to the high dielectric behavior of MF films. When a positive (4+ve) sweeping voltage
is applied with respect to top electrode (Ag), licakage €vident a sharp jump at 3 V, called ‘SET’
process (Vspr or Vi = 3V : threshold voltage) and switch to LRS. Similarly, during negative
(-ve) sweeping voltage, the ‘RESET’ process occurred at Verpspr = —3 V, and the device restores
to HRS. Similarly, for devices B and C, the (SET, RESET) process obtained at (Vsgr = 1 V,
Veeser = —3.7 V) and (Vsgr = 1.8 V, Vggspr = —1.8 V), respectively. Except for BYFO,
other devices exhibit homogeneous symmetry BRS behavior ensures a better switching process. The
modulation of threshold voltage (V;) in Y-Sc modified BFO films may be due to the structural
distortion, defects, and oxygen stoichiometry.

The evidence for the coexistence of RS phenomena is MF films is further examined through
conducting atomic force microscopy on area 5 x 5um. The I — V characteristics [Figs. 6.3.2 (a-c)]
obtained from CAFM measurements confirms the existence of the RS effect in all studied films,
which is originally evident in device configuration [Figs. 6.3.1]. The conductivity is very weak, i.e.
pA range for all films and found higher for Y-Sc co-doped BFO film due to larger Ijcqrage. The low
conductive films also support the initial HRS state of the resistive device. The current mapping at
the various voltage of BFO, BYFO, and BYFSO film is shown in Fig. 6.3.2 (d-f) under applied bias
+10. The bright areas were written with -ve voltages, and the dark areas were erased with +ve bias
voltages with overall mapped at 0.5 V read voltage. The uniform distribution of currents under -ve
bias voltage indicates the coexistence of a large number of conducting filament which attributes the

LRS, which is difficult to distinguish for a single filament on such a large scale.

6.3.2 Endurance characteristics or retention properties of Ag/MF/FTO
RRAM devices

The term ‘endurance’ refers to the reproducibility i.e., in RS, the maximum number of repeated
cycles obtained from a single voltage operation. The endurance characteristics also termed retention

properties. The endurance characteristics of A, B, and C devices obtained through sweeping the
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Figure 6.3.3: Endurance characteristics (a) BFO, (b) BYFO and BYFSO, (c¢) cumulative probability

distribution, and (d) Rorr/Ron = OFF/ON ratio for 50 complete testing cycles of BFO, BYFO,
and BYFSO based device.

multiple I — V hysteresis cycles. For the present devices, we performed 50 repeatable testing cycles,
which is found stable without any large-degradation in the device performance. The non-degradation
of the device ensure switching between HRS and LRS is reproducible, reversible, and controllable.
The memory window (Rorr/Ron = OFF/ON) of device A for 50 repeated hysteresis cycles is
obtained around 12, as shown in Fig. 6.3.3 (a). Both Y-doping and Y-Sc co-doping increase the
resistance of HRS and LRS simultaneously. The OF F/ON ratio for B and C obtained around 12
and 100, respectively, observed from Fig. 6.3.3 (b). The systematic enhancement of resistance in
BYFO and BYFSO films may be due to the increase in leakage current [inset: Fig. 6.3.3 (d)], which
eventually increases the O, concentration. The change in O, stoichiometry in modified BFO system
may be another possible reason for improved device stability and performance. The enhancement
of switching ratio after foreign element substitution indicating the role of O,s compensates for the
charge neutrality. Figure 6.3.3 (c) displays the cumulative probability distribution of LRS and HRS
for investigated A, B, and C device structure. The obtained plots ensure stable distribution of the
LRS with the minimal unstable distribution of the HRS, which indicates the excellent switching
performance of the devices.

Figures 6.3.4 (a-c) shows the XPS spectra of the O 1S core-level regions of BFO, BYFO, and
BYFSO films. The spectrum for all films is fitted with the Lorentzian component. The position
of two sub-peaks of BFO is located at 523.90 eV and 527.85 eV, which referred to as lattice (core
spectrum of O 1S) and non-lattice oxygen (attributed to O, ), respectively. Similarly, the positions of
(lattice, non-lattice) oxygen after Y-doping and Y-Sc co-doping are (529 eV,532.4 V) and 523.90 eV,
527.85 eV), respectively, obtained from the fitting results. Comparing the area ratio of BFO, BYFO,
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Figure 6.3.4: XPS spectroscopy for oxygen O1S core-level spectra of (a) BFO, (b) BYFO and BYFSO
films.

and BYFSO, the ratio systematically decreases with doping and co-doping, indicating an increase
in Oy, supported by leakage current analysis. O,s is maximum in BYFSO film, which leads to
improving RS effect in the Y-Sc co-doped BFO film. The above results suggest, Y-Sc co-doping
improves memory cell performance and storage capacity about ten times larger than the value

obtained for BFO film, which promises for its implementation in future NVM devices.

6.3.3 Conduction mechanism of resistive switching behavior in multifer-

roic based devices

Charge transport at LRS and HRS:

To elucidate the BRS behavior in the fabricated devices, the current conduction mechanism should
be properly understood. The RS effect in both single-phase and polycrystalline BFO thin films was
reported earlier [248, 249]. We studied its effect on an improved MF system after non-magnetic
ion modifications. The switching phenomena have been explained using various conduction models
such as Ohmic conduction, space charge limited current (SCLC), Poole-Frenkel emission, Schottky
barrier emission, etc [135, 133, 139]. The I — V curves have been tried rigorously to simulate with
the above-mentioned conduction models; however, it is found best fit with trap-controlled SCLC
conduction process and Schottky emission model.

Figures 6.3.5 (a) and (d) displays the conduction process at LRS and HRS of Ag/BFO/FTO
device under opposite polarity (i.e., +ve and -ve sweeping voltage) by re-plotting the I — V' curve
into the logarithmic scale. The memory cell is initially at HRS, and the conduction process in this
state is assisted by trap-controlled SCLC. SCLC posses three various (i) Ohmic (I o« V), (ii) Child’s
square law (I o< V2), and (iii) the sharp leakage current increase regions [250]. The Ohm’s law and

Child’s law region are expressed with current density (J) [251]
Vv
Johm = qno,ug and (6.1)
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Figure 6.3.5: (a)LRS, (b) HRS Ohmic-SCLC conduction model for Ag/BFO/FTO; (c) LRS Ohmic-
SCLC, (d) HRS Schottky barrier emission model for Ag/BYFO/FTO, (¢) LRS Ohmic-SCLC, (f)
HRS Schottky barrier emission model for Ag/BYFO/FTO.

2

Jenitd = %M% (6.2)
where, ¢, ng, and p are the elementary charge, free charge carriers density at thermal equilibrium,
and mobility of electrons, respectively. V and d are the applied voltage and film thickness, re-
spectively. According to the SCLC mechanism, the injected charge (n;) carriers are lower than the
thermally generated charge carriers (ng), which depends on the electrical properties of the dielectric
material and the applied electric field. ng exhibit higher relaxation time, which doesn’t allow these
carriers to transport through the entire film thickness, which causes the device to remain in HRS.
With increase in voltage, the n; > ng, resulting in filling of available trap site present in the film
and the Ohmic region transform to SCLC region. With further increase in voltage, all trap sites are
filled, which allows n; to move freely along the film, leading to the steep rise in current and device
switch to LRS (Vi = +3 V present device). However, at LRS, the transport process is entirely
dominated by Ohmic conduction with obtained slope m ~ 1. The different types of conduction
mechanisms at HRS (Ohmic — SCLC) and LRS (Ohmic) indicate that the ON state conductivity
is due to the formation and rupturing of conductive filaments [2418]. However, for -ve sweeping
voltage, the conduction mechanism behaves similarly when the device evident switch from LRS to

HRS [Fig. 6.3.5 (d)].
Like BFO, Ag/BY FO/FTO and Ag/BY FSO/FTO RRAM devices at LRS and HRS follow the
similar conduction process under both +ve and -ve biasing voltage. We explain the results obtained

from the B and C during +ve sweeping voltage as follows:

(i) Y-doping marks an abrupt change in the conduction process at LRS [Fig. 6.3.5 (b)], where the
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State LRS HRS
Sample code | +ve bias | -ve bias | 4ve bias | -ve bias
BFO Ohmic Ohmic SCLC SCLC
BYFO SCLC SCLC | Schottky | Schottky
BYFSO Ohmic Ohmic | Schottky | Schottky

Table 6.3.1: Conduction models explaining the resistive switching effect at high resistance state
(HRS) and low resistance state (LRS) by sweeping the positive and negative bias voltage for BFO,
BYFO, and BYFSO based RRAM devices.
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Figure 6.3.6: Impedance spectroscopy analysis explaining RS mechanism at HRS (a) BFO, (b)
BYFO, and (c) BYFSO, and at LRS (d) BFO, (e¢) BYFO, and (f) BYFSO multiferroic based
RRAM devices.

~
~

switching mechanism transfer from Ohmic-SCLC with obtained slope m 1 at the low-voltage

region and m & 2 obtained at the high-voltage region.

(ii) Addition of Sc to BYFO forth back the conduction process of LRS to its original state with
obtained slope m =2 1, as shown in Fig. 6.3.5 (¢).

Doping and co-doping induce the charge transport mechanism at HRS with the response to the
voltage signal. The HRS state for B and C devices has been explained through In(I) « V2 curve as
shown in Figs. 6.3.5 (e)-(f). The curve is well fitted with the Schottky barrier emission conduction
mechanism, which ensures that due to excess thermionic emission, the electrons are unable to jump
the barrier height created between the interface of the switching layer and electrode, which results
in a sudden drop-down in conductivity. The conduction models describing the RS effect at LRS and
HRS during the +ve and -ve sweeping voltage for all studied device system is listed in Table 6.3.1.

103



Sample code HRS LRS
RI(MQ) | R2(MQ) | C1 (pF) | C2(pF) | R.(k2) | R1 (k) | C1(pF)
BFO 17 54 18.4 21 114 7.8 15
BYFO 38 89 27 38 145 89 34
BYFSO 42 94 39 44.7 120 12 42
Table 6.3.2: The electrical parameters at HRS [grain/bulk resistance (R1), grain boundary resis-

tance (R2), CPEL, and CPE2) and at LRS (contact resistance (R.), R1, and CPE1) are extracted
from the fitting model for BFO, BYFO, and BYFSO based memory device.

Impedance spectroscopy verification at LRS and HRS

The conduction mechanism has been further explored through the impedance spectroscopy analysis
measurements carried out for the devices at HRS and LRS studied at a wide frequency range between
1 Hz-1 MHz. Figures 6.3.6 (a)-(c) displays Nyquist plots at HRS A, B and C devices, respectively,
where the obtained impedance found in the range of M). After switching to LRS, a sudden drop-
down of impedance (k€2) confirms the RS phenomenon driven by the formation of conducting O,
channels through the MF films. The relaxation time due to the Debye relaxation process can be
calculated by using the equation:

wr=1

(6.3)

w and 7 are the frequency and relaxation time, respectively. A substantial decrease in relaxation
time (us to s) during the RESET process explains the damping rate of hopping of charge carrier
results in the HRS [252].

The Nyquist plots obtained from Impedance spectroscopy at HRS and LRS are simulated with
At HRS, he electrical

circuit comprises of two parallel combinations of the R-C circuit connected in series. However, at

equivalent electrical circuits shown in the inset of Fig. 6.3.6 (a) and (d).

LRS, the circuit consists of the parallel combination of a resistor (bulk resistance) and capacitor
(bulk resistance) combined with a resistor (contact resistance) in series. The electrical parameters
at HRS [grain/bulk resistance (R1), grain boundary resistance (R2), CPE1l, and CPE2] and LRS
[contact resistance (R.), R1, and CPE1] are extracted from the fitting model listed in Table 6.3.2.
The grain capacitance (C1) and grain boundary capacitance (C2) one can found by using the values
of constant phase element CPE1 and CPE2, respectively.

From the above results, the grain boundary effect dominates the conduction process at HRS,
while grain/bulk effect plays a vital role during the charge transport at LRS. The values of R1
from HRS to LRS asserting that the RS mechanism is driven by the large change in bulk resistance
due to the creation of conducting O, channel inside the MF films [253]. There was no significant
degradation in the capacitance (C) value during the transition from HRS to LRS of the devices. A
negligible variation in C' during the switching process suggests the construction of a large number
of parallel conducting channels. The origin of the conducting channels analogous to the several

capacitors is connected in parallel during the SET process.

Oxygen migration induced oxygen vacancies

The Ohmic-SCLC conduction mechanism and impedance analysis indicate the BRS behavior is

attributed by the formation or rupturing of the conducting O, filament, as shown in Fig. 6.3.7. In
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Figure 6.3.7: BRS mechanism with formation and rupturing conducting filament at (a) pristine
state, (b) LRS, (c¢) HRS for Ag/BFO/FTO RRAM device.

MF BFO, O, is the primary driver for switching behavior. With the application of +ve voltage
to Ag, the +vely charged O, moves towards the cathode, and O~ ions move towards the anode.
This resultant ionic motion build a conducting filament between Ag and FTO, which makes the
device switch to LRS. However, during -ve voltage, the filament rupturing takes place and restores
the device at HRS. The extensive electron diffraction spectroscopy (EDS) analysis confirmed there
was no diffusion of Ag into the BFO film. In non-magnetically modified BFO devices, the volume
cell modulation attributed the O, created towards the cathode, while the electrons knock out from

O, drifts towards the opposite electrode.

6.4 Magnetic field modulated multilevel resistive switching
behavior in Ag/BiFeO3;/FTO device

The elemental substitution effect as an advantage to improve the RS behavior in MF BFO. In the
above section, we explain the RS phenomena controlled under the action of current and voltage only.
It is already discussed, BFO and its associated films exhibit multifunctional properties such as MEC,
PE, magneto-striction, etc. due to the existence of many order parameters simultaneously in the
single phase. ME effect phenomena not only useful to understand rich scientific phenomena but also
promises for novel multifunctional application. Due to the MF nature of BFO, the charge carriers
response under the application of the magnetic field in comparison to other non-magnetic compounds.
The evidence for the existence of magnetoelectric coupling (MEC) in BFO is already explained in
Chapter-3. However, there is a high chance for improving MEC in BFO thin films [254, 255]. A high
ME effect material promises for multistate memory applications [256]. Hence, this motivates us to
investigate the effect of the magnetic field on the RS effect of the device. Due to the application of

an additional degree of freedom, the performance of the device can be improve for high-density data
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Figure 6.4.1: (a) Stability of the Ag/BFO/FTO device over a period of one year, (b) schematic
representation of I —V measurements set-up with the application of magnetic field, (c) typical I —V
characteristics in linear scale, and (d) shifting of V; under the influence of various magnetic field.

storage capacity.

6.4.1 Effect of the magnetic field to the resistive switching behavior

The stability of the MF based Ag/BFO/FTO device observed for one year, which ensures the non-
degradation of the device for a long time [Fig. 6.4.1 (a)]. Figure 6.4.1 (b) shows the schematic
arrangement of device characteristics measurements under the application of the magnetic field (H)
by using the electromagnet unit. We applied H perpendicular (L) to the flow of current (I), as
shown in Fig. 6.3.7 (c). To observe the effect of the varying magnetic field to the resistance states of
the device, we measure I — V characteristics of the Ag/BFO/FTO device at the various magnetic
field displays in Fig. 6.4.1 (c). Originally, the device exhibit SET process at V; = 3 V' [Fig. 6.3.1 (a)]
without any magnetic influence. However, the device evident a shift in V; towards the higher voltage
region with the rise in H, which indicates the magnetic influence delay the transition from HRS to
LRS [257]. According to EM theory, the charge carrier experiences a Lorentz force, which is out of
the plane of the paper (E 1 H ) under the application of a transverse magnetic field. The expression

for Lorentz force:

F=q(E+vx poH) (6.4)

where q and E are the electron charge and the applied electric field, respectively. v is the drift
velocity of the electron and g is the permeability in the vacuum. H the external applied magnetic

field, which is perpendicular to the flow of current. The appearance of Lorentz force during ELH
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Figure 6.4.2: Enhance OFF/ON ratio with varying magnetic field applied externally to the device.

affect the device under the magnetic field. In T%O2 based device, the residual Lorentz force was
experienced, which carry forwards the transport mechanism [245], which cannot be ruled out in
the present studied configuration. Essentially, in MF, the polarization (dipoles) are tuned by both
electric (F) and magnetic field (H) and vise-versa. Hence, it is easy for the charge carrier to
carry forward the process as compared to other magnetically controlled system. Also, the MEC in
BFO plays a vital role to modulating the resistance when the voltage is applied in the presence of
the magnetic field [45]. The device also tested while the magnetic field is parallel to the flow of
current and found minimal effect. The modulation of the V; under both condition is displayed in
Fig. 6.4.1 (d).

The retention or the endurance characteristics of the Ag/BFO/FTO device was investigated by
performing 100 multiple testing cycles and found stable [Appendix]. The non-degradation of the
device ensures the switching between HRS and LRS is reproducible, reversible, and controllable.
The OFF/ON ratio already obtained [Fig. 6.3.3 (a)] was obtained 12 for the device. The endurance
characteristics of the device further examined under the influence of the external magnetic field
[0 — 3330 Oe] for 20 repetitive cycles (cc ~ 10 mA constant), as illustrated in Fig. 6.4.2 (a). The
magnetic field was withdrawn intentionally at each state to verify the immediate effect after mag-
netic interaction for 10 cycles. However, the device restores to its original configuration once the
magnetic field is removed. From Fig. 6.4.2 (a), the resistance of both LRS and HRS improved with
increase in the magnetic bias from 0 — 3330 Oe. The increase in resistance may be due to the
appearance of Lorentz force, which opposing the motion of oxygen vacancies to move freely inside
the dielectric layer, resulting in weakening the conducting state and increase the resistance. More-
over, the switching between HRS and LRS is hampered, and OFF/ON ratio falls from 12 to 10
at 3330 Oe. The tuning of resistance confirms the magnetic field modulates the switching states of
the device. Although the RS performance is not better than other conventional RRAM devices, our

results indicate possible multifunctional applications in NVM industries.
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Figure 6.4.3: (a) The change of resistance state at pulse width 30 us and 60 us, (b) resistive switching
of Ag/BFO/FTO device with varying pulse voltage and magnetic field.

6.4.2 Magnetic field controlled pulse-width (PW) and pulse-height (PH)
modulated multilevel resistive switching behavior in Ag/BFO/FTO

device

RRAM devices categorized as one of the most leading emerging NVM technology and are the strong
contender for replacing the existing present nonvolatile devices. Besides scaling down the cell area,
the data density of the device can be increased in a multilevel cell (MLC) memory device. Presently
in RRAM, the multilevel RS has been achieved by modulating the cc, RESET voltage, and voltage
pulse amplitude [258, , ]. However, many of these results have not shown sufficient switching
ratio within these resistive states. Sometimes these states are overlapped during modulation of

applied parameters, which can lead to create errors during data storage.

Pulse-width modulated multilevel resistive switching

The MF Ag/BFO/FTO RRAM device can achieve multilevel resistive states by modulating the
pulse-width (PW) to 50 x 50 zm? memory cell. For PW modulation, we applied a fixed SET voltage
(43 V) and pulse width (10 us) to achieve the LRS of the device. A RESET voltage (-3 V) is applied
to achieve the HRS state. The resistance of these states improved with a systematic increase in PW
from 30 — 60 ps (cc =~ 10 — 30 mA), as shown in Fig. 6.4.3 (a). From figure, the device achieved
various resistive states by tuning the RESET PW. However, the saturation of resistance beyond
60 us ensures no further available states. The OFF/ON for each RESET state (30 — 60 us) is
calculated for 10 repeated cycles, which suggests minimal growth during PW modulation. Alamgir
et. al. reported thirteen discrete resistive states achieved in bi-layer TaO, based RRAM device [247].
Moreover, the change in resistance is minimal in the present device in comparison to the Ta-based

device. The variation of resistance of HRS as a function of PW is shown in Fig. 6.4.3 (b).
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Figure 6.4.4: (a) The change of resistance state at pulse width 30 us and 60 us, (b) resistive switching
of Ag/BFO/FTO device with varying pulse voltage and magnetic field.

Pulse-height modulated multilevel resistive switching:

Similarly, for pulse-height (PH) or pulse-amplitude modulated multilevel RS, we fixed the SET
voltage at +3 V and PW of 60 us. The device achieved discrete resistive states while changing the
PH from -3 V to -5 V, as displayed in Fig. 6.4.4 (a). The OFF/ON ratio improved significantly,
which is previously restricted during PW modulation. The variation of resistance with modulation
of PH is displayed in Fig. 6.4.4 (b). We further examined the PH modulation under the various
magnetic field between 0 — 3330 Oe, as shown in Fig. 6.4.4 (a)-(c). The resistance of both SET and
RESET states increases systematically with the rise in the magnetic field due to the appearance of
Lorentz force and the existence of the ME effect in the MF BFO film. Shen et. al. achieved multilevel
states in ME PMN-PT/Terfenol-D MF heterostructure due to ME effect [256]. The obtained resistive
states with a magnetic field can be categorized into sub-multilevel resistive states and can be used
for neuromorphic and future multi-bit data storage applications [261]. The variation of resistance
under the magnetic field displays minimal growth, as shown in Fig. 6.4.4 (d). The studied results are
reproducible and stable during measurements. The tuning of resistance states with various magnetic

field precisely uses for future multilevel RRAM resistive memory device.

The above results suggest, achieving the discrete multilevel resistive states of Ag/BFO/FTO by
modulating the PW, PH, and magnetic field, indicating the tuning of RRAM device in a multifunc-

tion way, which can be operated in remote way.
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Figure 6.4.5: (a) Impedance spectroscopy at HRS and LRS, and (b) Nequist plots at HRS and LRS
with varying magnetic field.

6.4.3 Magnetic field influence impedance spectroscopy analysis at HRS
and LRS of Ag/BFO/FTO device

To elucidated more discussion regarding the RS effect in Ag/BFO/FTO device, the impedance
spectroscopy has been performed under various magnetic fields (H) between 0 — 3000 Oe. Fig-
ures 6.4.5 (a-b) shows the frequency, and the magnetic field modulated real (Z’) and imaginary
part (Z") of complex impedance at both HRS and LRS, respectively. Z’ and Z” for both HRS and
LRS increases with increase in H, which found analogous with the I — V' curves under the magnetic
influence [Fig. 6.4.2 (a)]. Figures 6.4.5 (c)-(d) represent the Nyquist’s plots under the magnetic field
at both HRS and LRS, respectively. The appeared semicircular arcs are well fitted with the R-C
equivalent circuit [inset: Fig. 6.4.5 (d)]. The extracted electrical parameters reveal, the grain resis-
tances (R7) increases with increase in H [for both states] confirms the control of impedance state
with the magnetic field. Also, the diameter of semicircles for both switching states expanded with
the rise in H supports the improved R;. In addition to this, the sudden drop-down of resistance
from HRS (MQ) to LRS (k) specifies the RS effect in MF based RRAM device. The change in
impedance with the magnetic field looks promising for the future magneto-impedance based sensor

in MF materials.
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6.5 Conclusion

In summary, we have explored the effect of elemental substitution and magnetic field on the re-
sistive switching behavior of the multiferroic based RRAM device. The performance of the device
is improved significantly in the presence of additional parameters. The I — V' characteristics for
Ag/BFO/FTO, Ag/BYFO/FTO, and Ag/BY FSO/FTO devices are produced distinct hystere-
sis loop, which ensures the proper BRS behavior in the devices. The conduction models such
as Ohmic, while trap-controlled SCLC, Schottky barrier emission dominates the conduction pro-
cess. The memory window or switching ratio between the HRS and LRS improve significantly with
doping/co-doping and found maximum for Y-Sc co-doped based device. The application of the mag-
netic field shifts the threshold voltage towards higher voltage due to the appearance of the Lorentz
force when the magnetic field is perpendicular to the direction of the flow of current. Substantially,
the resistance of the resistive states of Ag/BFO/FTO further increases systematically with the in-
crease in the magnetic field. The modulation of resistance states under the application of magnetic
field promises for high data-density and ultrafast multilevel RRAM devices. Discrete multilevel
resistive states of Ag/BFO/FTO by modulating the pulse width, pulse height, and magnetic field,
indicating the MF based device behaves as a multifunctional memristor. The switching is repro-
ducible, reversible, and controllable for all the devices, which can be utilized for future NVM and

information technology.
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Chapter 7

Summary and scope for future

work

In this thesis, we explored the existence of many-body effects such as magnetoelectric (ME) effects,
piezoelectric effect, etc. and its possible applications in multiferroic Y-Sc/Mn co-doped BiFeOs
compound. Based on the results that we presented in previous chapters, we summarize our results

as follows:

7.1 Summary

7.1.1 Temperature-dependent terahertz signal from antiferromagnetic tuned

BiFeOs ceramics

Multiferroic bismuth ferrite system tuned under co-doping with combination of partially filled
d-shell (Nd-Gd), unfilled (Y)-partially (Mn) filled d-shell, and unfilled d-shell (Y-Sc).

o Co-doping with partially filled d-shell Gd>* and Nd®t improved the ferromagnetic properties
in rhombohedral R3c structure of BFO. However, the appearance of secondary phases and

weak ferroelectric signals minimize the possibility for existence of any application.

e Y-Mn helps in stabilizing crystal structure with low field saturation of BFO. But, the poor

ferroelectric and dielectric properties minimize the chances for good magnetoelectric material.

e Non-magnetic unfilled d-shell Y3 and Sc**t ions modified BFO ceramics marks much focus
due to its stable crystalline structure with the noticeable improvement in multiferroic and

magnetoelectric properties.

e Shifting of THz peaks with increasing the temperature indicates the delay in the signal, which
leads to small modification in the refractive index observed from THz spectra of time-domain
spectra. However, in frequency domain spectra for THz signal, the softening of magnon-modes

are evident, which results in the shifting of the spectra with the rise in temperature.
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e The THz spectroscopy analysis reveals the optical properties such as refractive index (1),
dielectric constant (€) increases in Y-Sc co-doped BFO ceramics. The optical conductivity
follows the Drude-Smith model.

7.1.2 Elementary substitution effect on dipolar polarization modulation

of multiferroic BiFeO; ceramics

e We have explored the modulation of dipolar polarization and relaxation behavior of multiferroic
BFO with elementary substitution (Y-Mn/Sc) effect.

e A perfect correlational between the structural, multiferroic, and dielectric properties is ob-
tained. The ferromagnetic and ferroelectric properties of co-doped BFO improved significantly
due to the structural distortion [SSMS suppression]| and reduction in leakage current density,

respectively.

e The room temperature dielectric constant (e,) of BFO enhance 51 times after Y-Sc co-doping.
The tangent loss peak slowly shifts towards the room temperature in the path BY FMO [70° C]—
BY FSO [30° C], which was appeared initially above 100° C for the parent BFO.

e The insulating behavior of co-doped ceramics modified due to the presence of doubly ionized
oxygen vacancies (Oys). The conduction mechanism of un-doped and co-doped Y-Mn/Sc co-
doped follows the correlated barrier hopping (CBH) model and long-range oxygen vacancies

when associated with thermal energy.

e From the above discussion, Y-Sc co-doped BFO found as an excellent multiferroic material

with high insulating properties.

7.1.3 Electrically tuned stable ferroelectric switching in non-magnetic ion
modified BiFeO; films

e The single-phase (Rhombohedral: R3c) un-doped BFO, and non-magnetic ion modified BYFO,
BYFSO thin-films successfully synthesized by using sol-gel spin coating technique.

e The grain and particle size manipulated due to Y/Y-Sc insertion. The conductivity of the
BYFSO is found weak in comparison to BFO and Y-doped BFO film.

e The evidence for improved canted ferromagnetic properties and spin-glass like behavior for
long-range temperature obtained in BYFSO film. MFM analysis suggests weak in-plane mag-
netic domains are evident in BFO and Y-Sc modified BFO films.

e The 180° type domain switching mediates through 71° and 109° type ferroelastic switching.
The presence of maximum non-180° domains indicates the improved piezoelectric response of
BFO film after Y-Sc co-doping. All upward and downward polarization switching is evident
under the applied dc bias of 8 V', which is well supported with symmetry C-V, P-E, and

amplitude-voltage hysteresis curves.

e With significant improvement in ferroelectric, ferromagnetic, and piezoelectric properties, the

Y-Sc co-doped BFO system is useful for future non-volatile memory applications.
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7.1.4 Magneto-electric rectifying multilevel resistive switching in multi-

ferroic based devices

e We have explored the effect of elemental substitution and magnetic field on the resistive switch-
ing behavior of the multiferroic based RRAM device.

e The performance of the device is improved significantly in the presence of additional parame-
ters. The I —V characteristics for Ag/BFO/FTO, Ag/BY FO/FTO, and Ag/BY FSO/FTO
devices are produced distinct hysteresis loop, which ensures the proper BRS behavior in the

devices.

e The conduction models such as Ohmic, while trap-controlled SCLC, Schottky barrier emission
dominates the conduction process. The memory window or switching ratio between the HRS
and LRS improve significantly with doping/co-doping and found maximum for Y-Sc co-doped

based device.

e The application of the magnetic field shifts the threshold voltage towards higher voltage due to
the appearance of the Lorentz force when the magnetic field is perpendicular to the direction
of the flow of current. Substantially, the resistance of the resistive states of Ag/BFO/FTO

further increases systematically with the increase in the magnetic field.

e Discrete multilevel resistive states of Ag/BFO/FTO by modulating the pulse width, pulse
height, and magnetic field, indicating the multiferroic based device behaves as a multifunctional

memristor. The switching is reproducible, reversible, and controllable for un-doped and co-
doped BFO based RRAM devices.

7.2 Future outlook

Scientific interests always demand a sincere effort towards extending the present ideas and under-
standing to venture new avenues of discoveries. Similarly, a significant extension of this thesis work
has been performed to unravel newer ways to create and control BiF'eQOs thin-films and its het-
erostructures. This section is going to provide a glimpse of the extended part of the thesis work,

which will be continued in the near future to frame a complete scientific understanding.

7.2.1 Experimental evidence for the dynamic spin-charge ordering medi-

ate through strain in BiF'eO;

The multiferroic (MF) and ME effect properties of BFO ceramic improved significantly after non-
magnetic ion substitution, which is discussed in Chapter-3 and Chapter-4. BFO exhibit magneto-
electric coupling (MEC) between the polarization and magnetization. Such a coupling is not only
useful to understand the physics rich phenomena but also promises for designing novel applications.
The MEC in multiferroic can be understood in two various approaches: (i) direct coupling between
P and H and (ii) coupling mediate through strain (mixing of piezoelectricity and magnetostrictive).
Both couplings are static property of the materials. But how strain affects the multiferroic properties
dynamically is still have the grey area for investigation. The coexistence of magnetoelectric coeffi-

cient due to the strain effect in multiferroics is yet unclear. It is also legitimate to focus on the effect
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of strain on the electromagnon (combination of magnon and phonon) or even on the identification

of novel dynamical phenomena [213].

e To understand such a novel phenomenon one needs to perform THz spectroscopy on multifer-

roic Y-Sc co-doped BFO compound.

e Need to study the tuning of polarization (P) with respect to the magnetic field in both the
time-domain and frequency domain. Similarly, the tuning of magnetization (M) under applied

electric field, due to the origin of phonon mode of order few MeV, which lies in the THz range.

e Study of dynamic quadratic MEC in the frequency domain at (i) strain is relaxing and (ii)

strain is frozen conditions.

e The strain-mediated MEC is of significant interest to design novel devices with the proper

shape of the material for dynamic applications [262].

e The study of a new type of quasiparticle electroacoustic magnon have a large interest in mul-

tiferroic materials.

7.2.2 Tuning of magnetoelectric coupling in multiferroic based novel het-

erostructure for possible application

Multiferroic magnetoelectric nano-structures based heterostructure with coupled magnetization and
electric polarization across their interfaces have stimulated intense research activities over the past
few decades. Such interface-type MEC can be exploited to significantly improve the performance of
broad novel applications in memories, microwaved devices, and sensors. In Chapter-5, the Y-Sc co-
doped BFO film exhibit an improved ME effect with stable ferroelectric switching [263]. But, BYFSO
based film promises for coexisting applications; however, the obtained MEC at room temperature is
not sufficient for real practical applications to the modern community. Hence, a multilayer structure
can be predicted by clamping a ferromagnetic layer with the ferroelectric BYFSO, which will may

useful for the real application [263].

Development of magnetoelectric coupling in multiferroic based heterostructure

e The ME effect of multiferroic (MF) materials is not only useful to understand the enrich physics

but also useful for novel potential applications.

e The MEC is found to be weak in single phase MF system and can be improved by clamping
with ferromagnetic (FM) in the form of multilayer or heterostructure. We propose MF based

bilayer systems with Ni, Fe, and Co alloys with the possibility of the existence of high MEC.

Electric field controlled magnetism

e The voltage (V) and magnetic (B) driven M is important to understand the fundamental inter-
actions among electron, phonon, and spin due to its scalable limit, which prefer for applications

in industrial sectors.
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e The application of the electric field can be manipulated by the magnetic domains in het-
erostructure films. Careful control of growth conditions and unique substrate selection can

lead to better magnetic signals under the applied electric field.

e The nano-structured system finds interest in exploring the role of ‘V’ controlled magnetism.

Magnetic relaxation dynamics under external perturbations

e The other possible way to manipulate the magnetism under the various external perturbations

such as temperature, light, ion-beam irradiation.

e We want to probe the modified magnetic properties, which can be explained the relaxation

dynamics over a millisecond (ms) the axenic of magnetic domain over an ms time-scale.

Ultrafast switching in nanostructure

e The dynamic behavior of electron, phonon, and spin in heterostructure can be understood in

different length- and time-scale by probing with a femtosecond laser.

e We observed the magnetoelectric switching is difficult to probe in ultra-fast scale in single
phase multiferroic due to weak MEC. However, it can be achieved in strong MEC Ferromag-
netic/Multiferroic system, where the spins of FM are coupled to electromagnetic waves through
both Zeeman coupling and MEC. The ultrafast and precise ME switching in nano-structural

films find it more interesting.

e The manipulation of ME effect in heterostructure is not explored much in ultrafast scales.
These scientific understanding can be implemented for possible applications in spintronic and

storage devices.
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