


CHAPTER 1
INTRODUCTION
Material Science – the Emerging Discipline
In this century, Material Science will dominate the research and application fields due to various reasons mainly because of their application in devices. In fact, materials have been the centre of all human endeavours through all the centuries. In this sense, the ages have also been named after materials such as stone age, Bronze age, iron age and so on and the current time can be called as nano-age.  The history of materials Science is the study of materials of various kinds which are used and employed in the development all these days.   The development in material science has been the main reason for the culture of the people on this earth. In fact, the materials have been the record of the age of the cultures through the centuries.  
Even though many branches of science have their founding figures, no such single person can be identified as the founding central figure of modern material science.    During the second world war the collaborations of multiple fields of study was needed to produce technological advances which have led to the concept of material science and engineering.   Subsequent to this, the US President Science Advisory Committee (PSAC) came up with the idea of materials as the central factor in the development of space and military technology. Consequent to this, five chosen and important universities in US were identified as initial centers of research activities in Material Science.  This initiate has led to many departments around the world changing its name to material science. Some new centers have also been formulated in various instituttions. 
Material Science has been revolutionizing life on earth especially in the last few (5-7) decades. In every sphere of human activity, new materials have changed life style in terms of time and comfort. Metal oxides represent a growing set of materials employed in many industrial products especially in environmental remediation, medical technology, energy conversion, water treatment and personal care products.   These applications it is projected, will increase in the coming days.   It is stated that three to four new consumer products are introduced every week employing these solid- state materials.
The known oxide materials assume various structures.  Typical oxide systems are assembled in Table 1.1. Many of these systems are naturally found.   Their properties can be effectively utilized in some of the solid-state devices now in use.
Table 1.1. Some of the Known Oxide Materials
	Name of the structures
	Typical examples
	Typical uses

	Perovskite
	CaTiO3
	Solar cells, opto electronics

	Spinel
	MgAl2O4, Fe3O4
	Ferrimagnetism

	Olivine
	Mg2SiO4, Fe2SiO4
	Gemstone

	Ilmenite
	FeTiO3
	Ore for Ti

	Fluorite
	CaF2
	Fluorescence

	Pyrochlore
	(Na,Ca)2Nb2O6F
	Magnetic property

	Garnet
	X3Y2(SiO4)3
	Magnetic Property

	Rutile
	TiO2
	Semiconductor, photocatalyst


 
Among the various solid-state materials, oxides especially the class under the general name “perovskites” have been occupying a central place.     
It is generally known that perovskites most often is represented by the formula ABO3.   In the periodic table shown in Fig. 1.1 the elements that normally occupy the A or B site cationic positions are indicated. It is seen that almost all elements except the ones that exist either in gaseous or liquid state under normal conditions can occupy either of these two positions in perovskite structure.
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Fig.1.1.  Periodic Table Showing the Elements that Occupy A or B site cationic positions in Perovskite Structure
Any compound that has the perovskite structure as the perovskite mineral is termed as a perovskite or perovskite structure.   These two terms have been often used interchangeably. True perovskite (the original mineral) is composed of calcium ion, titanium ion and oxide ion in the form CaTiO3.  A perovskite structure is substance that has the generic form ABX3 and the same crystallographic structure as perovskite (the original mineral).
The perovskite lattice arrangement is shown in Fig.1.2. As is usual with structural science and in crystallography, perovskites can be represented in multiple ways. The simplest way to conceive a perovskite structure is to have a large atomic or molecular cation (positively-charged) of type A in the center of a cube. The corners of the cube are then occupied by ions of the type B (also positively-charged cations) and the faces of the cube are occupied by the anion X with negative charge. More on the structure of perovskites will be dealt with in the subsequent chapters.
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 Fig.1.2.  Two equivalent structures of perovskite structures with left-hand side is drawn with B site ion at <0,0,0> and the right-hand diagram with A site ions at <0,0,0> position.
Numerous oxide compounds are known belonging to a few perovskite-based homologous series, such as An+1BnO3n+1 Ruddlesden-Popper, AnBnO3n+1 Dion-Jacobson, Bi2An-1BnO3n+3 Aurivillius series and some others. The perovskite structures exist in different forms such as: ABO3-perovskite (ex: BaTiO3, CaTiO3), A2BO4-Layered perovskite (ex: Sr2RuO4, K2NiF4), A2 BB’O6-Double perovskite (ex: Ba2TiRuO6) and A2A’B2B’O9-Triple perovskite (ex: La2SrCo2FeO9).
A number of perovskite type oxides have been extensively studied due to their interesting properties including superconductivity, insulator-metal transition], ionic conduction characteristics, dielectric properties, opto-electric property and ferroelectricity. Perovskite is one of the most frequently studies structures in solid-state chemistry, and it accommodates as stated above most of the metal ions in the periodic table with a significant number of different anions. During the last few years, many investigations were focused to the study of perovskite solids typically ABO3.
These solids are currently gaining considerable importance in the field of electrical ceramics, refractories, geophysics, material science, astrophysics, particle accelerators, fission-fusion reactors, heterogeneous catalysis, environment and others. Perovskite structured oxides can accept considerable substitutions in one or both cationic sites (i.e. A and B sites) while retaining their original crystal structures. Such a feature provides the chemical tailoring of the materials via partial replacement of the cationic site(s) with foreign metal ions, hence modifying their structural, microstructural, electrical and magnetic properties. Perovskite-type oxides and perovskite-like oxides have been found many applications in physics and chemistry. The physicochemical and device application properties of perovskites are dependent on the crystal structure, lattice defect, exposed lattice plane, surface morphology, particle size, and specific surface area as well as the porous texture.  The cubic perovskite is called the ideal one. This class of materials has great potential for a variety of device applications due to their simple crystal structures and unique ferroelectric and dielectric properties. 
Perovskite systems can crystallize in a variety of compositions.  There can be a variety of combinations of cations like A+B5+, A2+B4+, A3+B3+ and a host of defect compositions in ABX3 systems.   The following flow diagram (Fig.1.3.) with examples demonstrates this concept.
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Fig.1.3. Flow diagram of the generation of variety of compositions in ABX3 systems.
Properties of Perovskites
Perovskites exhibit many interesting properties and some of the properties exhibited by typical perovskites are assembled in Table 1.2.
Table 1.2. Some of the Properties Exhibited by Typical Perovskite Oxides
	Typical Property/application 
	Examples

	Ferromagnetism
	BaTiO3, PdTiO3

	Pyroelectric Materials
	LiTaO3, BaTiO3, Pb(Zr0.52Ti0.48)O3

	Piezoelectricity
	Pb (Zr, Ti))3, (Bi, Na)TiO3

	Electrical Conductivity
	ReO3, SrFeO3, LaCoO3, LiNiO3, LaCrO3

	Superconductivity
	La0.9Sr0.1CuO3, YBa2Cu3O7, HgBa2Ca2Cu2O8

	Ionic conductivity
	(La.Ca)AlO3, CaTiO3, (La.Sr)(Ga. Mg)O3, BaZrO3, SrZrO3, BaCeO3

	Magnetism
	LaMnO3, LaFeO3, La2NiMnO6

	Catalytic applications
	LaCoO3, LaMnO3, BaCuO3

	Photoelectrochemical cells, Solar cells
	SrTiO3, KTaO3

	Electrode applications
	La0.6 Sr0.4 CoO3, La0.8Ca0.2MnO3

	Hybrid Perovskites
	(CH3) NH3PbI3,  (CH3 )NH3PbBr3



Applications

Perovskite materials find application in many devices’ manufacture. Inorganic perovskite oxides are fascinating materials due to its very stable structure, possibility of generating large number of compounds, variety of surface and bulk properties and thus find many practical applications. These solids are currently gaining considerable importance in the field of electronics, geophysics, astrophysics, nuclear, optics, medical, environment, opto-electronics, solar cells and catalysis. Perovskite-phase metal oxides exhibit a variety of interesting physical properties which include ferroelectric, dielectric, pyroelectric, piezoelectric, superconductivity, multiferroic, Proton conducting, Colossal Magnetoresistance (CMR), giant- magnetoresistance (GMR), Mixed conduction, catalyst behavior and solar energy-conversion. Depending on these distinct  properties perovskite systems find use in various device applications such as (1) Thin film capacitors (2) Non-volatile memories; (3)  Photoelectrochemical cells;(4) Recording applications (5)  Read heads in hard disks,(6) Spintronics devices (7)  Laser applications, (8)  For windows to protect from high temperature infrared radiations, (9)  High temperature heating applications (Thermal barrier coatings) (10) Frequency filters for wireless communications(11) Non-volatile memories (12) Sensors, actuators and transducers,(13) Drug delivery, (14) Catalysts in modern chemical industry (15) Ultra-sonic imaging, ultra-sonics & underwater devices, (16) microwave devises and so on.
In Table 1.3. the important applications of different perovskite materials are listed together the property responsible for this application.

Table 1.3. Some of the important applications of perovskite systems together with the respective properties.

	Typical Compound
	Property
	Applications

	BaTiO3
	Dielectric 
Ferroelectric
	Ceramic Capacitors, sensors, embedded capacitance

	PbTiO3
	Pyroelectric
Piezoelectric
	Transducer, pyro-detector under water devices

	(BaSr)TiO3
	Non-linear dielectric
Pyro electric
	Microwave devices pyro-detector

	Pb(ZrTi)O3
	Dielectric
Pyroelectric
Piezoelectric 
Electro-optic
	Ferroelectric memories, acoustic devices pyro-detector, wave guide devices

	Bi4Ti3O12 and other cuprate high temperature superconducting compositions likeYBaCuO9-δ
	Ferroelectric
Super conductivity
	Actuators 

	BaCeO3. BaZrO3
	Proton conduction
	Electrolyte for Solid Oxide Fuel cells (SOFC)

	LaNiO3 and other titanates
	Chemical
	Catalytic applications

	(LaSr)MnO3
	Magnetoresistance
	Spintronic devices

	Pb(Mg1/3Nb2/3+) O3
	Dielectric
	Capacitor Memory devices

	K(TaNb)O3
	Pyroelectric
Electro-optic
	Wave guide, frequency doubler

	BiFeO3
	Magnetoelectric coupling
	Magnetic field detectors

	(LaSr)BO3 (B=Mn, Fe, Co)
	Mixed conduction catalyst
	Cathode in SOFC, membranes, 
Catalyst for oxidation of hydrocarbons

	(K0.5Na0.5)NbO3
(Na0.5Bi0.5)TiO3
	Ferroelectricity
Piezoelectricity
	Piezoceramics

	LaAlO3
YAlO3
	Luminescent ions
	Laser substrates

	Hybrid Perovskites
CH3NH3PbBr3 and others
	Opto-electricity
	Solar cells

	Sr TiO3, SrTAO3
	Photo-electrochemical cells
	Water Photodecomposition



Perspectives

Perovskites are unique today among all the known solid-state materials with a variety of applications contrasting in property like highly resistive (Positive temperature coefficient materials) to highly conducting materials (superconductor). As stated above nearly all the elements can be included in the perovskite structure and since this structure tolerates partial substitution at both the cationic sites and a number of anions can be placed in the perovskite composition, the number of materials that can be obtained in perovskite composition appears to be innumerous. Many of these perovskite materials are revolutionizing the application potential and are becoming competitive to the existing materials like silicon for solar cell application. 

The flexibility of the ABO3 perovskite crystal structure and the possibility to include a wide range of cations with different oxidation states as well as cation or anion vacancies are responsible for the variety of perovskite-based compounds with a wide range of physical properties.  Due to the number of applications and utility in the different fields, there is a need to study the perovskite structured materials with improved properties and this can be realized through new synthesis strategy and using different valence cations or anions and dopants.

The possibility of including organic cations like methyl ammonium and a host of other organic cations impart to the resulting system a variety of properties. The ionic radius of such organic cations has a great bearing on the properties of resultant perovskites.   This concept of structures based on the ionic radius and their radius ratio have to be modified with respect to the crystallization of hybrid organic inorganic perovskites and these aspects require careful consideration. This aspect will be considered subsequently.

The crystallization in perovskite structure is considered in terms of tolerance factor defined (discussed in a subsequent chapter) in terms of cation and anion radii and the universal applicability of this concept for adopting perovskite structure needs a careful examination.   Though this aspect has not been fully treated in this presentation, it deserves careful examination.

There are a variety of questions that one can have on perovskites materials like why the anion oxide perovskites are so important in application field or why alternate compositions also crystallize in perovskite structure?  The complete understanding of these aspects will be essential for exploiting them in application field. 
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