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PREFACE 

 

 Manganites are potential candidates for multifunctional 

applications since there is close entanglement between charge, spin and 

orbital degrees of freedom. These are a special class of materials called 

half metallics where electrons with one particular spin dominates over the 

other or have higher density of states  unlike metals and their structural, 

magnetic and electrical properties are interrelated. Some major 

phenomena exhibited by them are crystal field effect, Jahn Teller 

distortion, spin dependent electron transport and magnetoresistance. 

Magnetoresistance which was first observed in manganites have been 

now exploited for the development of artificial structures of Fe/Co/Fe for 

GMR (Giant Magnetoresistance) based read heads in storage devices, 

bolometric sensors and spin valves.  

  Jonker and Van Santen in 1950‟s established the 

correlation between Curie temperature, resistivity and saturation 

magnetization and thus manganites came to the limelight of research. 

Later magnetic as well as conduction mechanism was explained on the 

basis of a single theory of double exchange proposed by Zener. Interest in 

rare earth manganites grew stronger after the discovery of colossal 



 

magnetoresistance in 1991.  Manganites exhibit perovskite structure 

(AMnO3) where A site ions basically of rare earth elements (Eg: La, Y, 

Dy and Pr) are surrounded by MnO6 octahedra formed by Mn ions and 

oxygen ions.  Magnetic, structural and electrical properties can be tuned 

by substituting different elements for A sites thereby introducing mixed 

valency for Mn ions. 

 Manganites with La sites substituted by lower valence 

ions than La3+ are categorized as hole doped manganites and substitutions 

with higher valence ions than La3+ are termed as electron doped 

manganites. Substituting elements also change the lattice structure and 

tolerance factor apart from introducing holes or electrons in the manganite 

structure. Magnetic property of doped manganites is associated basically 

with the change in the ratio of Mn3+/Mn4+ ions due to divalent ion 

substitutions by Ca, Sr, Ba and tetravalent ions of Ce for La ions. 

Magnetism is governed by spin ordering of t2g levels of Mn3+ and Mn4+ 

ions mediated by oxygen. When the spin ordering of t2g levels of adjacent 

Mn3+ and Mn4+ ions are parallel to each other, there is ferromagnetic 

alignment essentially with an exchange of electron from eg level of Mn3+ 

to Mn4+ while superexchange mechanism between same valence ions ( 

Mn3+-O- Mn3+ or Mn4+-O- Mn4+) result in antiferromagnetic alignment 

without any electron transfer. Vacancies at La or O sites, difference in 

ionic radii, valency of La or substituting ions and lattice mismatch are 

some other factors that affect the magnetic property of doped manganites. 

 Hole doped manganites with monovalent substitutions 

for La sites are another effective way of achieving different  Mn valencies 

since substitution of monovalent  ion by „x‟ amount convert „2x‟ Mn
3+ 

ions to Mn4+ ions which is double the amount of Mn4+ obtained for „x‟ 



 

amount of  divalent substitution. Monovalent ions like K+, Na+ and Li+ 

are best suited for La sites since their ionic radii are close to La3+ thus 

keeping tolerance factor almost constant even after substitution despite 

the difference in valencies of La3+ and Na+. Thus monovalent susbstituted 

manganites are of interest from structural, electrical and magnetic 

properties point of view. It is thus possible to develop hole doped rare 

earth lanthanum manganites by controlling the substitution of monovalent 

ion like sodium and getting it reflected on the magnetic phase of the 

material. Thus a magnetic material using sodium substituted lanthanum 

manganites with appreciable saturation magnetization near 300 K and 

magnetic ordering temperature in the high temperature regime is of 

interest to the scientific community.  

 Hence monovalent substituted manganites assume 

importance both from theoretical and applied perspectives. Literature 

reports especially on higher substitution levels of monovalent ions are 

scarce or seldom reported. Thus there exist possibility of developing 

excellent compositions out of monovalent substitutions with large 

magnetic moments and possessing different magnetic phases. Magnetic 

phase of these kind of materials can be ferromagnetic, antiferromagnetic, 

canted antiferromagnetic, charge ordered and spin glass states.  Such 

doped manganites are candidate materials for investigating correlated 

systems with co-existant FM-AFM phases.  

 Magnetic materials with large magnetic moments can 

find applications in the field of magnetic refrigeration. Refrigeration 

mechanism based on magnetic materials relies on the principle of 

magnetocaloric effect (MCE) which is termed as reversible change in 

temperature in the presence and absence of magnetic field. For 



 

considering MCE, a magnetic material is viewed as two subsystems 

consisting of a magnetic part and a lattice part. Upon application and 

removal of magnetic field, a transfer of entropy between these subsystems 

takes place which is manifested as change in temperature. Magnetic 

refrigeration is an ecofriendly cooling technology utilizing only magnetic 

materials and do not pose any threat to ozone depletion when compared to 

CFC gases used in conventional refrigeration. Currently, Gd and Gd 

based silicides are reported to be the frontrunners with maximum 

magnetic entropy change (ΔSM) of 40 J.Kg-1K-1. Other potential MCE 

materials are Laves phases, Mn As Alloys all with low operating 

temperatutes below 300 K. Thus quest for MCE materials with 

appreciable ΔSM value operating at temperatures close to room 

temperature is on and among them; manganites occupy a prominent place 

since the magnetic properties of the material can be tailored by 

appropriate substitution. 

 Magnetoelectrics as well as multiferroics are currently 

fascinating areas of research. Multiferroic materials possess two or more 

ferroic orders in the same phase and such materials do not practically 

exist and an immediate cousin is a magnetoelectric material. A 

magnetoelectric material is basically a composite comprising of 

ferromagnetic and ferroelectric material essentially with a coupling 

between these ferroic orders called magnetoelectric coupling.  Manganites 

can serve as effective candidates for ferromagnetic component and 

deposition of such a manganite film on a good ferroelectric material can 

be devised to provide a magnetoelectric composite provided there is a 

coupling between electric and magnetic ordering. Magnetoelectrics are 

the next generation switching devices where the electric/ magnetic field 



 

can control magnetization/electric polarization respectively further 

leading to four state storage devices. One of the practical ways of 

inducing a coupling between ferroelectric (which is also piezoelectric) 

and ferromagnetic constituents in a material is via strain.  In such a 

material, strain effects produce substantial changes in electrical / magnetic 

parameters with the applied magnetic/electric fields and the material as a 

whole function as a field effect device.  

  The present thesis work focuses on hole doped 

lanthanum manganites and their thin film forms. Hole doped lanthanum 

manganites with higher substitutions of sodium are seldom reported in 

literature. Such high sodium substituted lanthanum manganites are 

synthesized and a detailed investigation on their structural and magnetic 

properties is carried out. Magnetic nature of these materials near room 

temperature is investigated explicitly. Magneto caloric application 

potential of these materials are also investigated. After a thorough 

investigation of the bulk samples, thin films of the bulk counterparts are 

also investigated. A magnetoelectric composite with ferroelectric and 

ferromagnetic components is developed using pulsed laser deposition and 

the variation in the magnetic and electric properties are investigated. It is 

established that such a composite could be realized as a potential field 

effect device.  

 

Thus the main objectives of present investigation are as follows: 

 Synthesis of bulk samples belonging to sodium substituted 

lanthanum manganite series,  La1-xNaxMnO3 ( x= 0.5 to 

0.9) 



 

 Study  the effect of sodium substitution on crystal 

structure, lattice parameters, magnetization and transition 

temperatures 

 Evaluation of magnetic entropy change with temperature 

and Na concentration 

 Determining the amount of Mn4+ and Mn3 ions and 

ascertaining the role of Mn4+/Mn3+ ratio in the magnetism 

exhibited by these compounds 

 Deposition of Thin films of  sodium substituted lanthanum 

manganite thin films using Pulsed Laser Deposition on 

silicon substrate 

 Investigate the magnetic properties and magnetocaloric 

effect for different compositions 

 Devising a magnetoelectric field effect device using thin 

films deposited on a Piezoelectric substrate of PMN PT 

 Study the variation of electrical and magnetic properties 

with sodium  concentration 

 Correlation of results 

The Thesis is entitled “Towards Realization of Magnetocaloric and 

Magnetoelectric Applications based on Bulk and Thin film forms of 

Sodium substituted Lanthanum Manganites” and consists of eight 

chapters. 

 

 Chapter 1 gives an introduction to the family of perovskites, their 

structure with a summary of work already carried out in the area of 

manganites. Basic concepts of magnetocaloric effect and magnetoelectric 

materials are also discussed. 



 

 Chapter 2 contains the theoretical concepts associated with 

structure, spin dependent transport and magnetism in manganites. It also 

throws light into the theoretical background of magnetic entropy change 

and adiabatic temperature change associated with magnetocaloric effect.  

 Chapter 3 deals with various experimental techniques employed 

for the characterization of these materials. An overview of the working 

principle of each characterization tool will be discussed. 

 In Chapter 4, synthesis of bulk samples of higher sodium 

substituted lanthanum manganites will be discussed. Effect of sodium 

substitution on the structural and magnetic properties is investigated. 

Magnetic properties near room temperature are thoroughly investigated 

and the role of Mn valence ions in deciding magnetic behaviour is 

determined. 

 In Chapter 5, magnetic isotherms of the synthesized samples are 

drawn and the nature of magnetic transition is established. Isotherms are 

further utilized to determine magnetic entropy change. Maximum 

magnetic entropy change and corresponding adiabatic temperature change 

are also determined. Variation of transition temperature with sodium 

concentration is also reported in this chapter. 

 Chapter 6 describes thin film deposition of the bulk counterparts 

on a normal silicon substrate using Pulsed Laser Deposition. 

Stoichiometry of deposited films is confirmed from compositional 

analysis.  Structural and magnetic properties of thin films along with 

magnetic entropy variation with sodium substitutions are also 

investigated.  

 In Chapter 7, a magnetoelectric composite using manganite thin 

film deposition on a ferroelectric substrate like PMN PT is discussed and 



 

the variation of magnetization and electric polarization in such a 

composite is studied. Phenomenon of strain induced magnetism and the 

potential of such a magnetoelectric composite for a field effect device is 

realized. 

 Chapter 8 is the final chapter where salient features of the present 

work are highlighted. The overall conclusions as well as the scope for 

further investigations are also brought out. 
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CHAPTER 1 

Introduction 

 

 

  Man‟s thirst for new materials is never quenched and has 

been an ongoing process carried forwarded through various periods of 

human history from the Stone Age to Iron Age through Bronze Age. The 

occurrence of Industrial revolution and spin offs of World wars and space 

technology have given birth to new and novel materials. Thus the study of 

materials science and their characterization have given birth to a new 

branch called Material science and Engineering which represents a blend 

of scientific discoveries and practical applications of materials.  Material 

science and Engineering is rapidly advancing and scaling new heights 

with the invention of new devices and modification of existing 

technologies with newer materials. It is an ever green and a highly 

fascinating field since advances in materials directly influence 

technological developments. [1-3]. 

  From materials science point of view, materials are 

classified as metals, polymers, ceramics, semiconductors and composites. 

Metals are excellent electrical and thermal conductors while in 

semiconductors, electrical property is dependent on the temperature and 

the concentration of doping elements. Metals are extensively utilized in 

electrical and thermal works, in the manufacturing of various items 

ranging from small utensils to aircraft frames, in chemical plants as well 

as in the medical field [4].  
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 Semiconductors have also played a pivotal role in the 

integrated circuitory which revolutionized the electronics and computer 

industries. Larger molecular structure, low density and flexibility of 

polymers also are in demand for adhesives and lubricants to implantable 

devices like orthopedic plates, artificial joints and heart valves. Ceramics 

which combine metallic and nonmetallic properties are capable of 

withstanding high temperatures even though they are mechanically brittle. 

Composites are perfectly engineered materials comprising of one or more 

material types and hence combine the best qualities of its constituents. 

One major example for composites is fibre glass which has the strength of 

glass and flexibility of polymer. Each class of material has specific 

applications but the search for advanced materials is increasing with 

man‟s quest to do wonders with technology [2]. 

  Presently, huge innovations and research are on in the 

areas of information storage, communication, energy resources and 

medical therapy.  Magnetic materials are of great value in all these fields. 

Phenomenon of magnetism is exploited in storage devices like hard disks, 

CD-ROM, electric motors, generators, transformer cores, loudspeakers, 

automobiles, magnetic resonance imaging equipment and many other 

electronic gadgets. With time many new applications are continuously 

emerging [3,4]. 

 

1.1. Magnetic Materials  

“Modern technology would be unthinkable without magnetic materials 

and magnetic phenomena”  

  Rolf E. Hummel, Understanding Materials Science, 1998 
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  Magnetic materials play an important role in new fields of 

technological advances as rightly quoted by Rolf E Hummel. Magnetic 

materials have been known to mankind since the discovery of „load stone‟ 

(Fe3O4) or magnetite, which is a naturally occurring magnet.  A simple 

description of magnetism could be “property of materials by which they 

respond to the external magnetic field”. The response of the material to 

magnetic field (H) can be given by magnetic induction, B. Magnetic 

induction B can be given by B = μ0 (H + M) where H is the external 

applied magnetic field in A/m, M is the magnetization of the material 

(magnetic moment per unit volume) in A/m and μ0 is the magnetic 

permeability of free space in weber/Am making B in weber/m2 which is 

otherwise termed as Tesla. Other key terms describing the magnetic 

nature are permeability and susceptibility. Permeability (μ) can be defined 

as the measure of how permeable is the material to the external magnetic 

field. It is given by the ratio of B and H (μ=B/H). Susceptibilty (χ) defines 

the measure of response in the magnetic characteristics with respect to the 

applied magnetic field and is given by the ratio of M and H (χ=M/H). In 

SI units, Susceptibility is dimensionless while permeability has the unit of 

Henry/m. Relationship between the two can be given by μ/ μ0= 1+ χ [5]. 

 

1.2. Classification of Magnetic Materials 

 

  Magnetic materials are broadly classified depending on the 

origin of magnetic moment and by their response characteristic to the 

external magnetic field, temperature atc. Before dwelling into the 

classification, origin of magnetic moment or magnetization in the 

materials need to be analyzed. The magnetism is an atomic phenomenon. 
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A normal atom with electrons orbiting around the nucleus is associated 

with an orbital angular momentum in addition to the momentum 

contributions from the spin of each electron. The orbital and spin angular 

momentum are the fundamental contributors to the magnetic moment of 

the atom. The presence of an external magnetic field further alters the 

orbital angular momentum leading to an effective change in the 

magnetization of the material. Magnetic materials are classified into 

different categories namely diamagnetic, paramagnetic, ferromagnetic, 

anti ferromagnetic and ferromagnetic materials depending on their 

magnetic susceptibility [4,5].  

 

1.2.1. Diamagnetism  

  

  This type of magnetism is present in all materials as the 

magnetization arises from the change in the orbital motion of electrons in 

the presence of magnetic field. The diamagnetic behaviour is a weak 

phenomenon and is dormant in materials where there are no unpaired 

electrons (i.e, completely filled orbitals) whereas in materials with 

unpaired electrons the diamagnetic behavior is overshadowed by other 

types of magnetism like ferro/paramagnetism. When a diamagnetic 

material is placed in a magnetic field (consider the case, field is 

perpendicular to the orbiting electrons) there will be a rate of change of 

magnetic flux associated with it. This will induce an electromotive force 

(emf) proportional to rate of change of flux opposing the field (Lenz‟s 

law) and thus the induced magnetic moments are directed opposite to the 

applied field. Thus, stronger the external field more negative is the 

magnetization induced and hence the magnetic susceptibility is negative. 
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In the actual picture, the rate of change of flux is achieved by decreasing 

the velocity of the electrons which adversely decreases the magnetic 

moment also and it is this decreased moment we observe as diamagnetic 

effect. All the noble gases and superconducting materials are diamagnetic. 

Diamagnetic materials find applications in alloys of dia and paramagnetic 

materials (paramagnetic materials have positive susceptibility) to reduce 

the susceptibility close to zero for delicate magnetic measurements. 

Recently the anisotropic diamagnetic property is explored for the 

alignment of liquid crystals [5-7]. 

 

1.2.2. Paramagnetism  

  

  The materials which have permanent magnetic moments 

even in the absence of external magnetic field are called paramagnetic 

materials. The magnetic moments arise from the spin contributions of the 

unpaired electrons in the atomic/molecular orbitals. These magnetic 

moments are only weakly coupled to each other and are randomly 

oriented due to thermal agitation making the net magnetic moment zero in 

the absence of a magnetic field. When magnetic field is applied, the 

moments will be aligned in the direction of the field and hence the 

susceptibility in this case is positive. Salts of transition metal elements, 

metals like aluminium, and gases like oxygen are examples of 

paramagnetic materials. The ferromagnetic materials make transition to 

paramagnetic state at high temperatures provided the thermal energy 

overcomes the cooperative aligment of magnetic moments. In general, 

paramagnetic effects are quite small and the magnetic susceptibility is of 

the order of 10−3 to 10−5 for most paramagnets and inversely proportional 



Chapter 1 Introduction 

6 

to temperature, but may be as high as 10−1 for synthetic paramagnets such 

as ferrofluids and the permeability is slightly greater than one [5,8].  

 

1.2.3. Ferromagnetism  

  

  It is the basic type of magnetism found in permanent 

magnetic materials like nickel, iron. In ferromagnets, the magnetic 

moments are strongly coupled to each other unlike paramagnetic 

materials and the moments align parallel to each other competing the 

thermal agitation yielding a net magnetic moment in the absence of a 

magnetic field. This magnetization in the absence of magnetic field is 

called spontaneous magnetization (Ms) and has its origin mainly from the 

spin contributions of the electrons. A remarkable feature of ferromagnetic 

materials is the hysteresis behaviour which is defined as the property of 

these materials to retain their magnetization even after the removal of 

magnetic field. After achieving saturation magnetization on the 

application of external magnetic field, the remaining magnetization 

present in the material on decreasing the field to zero is called remanent 

magnetization (Mr). The reverse field required to reduce the 

magnetization to zero is called coercivity (Hc).  The application potentials 

of ferromagnetic materials are determined based on these hysteresis loop 

parameters. Ferromagnetic materials are further classified into soft and 

hard materials. The materials which require large coercive fields for 

achieving zero magnetization (large field for saturation also) are called 

hard ferromagnets while soft magnets are easily saturated and 

demagnetized [5]. 
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  Magnetism in ferromagnetic materials is explained by 

means of magnetic domains. Domains are small regions within the 

ferromagnetic material where the magnetic domains are aligned parallel 

to one another. In the demagnetized state, the magnetization vectors of 

different domains have different orientations and the net moment is zero. 

On magnetizing the material the domains align parallel to another. These 

domains are separated by boundaries called domain walls or bloch walls. 

They are about four-millionths of an inch (∼10 μm) in thickness and 

within this region the direction of magnetization changes by either 900 or 

1800[5-9]. 

 

1.2.4. Ferrimagnetism 

 

  The ferrimagnetic materials are often referred to as weak 

ferromagnetic materials. The magnetism in ferromagnetic materials are 

explained based on the two sublattice model wherein the adjacent 

magnetic moments are aligned antiparallel but have a spontaneous 

magnetization as the magnetic moments are not equal. Thus the two 

interpenetrating sublattices are not equal; one has higher magnetization 

compared to the other. The ferrimagnetic materials are insulators unlike 

the ferromagnetic metals. Ferrites are ferrimagnetic transition metal 

oxides which find large number of technological applications mainly in 

high frequency regime as the eddy currents due to ac fields will not 

influence the insulators. Yttrium iron garnet (YIG) and magnetite also fall 

under the category of ferrites. Figure 1.1 shows different types of 

magnetic ordering or dipole alignment with respect to an applied 

magnetic field [5,7]. 
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Figure 1.1: Different types of magnetic ordering 

 

1.2.5. Antiferromagnetism 

 

  Materials where the cooperative alignment of adjacent 

magnetic moments is antiparallel correspond to antiferromagnetic 

materials. Antiferromagnetism can also be described consisting of two 

interpenetrating sublattices with equal moments cancelling each other. 

Antiferromagnetic materials have no spontaneous magnetization and their 

response to magnetic field at particular temperature is similar to 

paramagnetic materials but with larger positive susceptibility. The 

susceptibility is temperature dependent and decreases with decrease in 

temperature below the transition temperature, TN (Neel temperature). 

Figure 1.2 shows the magnetic dipole alignment in antiferromagnetic 

materials and M-H curves for different types of magnetism. 
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  Chromium, Nickel oxide and hematite show 

antiferromagnetic ordering. Antiferromagnetic materials find applications 

in spin valves because of their property of exchange bias coupling. 

Another area of possible application is in CMR materials (Colossal 

magnetoresistance) where the antiferromagnetic to ferromagnetic 

transition is accompanied by a metal insulator transition [7,9]. 

 

         

 

 

 

(a)  

  

    

(b)     

Figure 1.2: (a) Alignment of magnetic dipoles in 

Antiferromagnetic materials (b) M Vs H curves for different types 

of magnetic materials [5] 
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  Correlated materials also display interesting magnetic 

phenomena in addition to their excellent structural, electrical and thermal 

properties. They find applications in diverse fields such as storage 

devices, bolometric sensors, magneto-resistance devices and spin valves 

and are on par or above conventional magnetic materials. 

 

1.3. Correlated materials 

 

  Correlated materials are basically oxides comprised of 

transition metal elements. In transition metals with open (or partially 

filled) d or f orbitals, spatial confinement of electrons in orbitals is larger 

providing a strong coulomb repulsion between them. Such strongly 

interacting or „correlated‟ electrons appear localized with a pronounced 

influence of each single electron on others. Net results of such a 

correlated behaviour are large interplay between spin, charge and orbital 

moment and the extreme sensitivity of the material properties to slight 

changes in temperature, pressure and ionic concentration [10,11]. Even 

though these systems comprise of simple transition metals, they exhibit 

some of the most intriguing properties in the field of condensed matter 

physics. Remarkable properties like ferromagnetic/ antiferrromagnetic 

ordering, metal - insulator transition in oxides of transition metals, 

superconductivity in cuprates like La2-xSrxCuO4 and volume change 

associated with phase transitions in actinides are the effects of correlated 

electron behaviour [11,12]. Correlated systems can be categorized as high 

TC materials, mott insulators, spintronic materials, heavy fermions, MR 

materials and perovskite manganites depending on the properties 

exhibited by them. Density function theory (DFT) and Dynamic mean 
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field theory (DMFT) have been developed to explain the correlation 

physics of electrons. In the application level, these materials are highly 

sought for developing superconducting magnets, magnetic storage 

devices, smart windows to control temperature in a room and in 

spintronics [13,14].  

  Perovskite manganites are excellent electron correlated 

systems possessing different phase states and transitions with a close 

correlation between structure, electron transport and magnetic properties. 

Manganites belong to perovskite family and are highly investigated 

materials owing to their technological applications in electro optic 

modulators, dielectric resonators, electrostrictive actuators and in 

refractories. It has also been established that perovskites like GdFeO3 play 

a substantial role in magnetic bubble memories [15].  

 
 

1.4. Perovskites 

 

  Perovskites are generallly ceramic materials with a 

combination of metals with a non metal like oxygen having a general 

formula ABO3. The first perovsite characterized was Calcium Titanate 

(CaTiO3) by the scientist G. Rose in 1839 and was named after the 

mineralogist, and then Russian vice-president, Count Lev Aleksevich 

Perovski.  Later it was discovered that the most abundant mineral on 

earth, the magnesium silicate (MgSiO3) is a perovskite [5,15].    

  Perovskites have the general structural formula ABO3 

where A sites are occupied by trivalent or divalent alkali/alkaline earth 

metal ions and the B sites by transition metal ions. They have a cubic 

structure which can be viewed as the A site ions forming the corners of 
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the cube, transition metal ion at the body centre and the oxygen anions at 

the face centres. An alternate crystal picture includes corner shared BO6 

octahedra with A ions at centre. Structure of perovskite is shown in figure 

1.3.  Perovskite cubic structure is an ideal case and the structure can 

distort to rhombohedral, orthorhombic, hexagonal or monoclinic 

depending on the term called tolerance factor given by 

 

           (1.1) 

 where rA is the radius of A site ion, rO is the radius of 

oxygen ion, rMn is the radius of Mn ion. For the ideal cubic case, value of 

t corresponds to one [15, 16].  Perovskite materials are in the limelight  

since 1950‟s. 

 
Figure 1.3: Perovskite structure 
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   Materials belonging to this family were investigated 

extensively and a variety of research outputs  were reported in the fields 

of conductivity, magnetization, specific heat, Hall effect, Seebeck effect, 

I-V characteristics, magnetostriction, magneto résistance etc. Perovskites 

retain good thermal and thermodynamic stabilities which are the basic 

requirements for catalytic applications and for electrode applications in 

magnetohydrodynamic generators [15]. 

 
 

1.5. Manganites 

 

   Manganites, named after the key ingredient manganese 

with the general chemical composition AMnO3 or A1-xRxMnO3; (A = La, 

Pr, Nd), (R = Ca, Sr, Ba) is a prominent member of the perovskite family. 

They came to the focus of research because of two remarkable features : 

Metal - Insulator transition and exchange interaction mediated magnetism 

[17]. The ferromagnetic transition in these materials take place at a 

particular level of ion doping (finite „x‟value, x≠0) with an appreciable 

change in conductivity. Colossal Magneto-Resistance (CMR) was first 

observed in the doped derivatives of manganites [La-Ca-Mn-O films at 

T=77K in an applied field of 5Tesla] which was followed by a stream of 

work in the transport, magnetic, electrical and thermal properties of 

manganites [18,19]. New theories like double exchange mechanism and 

semi covalent exchange have been put forwarded to explain the magnetic 

behavior of Mn ions. Thus the importance of manganites is growing day 

by day [17]. At present active research is on in manganites, their doped 

components, multilayer structures, composites etc. to realize their 
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potentials in the field of magnetoelectrics, magnetic storage, switching 

devices, magnetocaloric effects and spintronics [20-26].  

 

1.6. Historical Background  

 

    Successful entry of Manganites to the field of research was 

through the works of  Jonker and Van Santen in 1950 and they discovered 

a striking correlation between the Curie Temperature (TC), Saturation 

magnetization (Ms) and Electric resistivity (ρ) as function of x in  samples 

of La1-xA‟xMnO3; A‟= Ca
2+, Sr2+, Ba2+ [17,19]. For polycrystalline 

samples of La0.7Sr0.3MnO3, Tcmax of 370K, σmax of 300Ω
-1cm-1 and Msmax 

of 90G/g [16] were observed. In the following year, Zener came up with a 

novel concept of exchange mechanism later named as Zener‟s double 

exchange mechanism which until today stands as one of the fundamental 

theories explaining magnetism in manganites. This was followed by 

contributions from Anderson and Hasegawa in 1955 and de Gennes in 

1960 [27-29].  

    Zener stated that in the case of doped manganites, the 

magnetic behaviour is due to the combined effect of mixed valence ions 

Mn3+ and Mn4+. The transfer of electron from Mn3+ to O2- and to Mn4+ 

causes high conductivity and as the hopping electron retains its spin, spins 

of two adjacent Mn ions need to be parallel. This theory could 

successfully explain the experimental results observed at that time as the 

observation of crystal structure of different samples with same lattice 

constants confirmed that simple exchange interaction could not be the 

reason for magnetism [27,28]. Jonker has also stated that as crystal 

structure approaches cubic phase, magnetization have only spin 
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contributions from ions [27,30]. This was close to the double exchange 

theory, i.e, for cubic phase, Mn-O-Mn planes are linear and hence 

maximum double exchange and hence higher magnetization. Many 

significant investigations followed after Zener‟s theory in this field. 

Studies on cobaltites [31], low temperature studies on manganites, dc & 

ac resistivity, magnetization, hall effect and  Seebeck effect need special 

mention here [32]. Volger proposed that maximum TC and minimum 

resistivity at x=0.3 doped samples could be an indication for a correlation 

between magnetism and electrical conductivity [32].  

    In 1955, Wollan and Koehler performed neutron 

diffraction studies on La1-xCaxMnO3 samples and prepared a magnetic 

structure based phase diagram [33]. Later, high quality millimeter sized 

long single crystals of manganites (LaPb) MnO3 [34] were developed and 

reports in this area confirmed the earlier observed results [35]. The 

concept of spin polarized conduction band came up for explaining 

magnetic behavior due to the non Heisenberg nature of ferromagnetic 

transition [35]. 

    The next major development in the field of manganites 

took place when the oxygen stoichiometry and transport properties were 

investigated [36]. They were unsuccessful in Hall effect measurements 

but interpreted that charge localization into magnetic or lattice polaron 

conduction by hopping in paramagnetic region above TC but the reason 

for such a charge localization was undefined. The lattice interaction and 

magnetic behavior was brought to picture by Louca [37,38] from the 

study on local structure of manganites.  

    These earlier investigations provided some remarkable 

insights on the correlation between magnetism and resistivity. Magnetic 
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behaviour can be due to double exchange interaction between Mn3+and 

Mn4+ ions and is maximum when Mn ions are collinear with anions. It is 

also found that oxygen stoichiometry and divalent ion substitution have 

profound influence on double exchange mechanism. It is worth 

mentioning the pioneering theoretical contributions during this period  

namely Double exchange theory and its modifications by Zener, 

Anderson, Hasegawa, Goodenough  and de Gennes, concept of magnetic 

and lattice polaron, concept of small lattice polarons, narrow band model 

and Jahn Teller distortion [27-29, 39-41]. 

    The concept of mixed valence states and their control over 

the properties of manganites especially on the metallic conduction and the 

magnetic ordering was put forth by Verwey and de Boer. They observed 

that mixed valence states of Fe such as Fe3+ (3d5) and Fe2+ (3d6) in the B 

sites of spinel structured magnetite led to conduction and ferromagnetic 

B± B exchange interactions [42]. Followed by their analysis, lot of 

research works were dedicated to mixed valence states and were extended 

to perovskite oxides too [42-46]. In perovskites or specifically in 

manganites, mixed valency can be achieved by substituting different 

elements at A sites.  Divalent cations which can occupy A sites include 

calcium, barium, strontium and lead and trivalent cations basically rare 

earths like yttrium, lanthanum, praseodymium and neodymium. Such 

elemental substitution led to different classes of manganites like hole and 

electron doped categorized respectively depending on the valency of 

substituting ions is smaller or larger than the A site ions. 
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1.7. Doped Manganites 

 

    Doped manganites refer to element substituted manganite 

systems and the word „doped‟ signifies whether it is electron doped or 

hole doped. Hole doping refers to replacing rare earth trivalent ions by 

divalent ions like Ca, Sr and Ba resulting in the mixed state of Mn3+ and 

Mn4+ for manganese ions. There has been extensive studies on hole doped 

systems like La1-xCaxMnO3 and La1-xSrxMnO3 which proved them to be 

paramagnetic at high temperatures and ferromagnetic at low temperatures. 

In electron doping, the rare earth sites are substituted by trivalent ions like 

Ce, Y and Ga resulting in mixed valence state of Mn2+/Mn3+ ions.  
Magnetic ordering in these types of materials relies upon exchange 

interaction between Mn3+ and Mn2+ ions [47-50]. 

    Substitutions for A sites by divalent or trivalent ions have 

been investigated and a lot of interesting properties have come up, for 

instance, Colossal Magneto-resistance (CMR) effect [51-53]. Variation of 

the ionic radii at A sites can result in buckling or distortion of MnO6 

octahedra from cubic phase to several lower symmetry structures having 

reduced co-ordination numbers for A and Mn ions [54]. Orthorhombic, 

rhombohedral, tetragonal and monoclinic are the most common non cubic 

structures of manganites Magnetic ordering in these materials arise from 

the spin ordering of adjacent Mn ions mediated by  hopping of electrons 

from Mn3+ to Mn4+ions. On the basis of the electron hopping amplitude, 

which is also called as bandwidth, doped manganites are again classified 

as large bandwidth, intermediate bandwidth and lower bandwidth 

manganites.  
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1.8. Lanthanum Manganites 

 

    Lanthanum manganite  is the first member of the 

manganite series and are being extensively investigated ever since the 

discovery of CMR effect in them. Lanthanum manganites and its 

derivatives, La1-xAxMnO3 with A ions of Sr2+, Ca2+ are found to be 

exhibiting interesting properties such as magnetoresistance, ferro/antiferro 

magnetic ordering, magnetic entropy change, near room temperature 

metal - insulator transition, high magnetic transition temperature and 

these properties are tunable by the type of substituting element, their 

valency, ionic radii  and concentration. Thus these are exciting materials 

from fundamental and application point of view [19,27,42]. 

    Catalytic activity of manganites, particularly, lanthanum 

manganites (LMO) is utilized in the oxidation of CO and hydrocarbons 

[55,56].  Different valence ion substitution at La or Mn sites (called doped 

LMO) lead to cation or anion vacancies providing enhanced mobility and 

reactivity of oxygen ions essential for the catalytic activity [57]. Another 

major area dominated by doped LMO are in solid oxide fuel cells 

(SOFCs) where they serve as cathode materials similar to yttria stabilized 

zirconia (YSZ) electrolytes due to their excellent electronic and ionic 

conductivity, thermal, mechanical and chemical stability [58,59]. These 

materials also find applications in a wide area ranging from magneto-

resistive random access memory (MRAM), magnetic tunnel junctions 

(MTJs), data storage, read - write heads to bolometric sensors [19,60]. 
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1.9. Magnetoelectrics and Multiferroics  

  

    Magnetoelectrics as well as multiferroics are one of the 

most interesting and challenging field of contemporary research as these 

materials possess immediate applications in the area of switching devices, 

sensors and spintronics. Multiferroics refer to materials possessing two or 

more ferroic orders of polarization such as ferroelectricity, 

ferromagnetism or ferroelasticity. Generally a material exhibiting 

ferroelectric and ferromagnetic property in a specific temperature range is 

a multiferroic material while those materials in which these two properties 

can be coupled forms a magnetoelectric multiferroic material [61,62]. A 

magnetoelectric material has huge potential in storage devices as 

switchable memory devices where a magnetic field can influence the 

electric polarization and electric field could change magnetization 

behaviour. Single-phase materials in which ferromagnetism and 

ferroelectricity arise independently also exist, but are rare. As the new 

century unfolds, the study of materials possessing coupled magnetic and 

electrical order parameters has been revisited [63,64].  A schematic 

diagram showing correlation between electrically and magnetically 

ordered systems is shown n figure 1.4. 
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Figure 1.4: Schematic diagram showing correlation between electrical and 

magnetic properties [64] 

 

    An article titled” “Why are there so few multiferroics” 

authored by N. A Hill et al. in 2000 [62] clearly states the reason for the 

mutually exclusive nature for polarization phenomenon in electricity and 

magnetism. Ferromagnets are basically metals while ferroelectrics are 

insulators. Thus in ferromagnets there will be d electrons while no free 

electrons in d orbitals are found in ferroelectrics which imply that for a 

single phase multiferroic material there is discrepancy between d0ness and 

d ness. Also only 13 point groups exist which allow materials with both 

these properties. Search for a single phase multiferroic material did not 

succeed and thus composite materials or materials with ionic substitutions 

were considered. One such ferroelectric ferromagnetic material 

discovered was nickel iodine boracite, Ni3B7O13I followed by a lot of 

investigations in mixed perovskites. The first synthetic ferromagnetic 

ferroelectric from a perovskite was (1 - x)Pb (Fe2/3W1/3) O3 - 

xPb(Mg1/2W1/2)O3, where Mg and W ions are diamagnetic causing 
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ferroelectricity, and d5 Fe3+ ion is responsible for the magnetic ordering. 

A lot of perovskites were utilized for developing such magnetoelectric 

systems giving rise to a new branch of materials called multiferroic 

perovskites [65-69]. Schematic of a multiferroic is indicated in figure 1.5. 

 

 

 

 

 

 

 

 

 

Figure 1.5: Schematic diagram of a typical multiferroic [61] 

 

   A strong coupling between spin magnetic moments and 

lattice structure observed in La0.83Sr0.17MnO3 [70] is evident from 

magnetically induced structural phase transitions. In Nd0.5Sr0.5MnO3,  an 

external magnetic field can induce electronic metal insulator transition 

pointing towards strong correlation between electronic charge carriers and 

magnetic spin moments [65]. Most of the rare earth manganites crystallize 

in perovskite phase with antiferromagnetic ordering between adjacent 

Mn3+ ions caused by superexchange mechanism. From these observations 

it was made clear that although combination of ferroelectricity and 

ferromagnetism is rare, coupling between electric and magnetic order 

parameters is not rare or not an unattainable task [71-73].  
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1.10. Magnetocaloric Effect 

 

    Magnetic refrigeration based on magnetocaloric effect 

(MCE) is a promising cooling technology preferred over conventional 

thermomechanical cooling owing to its eco friendliness. Refrigeration 

mechanism based on adiabatic demagnetization was first proposed by 

Debye and Giaque in early 1920‟s . First experimental demonstration was 

carried out in 1933 by Nobel Laureate William F. Giaque and D.P. 

Macdoughgall. A near room temperature magnetic refrigerator was 

demonstrated by Karl A. Gscheidner in 1997[74-76] .  

    Currently pursued as most effective, easily accessible and 

highly economical cooling technology, magnetic refrigeration is solely 

attributed to magnetic materials and derives its strength from the coupling 

of magnetic domains with material lattice.  An ideal magnetocaloric 

material operating at room temperature exhibits an appreciable change in 

magnetic entropy near room temperature and can effectively contribute to 

lowering the energy consumption upto a level of 20-30 percent.  Change 

in magnetic entropy of a material with respect to magnetic field variations 

forms the basis of Magnetocaloric effect (MCE). It is perceived that 

change in entropy under adiabatic conditions can induce an equal but 

opposite change in the entropy of lattice which in turn is manifested as 

change in temperature of the material [74,75].  Figure 1.6 explains the 

mechanism of MCE where on applying magnetic field, magnetic diploes 

are oriented increasing the lattice entropy which gets dissipated as heat. 

By adiabatic demagnetization, the reverse is true in that lattice entropy is 

higher at the expense of magnetic entropy. This cycle gets repeated and 
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such a type of magnetic cooling can be effectively utilized for 

refrigeration. Materials exhibiting a large entropy change at low magnetic 

field with transition temperatures close to room temperature are 

considered as promising materials for magnetic refrigeration. Detailed 

theory of MCE will be discussed in chapter 2. 

 

 
Figure 1.6: Mechanism of MCE [74] 

 

   Late 90‟s saw a spurt in the research activities on MCE 

materials, notable were on n Gd and Yb based alloys, gadolinium 

germanium silicides an La(Fe,Si) alloys. Giant magnetocaloric effect 

(GMCE) with an adiabatic temperature change (ΔTad, or |ΔTad|) of 15 K 

and magnetic entropy change (ΔSM, or |ΔSM|) of 18.5 J.Kg-1K-1 have been 
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observed in Gd5Ge2Si2 at 276 K for a magnetic field of 5 T [76,77]. These 

silicides are prototype materials for magnetic refrigeration and various 

elemental substitutions like Cu, Ga, Mn and Nb for Ge and Si has led to 

varied entropy and adiabatic temperature changes [78].  Later GMCE 

have been reported in LaFe11.4Si1.6 at 210 K with a |ΔSM| of  20 J.kg−1 K−1 

at a magnetic field of 5 T comparable to Gd compounds [79].  In parallel, 

materials like hydrogen-added YFe2 [YFe2(H1−yDy)4.2] with AB2 

stoichiometry have also been studied which exhibited a |ΔSM| of 10 J.kg−1 

K-1 and similar compounds like Ho2Co and HoCoSi  also reported entropy 

values  of  11 and 30 J.kg−1 K−1 respectively at 5 T in the low temperature 

range below 130 K [80-82]. Superparamagnetic ferrites are also being 

investigated since the blocking temperature (TB) can modulate the entropy 

change [83]. Other materials of interest in the area of MCE are MnAs, 

MnFe compounds, heusler alloys, intermetallics with rare earth metals 

and ferromagnetic lanthanum manganites [84,74]. Some of the prominent 

MCE materials are indexed in figure 1.7. 
 

 
Figure 1.7: Magnetocaloric materials [74] 
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   Lanthanum manganites with ABO3 structure and its 

derivatives have secured a prominent position in the MCE phenomenon as 

they possess high magnetic moments. Ferromagnetic (FM) to 

paramagnetic (PM) transition at high temperatures often coupled with 

metal-insulator transition in doped manganites directed the focus towards 

magnetic entropy studies [84, 85]. ΔSM of 1 J.Kg-1K-1 La0.67Ca0.33MnO3 

and 2 J.Kg-1K-1 was observed in La0.67Ca0.33MnO3 and La0.87Sr0.13MnO3 

respectively under a magnetic field of 10 KOe [86,87]. Highest ΔSM of 8 

J.Kg-1K-1 around 250 K was found in La0.7Ca0.3MnO3 under 2 T magnetic 

field [88]. Recently a ΔSM of  5.15 J.kg-1K-1 corresponding to a magnetic 

field of 5 T was reported for La0.67Sr0.33MnO3 at 370 K [89]. Efforts are 

on to effectively utilize the tunability of magnetic properties of doped 

manganites in MCE for developing manganites with high entropy values 

near room temperature. A possible concern in manganites is that their 

specific heat is higher and hence adiabatic temperature variation is 

smaller, but higher Curie temperature well above room temperatures can 

be of help as the adiabatic temperature change is proportional to 

temperature [89]. The advancements made in materials has led to the 

development of a prototype room temperature refrigeration system based 

on Gd and is currently on display at the Ames laboratory, USA [77]. 

 
 
 
1.11. Manganites : Bulk to Nano 

 

 
       Nanotechnology is the science of the new era which is 

advancing forward at a tremendous speed replacing the existing devices 
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and technology. Nanotechnology stands for engineering at atomic 

precision. Various materials with dimensions in the order of one billionth 

of a meter come under the nano category.  Properties of materials are 

highly dependent on size, shape, dimensions and altering such parameters 

keeping the chemical composition intact have awakened entire scenario of 

interdisciplinary sciences [90,91]. It is well said by Sir Eigi Kobayashi 

that “Those who control materials control technology.” Early roots for 

nanotechnology and nanoscience were from supreme visions of the 

scientist, Dr. Richard Feynman who gave a lecture entitled “There‟s 

Plenty of Room at the Bottom” about 55 years ago at a meeting of the 

American Physical Society. Concept of nanotechnology was not known at 

that time and the credit for first using the word „Nanotechnology‟ goes to 

N. Taniguchi in 1974 to refer the precise tolerance requirements for 

designing and machining materials. A  string of discoveries like Scanning 

Tunneling Microscopy (STM), Atomic Force Microscopy (AFM), 

Magnetic Force Microscopy (MFM), single walled and multi walled 

carbon nanotubes, graphene, lithography and phenomena of magnetic 

hyperthermia using nanoparticles helped in the incredible growth of 

nanotechnology as a broad interdisciplinary field [92,93].  

 In the macro scale, material properties like stiffness, 

magnetism, electrical conductivity all depend on interior atoms since 

surface atoms are minuscule. But surface atoms are relevant in adhesion 

or in ejection of electrons like plasma displays. It can be presumed that 

atoms on the surface and in the interior behave differently. In nano scale, 

surface atoms are higher than bulk with a larger surface to volume ratio 

and a combined influence of both surface and interior atoms can result in 

new exciting properties. It has been revealed that nanoparticles have 
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different chemical, electrical, optical, mechanical, thermal and magnetic 

properties than the bulk [91-93].  

 Advances in nanoscience and nanotechnology have their 

implications in manganites also. The co-existing metallic and insulating 

nature of manganites has been thought of being extended to micrometre 

and nanometre scales. In such nano or micro manganite thin film 

structures, metallic or insulating phases co-exist for particular length 

scales for a particular composition. Such electronic inhomogeneities 

within the same sample is an attractive feature since it leads to fabricate 

nanostructures which are spatially self organized and having diverse 

functionalities. Giant magnetoresistance, re-entrant M-I transitions, 

charge ordering, ferro/antiferro magnetic ordering, size dependent 

exchange bias effects, spin glass states are some recent features observed 

in manganite nanostructures and thin films. Nanostructures of manganites 

like nanorods, nanotubes and nanowires have also been developed since 

they possess excellent magnetotransport and electrical properties. In 

parallel, several methods like hydrothermal, solgel, electrospinning, 

lithography, template process have come to existence for the preparation 

of nanomaterilas. There has been reports of synthesis technique being a 

crucial in deciding the material properties, for instance La0.7Sr0.3MnO3 

synthesized by various routes exhibited different properties. Manganites 

are already known to be having diverse properties and reduced 

dimensionality further opens up much newer and interesting features 

useful for the future technology [18]. 
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1.12. Motivation of the Present Study 

 

           Rare earth manganites are extensively investigated as they 

exhibit interesting phenomena such as magnetoresistance, near room 

temperature metal-insulator and magnetic transitions. Lanthanum 

manganites belong to these class of materials and have gained immense 

importance ever since the discovery of Colossal Magneto-resistance. 

These materials belong to the family of strong electron correlated systems 

with close coupling between lattice, electron spin and charge transport. 

Extensive studies are on to understand the diverse properties exhibited by 

them. Lanthanum manganite (LMO) is an antiferromagnetic insulator or 

also called a mott insulator. In the doped compositions of LMO, magnetic 

ordering has been found to be of different kinds such as spin canted 

antiferromagnetic, ferromagnetic or a combination of two orders. The 

reason for the exhibition of a variety of magnetic behaviour can be 

attributed to the fact that magnetism in LMO is highly dependent on small 

variations in the La, Mn sites, Mn4+/ Mn3+ ion ratio and oxygen content 

[27, 94].  

  In the area of doped manganites, divalent substitutions at 

La sites (Ca, Sr, Ba, Pb) have been investigated earlier and reported in 

various research papers [27]. Fewer studies have focussed on the 

monovalent substitution for La ions. Monovalent substitutions can result 

in the conversion of Mn3+ ions to Mn4+ conducive for magnetic ordering 

and the conversion rate is twice that of divalent substitutions. Since 

monovalent ions (K+, Na+) have higher ionic radii than La3+ ions, their 

substitution can increase the effective ionic radii at La sites leading to 

crystallographic distortion manifested as an increase in Mn-O-Mn bond 
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angle. Double exchange interaction between Mn3+ and Mn4+ ions with 

increased bond angles (or shorter Mn-O) favours ferromagnetism with a 

higher Curie temperature (Tc) [94,95]. Thus monovalent substituted 

lanthanum mangnaites warrants a thorough investigation.  

   An extensive survey of literature also reveals that reports 

on heavily (monovalent) substituted lanthanum manganites are scarce. 

Monovalent ions like sodium can be substituted for La sites and such 

substitution multiplies the amount of charge carriers than that from 

divalent substitutions. Such an increase in charge carriers influences the 

structural, magnetic, electrical and thermal properties. Doped lanthanum 

manganites with sodium concentrations from 50 to 90 percent in steps of 

10 will be the subject of our interest. Sodium being volatile, an effective 

synthesis procedure is required for maintaining the sroichiometry in the 

resulting compound. A modified citrate gel method will be chosen for the 

synthesis of these materials. A unique feature of manganites is that 

oxygen stoichiometry, and vacancies also affect the magnetic properties 

of manganites. Thus a complete investigation on the structural and 

magnetic properties of heavily doped manganites with sodium is 

worthwhile. However, substitutuion of Na for La can result in non 

stoichiometry and also create vacancies and hence the exact determination 

of the amount of Na,La, O and their valence states is all the more 

important. This will be yet another motive of the present investigation. 

The compositional analysis will be carried out by using X-ray 

Photoelectron Spectroscopy (XPS). XPS results will be correlated with 

the magnetic properties. 

  Hence, in the first phase of this investigation, the focus will 

be on the synthesis and properties of compositions with heavily 
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substituted Na ions. The evaluation of their magnetic properties and 

correlation with composition visa vis Mn3+/Mn4+ ratio also forms a major 

part of the first phase of investigation. These samples will be subjected to 

magnetization measurements in order to determine the nature of 

magnetization. These compositions are expected to have large 

magnetizations (saturation magnetization) with near room temperature 

ordering. Thus Na substituted LaMnO3 are potential materials for 

magnetic refrigeration. So evaluation of entopy change and adiabatic 

temperature change by plotting M-H isotherms of these compositions is 

another objective of the present investigation. 

  The magnetic entropy change stems from Maxwell‟s 

thermodynamic relations and entropy change can be evaluated from 

magnetic isotherms. Thus in the next phase of the study on bulk materials, 

magnetic entropy change of the sodium substituted LMO system and the 

variation of entropy with temperature and concentration of sodium will be 

carried out.  Magnetic entropy change can then be utilized to determine 

the adiabatic temperature change which is a thermodynamical parameter 

in deciding the efficiency of a magnetocaloric material. Heat capacity 

measurements will also be performed on doped manganite system rather 

than relying on the literature values which could provide credence to the 

evaluated magnetocaloric parameters.  

                Thin film forms of these compositions are essential for 

further studies inorder to explore the possibility of fabricating devices 

based on these materials. Thin films are to be deposited on suitable 

substrates by choosing an appropriate deposition technique. It is known 

that pulsed laser deposition technique can produce quality thin films 

without compromising on the stoichiometry. These films are to be 
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characterized inorder to evaluate their structural, magnetic and 

magnetocaloric parameters. So preparation and characterization of thin 

film samples of LNMO series on Si substrates forms part of this 

investigation. Magnetocaloric parameters namely magnetic entropy 

change (ΔSM), adiabatic temperature change (ΔTad) and relative cooling 

power (RCP) will also be evaluated and compared with that of their bulk 

values. 

  Magnetoelectric (ME) response is an in thing in the area of 

multiferroics. and materials exhibiting this phenomena can be employed 

to fabricate multifunctional devices. Such ME coupled devices could be 

ideal for storage with four states. The advantages of such memory devices 

are that electric polarization can be varied by magnetic field and vice 

versa.  [72,97,98]. Thus manganites could serve as the ferromagnetic part 

in developing a ferroelectric-ferromagnetic (FE-FM) heterostructures. A 

proper choice of the substrate and the ferroelectric component could lead 

to development of field effect devices. We have converged on a substrate 

which is both ferreoelectric, piezoelectric and an ideal choice for such 

substrate is PMN PT. Thin films of sodium substituted lanthanum 

manganites deposited on ferroelectric substrates were also fabricated 

which mimics a field effect device. Initially, physical properties of such 

heterostructures need to be investigated to gauge magnetoelectric 

coupling. Thus the present thesis focuses on the physical properties of FE-

FM heterostructures arising from the coupling between magnetic and 

electrical behaviour.  A heterostructure consisting of FM and FE will 

serve as an ideal device for such applications. Substrtaes of PMN PT are 

available which are ferroelectric as well as piezoelectric. It will be our 

endeavour to deposit films of different thicknesses on PMN PT substrates 
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and evaluate their various properties. For this, PLD technique will be 

employed. Their magnetic and ferroelectric hysteresis loops will be traced 

to evaluate various parameters like coercivity, remenance and saturation 

magnetization or saturation polarization. Finally, a field effect device will 

be demonstrated with a FE/FM heterostructure.  Recently it has been 

observed that strain effects of the substrate can also influence the 

magnetic ordering in thin films of manganites [96]. Recent reports based 

on theoretical calculations conducted on MoS2thin films and graphene 

also points to the possibility of achieving magnetization by strain [99, 

100]. Hence it was through fit to investigate such phenomena on FE/FM 

heterostructures with PMN PT as the substrate for different thicknesses. 

This also will be probed during the course of this investigation. Thin films 

deposited on different substrates for different thickness could lead to 

study of substrate influence on the magnetic properties of such 

heterostructures.  

 

 

Thus the main objectives of present investigation are as follows: 

 

 Synthesis of bulk samples belonging to sodium substituted 

lanthanum manganite series,  La1-xNaxMnO3 ( x= 0.5 to 

0.9) 

 Study  the effect of sodium substitution on crystal 

structure, lattice parameters, magnetization and transition 

temperatures 
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 Evaluation of magnetic entropy change with temperature 

and Na concentration for the series La1-xNaxMnO3 ( x= 0.5 

to 0.9) 

 Determination of the amount of Mn4+ and Mn3 ions and 

ascertaining the role of Mn4+/Mn3+ ratio in the magnetism 

exhibited by these compounds 

 Deposition of Thin films of  sodium substituted lanthanum 

manganite using pulsed laser deposition on silicon 

substrate 

 Investigate the magnetic properties and magnetocaloric 

effect for different compositions 

 Demonstrating a magnetoelectric field effect device using 

thin films deposited on a piezoelectric substrate of PMN 

PT 

 Investigate the variation of strain on the magnetic 

properties of LNMO coated on PMN PT substrate 

 Correlation of results 
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CHAPTER 2 

THEORY 
 

   

   

 

This chapter describes in detail some basic properties of manganites like 

crystal field effect, Jahn Teller distortion and double exchange/super 

exchange interactions associated with spin dependent electron transport 

mechanism.  A brief overview of magnetoresistance and spin valves is 

also provided in this chapter. Significance of monovalent doping in 

manganites, half metallicity, and theory of magnetoelectric effect are 

other highlights of this chapter. The principle and theory behind the 

estimation of magnetic entropy change and adiabatic temperature change 

are also discussed from a first principle angle. 

 

2.1. Properties of Manganites: 

2.1.1. Crystal Field Effect  

 

    Perovskite structured manganites possess an octahedral 

arrangement of oxygen ions with Mn ion at the centre of an octahedron. 

In an Octahedral complex, the chains of O-Mn-O planes can be assumed 

to be as directed along the three cartesian axes as shown in Figure 2.2. 

The O2- ions forms the crystal field enclosing the Mn ions. All the 5 d 

orbitals of Mn ions will no longer have the same energy as in free ion  
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as the relative energies of the d orbitals are controlled by the repulsive 

energy of the oxygen anion complex. The d orbitals, dxy,dxz,dyz  (π 

bonding orbitals) are oriented in between either of the two cartesian axes 

(i.e, in the empty space between the oxygen atoms) while the dx
2

-y
2

 and dz
2 

orbitals (σ bonding orbitals) point towards the axes. As a result, dx
2

-y
2

 and 

dz
2

 
 orbitals face large coulomb repulsion from the oxygen anions and 

hence their energy will be raised compared to the other three d orbitals 

and it is called crystal field effect or distortion. The π bonding orbitals 

after the distortion gives rise to the symmetric class t2g and the σ bonding 

orbitals as eg . The energy splitting between the two sets of d orbitals is 

given by the splitting energy term Δ which equals 4

53

5
r

a

zq , zq denotes 

the charge of Oxygen ion , a is Mn- O distance and r is the distance of the 

electron to the central Mn ion. The magnitude of Δ varies between 1-2eV 

[1,2]. 

 

2.1.2. Jahn Teller Distortion 

 

  The Jahn Teller effect occurs in materials where there is 

partial electronic occupation in t2g or eg symmetric classes. This 

Phenomenon was first proposed by Herman Jahn and Edward Teller in 

1937 to explain the instability of a non linear system in a degenerate 

energy state. They argued that a non linear system in a degenerate energy 

state will spontaneously distort so as to split its energy states and removes 

its degeneracy. Different valence states of Mn are shown in figure 2.1.  

  Consider an Mn3+ ion. After the field splitting, 3 electrons 

of Mn3+ occupy the t2g set and one electron in the eg set which make the 
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Mn3+ ion Jahn Teller active. Two eg orbitals split raising the energy of one 

at the expense of the other termed as Jahn Teller distortion followed by 

the distortion of the octahedra along the z axis. The octahedron elongates 

along the z axes and compresses along the x and y directions. The 

elongation and compression profoundly affect the energy states of the d 

orbitals - dz
2

 will be lowered in energy than dx
2

-y
2 orbital similarly the dxz, 

dyz  orbitals will have lower energy than dxy. There will be two kinds of 

energy which comes into consideration at this stage- the lattice strain 

energy due to distortion and the electronic energy. The single electron of 

the eg set occupies the dz
2

 level which lowers the electronic energy 

outweighing the lattice strain energy thereby lowering the energy of the 

material structure as a whole. The magnitude of the Jahn Teller distortion 

is determined by the balance between the lattice strain energy and the 

electronic energy for attaining energy stabilization. This distortion can 

affect the properties of the material such as the electrical conductivity and 

magnetism due to the direct influence of lattice distortion on the 

electronic configuration and the atomic arrangement [1,2]. 

 

 

 

 

 

 
Figure 2.1. d orbital occupancy of different Mn ions 
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Figure 2.2: Energy levels of d
3
Mn ions due to crystal field splitting and Jahn Teller 

distortion 

 

2.1.3. Double exchange Mechanism 

     

   Double exchange mechanism explains the ferromagnetic 

ordering in mixed valence manganites and was first proposed by Zener. 

Before the advent of double exchange theory, magnetic interactions 

between Mn ions in stoichiometric manganites like LaMnO3 were 

explained based on Mn-O-Mn bonding [3]. 

   When Mn-Mn separation is least, Mn-O bonds are 

covalent. Since valence electrons of oxygen anion (O2-) are bonded 

antiparallel, each electron spin couple ferromagnetically via semicovalent 

bonding with associated Mn ions. This leads to an antiferromagnetic 

alignment of Mn ions. A second case arises when one Mn-O bond is 

covalent and counterpart is ionic. In such a case, O2- ion is displaced 
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towards the Mn ion which is covalently attached to it. Electron spin of O2- 

couple ferromagnetically to this Mn ion via semicovalent bonding as in 

the first case. The other electron of O2- participate less in semicovalent 

bonding and will be coupled antiferromagnetically to the second Mn ion. 

Thus the net magnetic moment of Mn ions is antiparallel to the O2- 

moment leading to ferromagnetic alignment between two Mn ions. This 

explains ferro/antiferro alignments in stoichiometric undoped manganites 

[3]. 

   When doped manganites were developed, double exchange 

theory was put forth to explain ferromagnetic ordering. Such a type of 

magnetic ordering arises from the oxygen mediated coupling of two Mn 

ions of different valence states. Consider Mn3+ and Mn4+ ions. There can 

be two possible configurations having the same energy or the two fold 

degeneracy in the ground state is given by ψ1 and ψ2. 

ψ1: Mn3+ O2− Mn4+ 

ψ2: Mn4+ O2− Mn3+ 

   There exist finite probability that an electron which is 

initially in the d orbital of Mn3+ ion is able to transfer to the d orbital of  

Mn4+ ion (converting ψ1 into ψ2) then the degeneracy will be lifted and 

overall energy of the states will be lowered. An electron transfer from 

Mn3+ to Mn4+ occurs as a result of simultaneous double transfer of 

electron from Mn3+ to O2- and then from O2- to Mn4+. Such an electron 

transfer is possible provided the magnetic moments of the t2g states of two 

Mn ions are parallel, otherwise Hund‟s rule would be violated. Hunds rule 

demands the occupancy of electrons with same spins in the d orbitals of 

Mn3+ and Mn4+ ions. A lowered energy state due to double transfer of 

electrons results in a ferromagnetic ordering between Mn ions and the 
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mechanism is called double exchange. Spin dependent electron transfer 

between Mn ions with parallel spin alignment in double-exchange 

mechanism accounts for both ferromagnetism and metallicity [3-6].  

 

         Figure 2.3: Double exchange mechanism between Mn
3+

 and Mn
4+

 ions 

 

   Double exchange mechanism between a pair of magnetic 

ions with general spin directions is governed by the transfer integral„t‟ 

represented as 

                    
2

cos0
 tt                         2.1 

where t0 is normal transfer integral depending on the spatial wave 

functions and  Θ is the angle between the spin directions of associated Mn 

ions [4,5]. 

 

 2.1.4. Super exchange Mechanism 

 

   Superexchange mechanism is also an anion mediated 

indirect exchange mechanism found in transition metal oxides. Super 
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exchange mechanism in most cases, invokes an antiferromagnetic 

ordering between same valence states of Mn ions.  For two Mn2+ ions, it 

is energetically favorable for the valence electrons on the Mn2+ and O2− 

ions to undergo covalent bonding. The p orbital of O2- ion has filled shell 

of electrons and for the Mn-O-Mn hybridization to occur, a transfer of 

electron with a particular spin from the O2− ion onto the Mn2+ ion is 

required followed by the transfer electron of opposite spin to other Mn2+ 

ion. Such a process results in an antiferromagnetic alignment between the 

Mn2+ ions. Figure 2.4 shows the super exchange mechanism between 

Mn2+-O2-- Mn2+ and Mn3+-O2--Mn3+ pairs[1].  

 

 

 

Figure 2.4: Superexchange mechanism between Mn ions [1] 

 

   A superexchange mechanism is basically guided by the 

sign of the exchange integral, Jij in the Heisenberg Hamiltonian which 

depends on oxygen–metal bond angle and the d electron configuration on 

the transition metal. It is generally concluded that a 1800 metal–oxygen–

metal angles between identical metal ions with both orbitals either 
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completely filled or empty lead to antiferromagnetic interactions while of 

900 angles lead to ferromagnetism. 

   In super exchange interactions, transfer integral is 

proportional to cos Θ and magnetic interactions are between orbitally 

non-degenerate, localized t2g orbitals [3,5]. 

 

2.1.5. Colossal Magneto-Resistance (CMR) 

 

   Manganites posses the unique property of 

magnetoresistance which is an appreciable change in resistance of the 

material upon the application of an external magnetic field. The 

phenomenon of Colossal magnetoresistance (CMR) was first observed in 

LaCaMnO films at  77 K as shown in figure 2.5. The term “colossal” 

applies to very large change in resistance, basically from an insulating to 

a conducting state, on application of a magnetic field [1,7]. Conventional 

metals also exhibit magnetorsesisitance but the change in resistance is 

nearly 5% while in manganites a gigantic decrease in resistance on the 

application of magnetic field is observed. Spin dependent scattering 

mechanism of the conduction electrons in metal oxides and suppression of 

such scattering by magnetic field were the features which led to CMR 

mechanism. 

   In CMR materials, decrease in resistivity is of the order of 

a transition from metal to insulating state which is termed as M-I 

transition. An additional feature of CMR manganites is that the M-I 

transition temperature is in the vicinity of magnetic transition from 

ferromagnetic to paramagnetic state (Curie temperature, TC). A schematic 

diagram of two transitions is shown in figure 2.6 [8]. 
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Figure 2.5: Change in resistance with applied magnetic field in La-Ca-Mn-O films 

at T=77K [1] 

      

 
 

Figure 2.6: M-I transition and TC 
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     Discovery of CMR led to surge in research in manganites 

and this resulted in the discovery of Giant magnetoresistance (GMR) in 

metallic multilayers of Fe/Cr. Nobel Prize in Physics for the year 2007 

was awarded to Albert Fert and Peter Grunberg for the discovery of 

GMR. It has potential application in field sensors, storage devices, and 

switching devices which is based on two concepts: spin dependent 

transport and interlayer coupling.  

     GMR has paved way for the development of spin valves 

comprising of two magnetic layers with an intermediate non magnetic 

layer. Thickness of the intermediate layer guides the ferro/ 

antiferromagnetic alignment of the magnetic layers. In the presence of 

magnetic field and if the layers are ferromagnetic to each other electrons 

with compatible spin type of the magnetic layers can travel with less 

scattering. For an antiferromagnetic alignment, electrons of a particular 

spin type are strongly scattered by the magnetic layer with opposite spin 

alignment [1,8]. Thus the same structure functions differently for two 

types of spin alignment and it forms the heart of a spin valve based on 

GMR. A typical spin valve is shown in figure 2.7. 
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Figure 2.7: A  Spin valve 

 

2.1.6. Half Metallicity 

 

      It has been observed from the double exchange and the 

magnetoresistance phenomena that in addition to charge, spin of electrons 

also play a decisive role in deciding properties of these materials. In 

normal metals there is equal probability of spin up and spin down 

electrons so that density of spin up and spin down electrons reaching the 

Fermi level is equal but manganite like systems favour one type of spin 

alignment over the other. Thus the material acts as a conductor for one 

spin type and as an insulator for the other spin type and such materials are 

called half metallic materials [1,9]. Schematic diagram of density of states 

in metallic and half metallic materials is shown in figure 2.8. 
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Figure 2.8: Density of states in a metallic and half metallic material [1] 

 

2.2. Doped Manganites: monovalent vs divalent 

     

    Manganites in their undoped state are insulators and on 

substituting A sites or B sites by different elements, they transform to 

doped manganites exhibiting a wide variety of ordered states like 

ferromagnetic ordering, charge ordering apart from orbital ordering and 

antiferromagnetism. In charge ordering (CO), electrons are more localized 

due to ordering of cations of different charges on specific lattice sites and 

leads to insulating behaviour of the material. CO was first explained by 

Wollan and Koehler in rare earth manganites [10].It often competes with 

double exchange mechanism mediated by electron transport. CO is 

observed in doped manganites at temperatures below a critical ordering 

temperature called TCO when there is equal no. of Mn3+ and Mn4+ ions.  

Clear evidence for charge ordering was found in La0.5Ca0.5MnO3 using 

electron microscopy by Chen and Cheong [11,5] 

    Considering the case of lanthanum manganites, mixed 

valence states have been obtained with La ions at A sites substituted with 

divalent ions like (Ca, Sr, Ba, Pb, etc). Thus divalent ion substitution at La 
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sites lead to hole doped manganites providing a large amount of Mn3+ and 

Mn4+ ion in addition to holes to the lattice. Such mixed valence 

manganites lead to orthorhombically distorted structures with cooperative 

ordering of Jahn teller distorted octahedra of Mn3+-O6 [12,13]. An 

orthorhomic structure of undoped LaMnO3 is shown in figure 2.9. It 

consists of 20 atoms per unit cell. 

    Much intense studies on divalent substituted manganites 

indicated that electron–phonon interaction [14], the charge and orbital 

ordering [15] and the average sizes of the  A cations [16] also play a 

pivotal role in deciding material properties. Shannon ionic radii (or 

effective ionic radii) of divalent ions (in pm)  like Ca2+, Ba2+, Sr2+,Pb2+ 

are 114,149,132 and 133 respectively. Large differences in ionic radii 

from La3+ ions impart a significant change in tolerance factor governing 

the structure which manifests as a distortion of the crystal lattice. These 

observations were the stepping stones to find out other alternatives for La 

site substitutions considering the size of ions unmindful of valencies.  

 
Figure 2.9: Orthorhombic unit cell of LaMnO3 
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    Monovalent ion substitution for La sites were the next 

major step in that area which immediately gained attention due to the 

diversity in properties from the divalent substitutions [17-19]. 

Monovalent ions like Na, K, Ag and Li can be substituted for La sites. It 

has been found that alkaline earth metal (divalent) doping and alkali metal 

(monovalent) doping can lead to different effects such as (a) less variation 

in tolerance factor thereby less distortion of lattice from undoped 

manganite structure (b) larger random-potential fluctuations experienced 

by electrons due to the larger difference in valency (c) role of vacancies, 

oxidation state and stoichiometry of cations/anions in deciding the 

structural, magnetic and transport properties [18]. A key feature of 

monovalent ion substitutions are that charge carrier concentration attained 

is double that is achieved using same amount of divalent substitutions. 

This implies that twice the number of holes is induced in the lattice by 

monovalent substitutions in comparison with divalent substitutions [19].  

    The conversion of Mn3+ to Mn4+ is explained in divalent 

and monovalent ion substitutions of LaMnO3. In the case La1-xCaxMnO3 , 

1-x sites of La rare replaced by La. It can be viewed as two structures, 

LaMnO3 and CaMnO3. In LaMnO3, valency of Mn is 3+ since it donates 

three electrons along with La3+. In CaMnO3, Ca2+ donates two electrons 

and Mn need to donate 4 electrons to maintain stoichiometry and thus an 

Mn3+ ion is converted to Mn4+ ion on single Ca substitution as evident 

from figure 2.10. Consider the case of sodium substituted for La sites 

forming the compound La1-xNaxMnO3 as shown in Figure 2.11. Two 

adjacent NaMnO3 and LaMnO3 regions in such a material is considered. 

In NaMnO3, Na donates one electron and Mn donates 4 electron thus 
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forming Mn4+ ion. To maintain stoichiometry, Mn ion in adjacent 

LaMnO3 donates one electron to the anion in NaMnO3 in addition to 

donating 3 electrons to the anion in LaMnO3. In this process two Mn3+ 

ions are converted to Mn4+ for a single Na substitution. 

 
 

 

 

 

 

 

 

 

 

 

 

 

            Figure 2.10: Conversion of Mn
3+

 to Mn
4+

 in La1-xCaxMnO3 

 

 

 

 

 

 

 

 

 

 
     Figure 2.11: Conversion of Mn

3+
 to Mn

4+
 in La1-xNaxMnO3 
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    Monovalent ions most extensively utilized for substitutions  

are Na+(116 pm), K+(152 pm), Li+(90 pm) and Ag+(129 pm). Among 

them,  Na+ is most preferred for La substitution since its ionic radii is 

close to La3+ ion radii of 117 pm. The substitution produces less distortion 

of the crystal structure but improved properties due to difference in 

valence states, increased rate of conversion from Mn3+ to Mn4+ ions and 

possibly due to vacancies in lattice [19-22]. 

 

2.3. Theory of Magnetoelectric Effect 

 

              Magnetoelectric (ME) effect signifies coupling interaction 

between different order parameters especially electric and magnetic 

orders. ME effects can be of two types: Direct ME effect and Converse 

ME effect. Direct ME response is defined as the appearance of an electric 

polarization P upon applying a magnetic field H.  

 HP   or HE E    (2.2) 

where E denotes electric field and αE is ME voltage coefficient.  

Appearance of a magnetization M upon applying an electric field E is 

defined as converse ME effect [23]. 

EM       (2.3) 

      The magnetoelectric effect in a crystal is basically 

described in Landau theory by writing the free energy F(E,H) of the 

system in terms of an applied magnetic field H and an applied electric 

field 𝐸 . Using Einstein summation convention 𝐹 can be written as 

....
222

1

2

1
),( 00  kji

ijk

kji

ijk

jiijjiijjiij EEHHHEHEHHEEHEF


  

     (2.4) 
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      In eqn. 2.4, first term on the right hand side describes the 

contribution resulting from the electrical response to an electric field, 

where 𝜀𝑖j is relative permittivity while second term is the magnetic 

equivalent of the first term, where 𝜇𝑖𝑗 is relative permeability. The third 

term describes linear magnetoelctric coupling with coupling coefficient 

given by 𝛼𝑖𝑗 and it used for the comparison of ME coupling in different 

systems.  Other terms are omitted which represent higher-order 

magnetoelectric coupling coefficients [24,25]. 

    Magnetoelectric effect can be established in the form 

electric polarization Pi with respect to magnetic field Hj or as 

magnetization, Mi with respect to electric field Ej by differentiating 𝐹.  

 

                             ...
2

)(  kj

ijk

jijji HHHHP


                         (2.5) 

         

                      (2.6) 

 

    Term 𝛼𝑖𝑗 is designated as the linear magnetoelectric effect 

and corresponds to the induction of polarization by a magnetic field or a 

magnetization by an electric field. Magnetoelectric effect is usually too 

small to be practically applicable as term 𝛼𝑖𝑗 is limited by the relation 

 

jjiiij  2  

       (2.7) 

    In composite materials, ME effect is known as a product 

tensor property and is a coupled electrical and magnetic phenomenon via 

elastic interaction first proposed by van Suchtelen in 1972 [26]. Such a 

...
2

)(  kj

ijk

iijji EEEEM



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composite ME effect is a result of the product of the magnetostrictive 

effect (magnetic/mechanical effect) in the magnetic phase and the 

piezoelectric effect (mechanical/electrical effect) in the ferroelectric one, 

namely,  

 

Direct ME effect = 
electric

mechanical
X

mechanical

magnetic  

 

Converse ME effect = 
magnetic

mechanical
X

mechanical

electric  

 

    Thus ME effect in composites is an extrinsic phenomenon 

depending on the composite microstructure and coupling interaction 

across magnetic-piezoelectric interfaces [27]. Such a strain-mediated ME 

effect above room temperature have been exhibited by many bulk 

composites [28]. In comparison with single-phase multiferroic ME 

materials which are rare, the large ME response with several orders of 

magnitude at room temperature can be achieved in the ME composites 

through this extrinsic phenomena via strain. So ME composites with good 

coupling coefficient can be helpful in making a four state memory device 

or smart storage devices a reality.  

 

2.4. Theory of Magnetocaloric Effect  

 

    Magnetocaloric effect was termed as the change in 

magnetic entropy of a magnetic material in the presence and absence of a 

magnetic field. Entropy of a magnetic material is divided into two: a) 
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lattice entropy and b) magnetic entropy. On applying and removing 

magnetic field, there occurs transfer of entropy from lattice to the 

magnetic phase [29,30]. The concept of magnetic entropy change and 

magnetocaloric effect stems out from Maxwell‟s theory of 

thermodynamics. 

Magnetic free energy can be give by  

                            ),,(),( NMTATSMSUA                                (2.8) 

                           
H

M

A
S

T

A

HdMSdTdA
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




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
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









;
                                        (2.9) 

Substituting for the derivatives of A w.r.t T and M, the maxwell‟s 

thermodynamic relations can be given by, 

                                
MT T
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







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





                                           (2.10) 

Free energy term can also be written as, 

                            ),( HTFHMTSUF                                 (2.11) 
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                                    (2.12) 

Similarly, Maxwell‟s relations can be given by, 

                                                                          

                                         (2.13)                                                                                                                                                                 

    Magnetic entropy change (ΔSM) can be evaluated either 

from the variation of adiabatic temperature in the presence of magnetic 

field or from the M-H isotherms at different temperatures. Equation 2.13 

in real case can be given by, 
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                                    (2.14)
 

   The entropy change ΔSM determining the MCE behaviour 

can be calculated from the area between the M-H curves multiplied by the 

reciprocal of the temperature difference between the curves as given by 

eqn.(2.15). 
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00

11
0 ),(),(

             (2.15) 

 

   The adiabatic temperature change associated with the 

entropy change can be given by  

                                      

   (2.16) 

 

  Where Cp denotes specific heat capacity which is considered 

as independent of magnetic field variations. Magnetic field dependence of 

Cp for second order phase transition (SOPT) materials is lower than that 

of first order phase transition (FOPT) materials [29] Considering the 

insignificant magnetic field dependence of Cp for SOPT materials, 

eqn.2.16 can be further written in the form 

                                     M

p

ad S
C

T
T                                       (2.17)        

   Eqn.2.17 provides approximate values for the indirect 

estimation of adiabatic temperature change, ΔTad for different 

temperatures from the magnetic entropy change and specific heat capacity 

[31,32]. 
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CHAPTER 3 

Experimental Techniques 

 

       

 

Characterization of materials is an integral part and there are numerous 

sophisticated characterization tools to study structural, electrical, 

magnetic, thermal and mechanical properties.  This chapter describes the 

theory and working principle of major experimental techniques utilized 

for characterization of bulk and thin film samples. A brief description of 

Pulsed Laser Deposition technique is also provided in this chapter. 

 

Film Deposition Technique 

3.1. Pulsed Laser Deposition (PLD) 

 

  Pulsed Laser Deposition is a reliable technique for 

obtaining high quality films. In PLD, high power laser pulses are used to 

remove the material from the surface of target which will then be 

deposited on a substrate. The thin films possess exactly the same 

stoichiometry as the target material and it is a unique characteristic of 

PLD.  Even though laser assisted film growth started years back in the 

1960‟s, origin of the modern PLD technique can be traced to the late 80‟s 

when Xindi Wu, Dirk Dijkkamp and T Venkatesan successfully laser 

deposited a superconducting film of YBa2Cu3O7. Since then, laser 

deposition has been widely accepted for thin film preparation. In a PLD 
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system, laser pulses melt and ionize material from the target surface 

placed in one end of vacuum chamber which is termed as laser ablation. 

Due to ablation, a transient, highly luminous plasma state called plume is 

produced which spans the region between target and the substrate. Plasma 

plume is the vaporized material containing ions and electrons which 

traverses to the substrate placed in the other end of the chamber, gets 

deposited and thus facilitating thin film growth on the substrate [1,2].  

  The schematic diagram of a PLD system is shown in figure 

3.1. It consists of a large chamber with a rotating target holder (or a 

carousel) and substrate holder along with a heater. A laser beam is 

allowed to incident on the target through an SiO2 window and produces 

plasma plume between target and substrate. Plume of target material ions 

hits the surface of substrate and such sputtered species from the substrate 

and the target material are the source for condensation of particles. When 

the condensation rate is high, a thermal equilibrium is reached enabling 

the growth of film on the surface of the substrate [2, 3]. 

  However, deposition process is not simple as explained. 

There are various factors affecting the deposition conditions such as laser 

fluence, substrate temperature, target to substrate distance and chamber 

pressure. In most cases, background gases like nitrogen or oxygen are 

also used for deposition and the background gas pressure too determines 

thin film characteristics. Optimization of the deposition parameters is one 

of the major tasks to be performed in depositing films using PLD. PLD 

deposition thus goes through four major crucial steps [4, 5]: 

 Laser ablation and formation of plasma plume 

 Dynamics or movement of Plasma plume guided by coulomb 

repulsion and recoil from the target surface 
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 Deposition of the ablated material on the substrate 

 Nucleation and growth of thin film on the surface of substrate 

Nucleation-and-growth of crystalline thin films on the suface of 

substrate depends on many factors such as density, energy, degree of 

ionization, type of target material, and the temperature of the 

substrate. Growth mechanism is governed by two parameters namely 

substrate temperature T and the supersaturation m. The folloing 

relation shows the relation between these parameters. 

 

                                     )/ln( eRRkTm                                       (3.1) 

where k is the Boltzmann constant, R is the actual deposition rate, and 

Re is the equilibrium value at temperature T. 

 

 
 

Figure 3.1: Schematic diagram of PLD 
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   PLD has significant advantages over other thin film 

deposition techniques. They are the following: 1) stoichiometric transfer 

of material from target to substrate 2) higher deposition rates at moderate 

laser fluences and the control of film thickness by means of number of 

laser pulses 3) As laser serves as an external source, entire depsotion 

process is  cleans and does not require any filaments  for cleaning 4) 

deposition occurs in the presence of reactive and inert gases 5) a carousel 

used for inserting more than one target samples enable multilayer 

deposition without breaking vacuum for the next deposition. There are 

some drawbacks for this deposition technique such as 1) smaller area of 

deposition (~ 1cm2) makes it unsuitable for industrial usage 2) possibility 

of having macroscopic globules of ablated material over the substrate 

surface 3) fundamentals of plasma plume are not understood fully and 

therefore deposition of novel materials require extensive optimization. 

Recently modifications have been introduced into PLD systems to obtain 

high quality films.  Raster scan of laser pulses over the target surface and 

moving the substrate during deposition results in obtaining thin films with 

uniform thickness and composition. Mechanical velocity filter and 

techniques like collision of plasma plumes and off axis deposition 

removes the material particles from the film surface. Thus pulsed laser 

deposition offers excellent quality stoichiometric films with a good 

control over the thickness of deposition [2-6]. 
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Analytical Tools and Techniques 

 

3.2. X-Ray Diffraction (XRD) 

 

           X -Ray Diffraction (XRD) is the most widely used 

analytical technique for structural determination of powdered bulk/ 

nanomaterials as well as thin films, their surfaces and interfaces. X ray 

diffraction is based purely on diffraction phenomenon and will generate 

information of the phase of the material from the orderly arrangement of 

atoms without individually identifying each atom. Thus XRD is a generic 

tool for studying the crystallinity of the materials, their symmetry groups, 

and unit cell dimensions directly from diffraction patterns. X-rays are 

high energy electromagnetic radiation having energies ranging from about 

200eV to 1 MeV and wavelength close to 1 Å [7]. 

          An X-ray diffractometer consists of mainly three basic 

components: X-Ray source, specimen or sample stage and X-ray detector 

as shown in figure 3.2.  Sample to be analysed is spread on a flat non 

diffracting glass slide and is exposed to the x-ray beam. The most 

commonly used target material for X-ray diffraction is Cu. If an element 

in the sample has an atomic number slightly below that of the target 

metal, the X-rays will be strongly absorbed leading to decrease in 

intensity of the diffracted beam. The XRD patterns of the samples were 

recorded on the X-ray diffractometer (Rigaku Dmax-C) using Cu Kα 

radiation (λ=1.5418 Å), which has energy of 8.04 keV [7, 8]. 

When a collimated beam of X-ray with a wavelength of 

1.5406Å is incident on a specimen it is diffracted by the crystalline planes 

in the specimen according to the Bragg‟s law as given by equation 3.2. 
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W.H. Bragg and his son Sir W.L. Bragg developed this equation 

connecting crystalline planes and diffraction angle in the year 1913[8]. 

 

 

            dSinn 2                                                  (3.2) 

 

 

 
 

                Figure 3.2: Schematic diagram of X-ray diffractometer 

 

      Where  is the wavelength of the X-radiation, n is an 

integer, d is the spacing between atomic planes in the crystalline planes 

and θ is known as diffraction angle. The intensity of the diffracted x-rays 

can be measured and plotted as a function of diffraction angle 2. Lattice 
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parameters can be calculated with the help of a computer programme or 

by employing refinement methods like Rietveld. 

 Apart from the determining the crystal planes, XRD can 

also be utilized for determining crystallite size, strain effects and porosity. 

XRD is an initial study to evaluate the structural quality of the synthesised 

materials [7-9]. 

 

3.3. Rietveld Refinement 

 

  Rietveld refinement is a technique used for performing fine 

structure refinement using X-ray diffraction or neutron diffraction in 

characterizing the crystalline samples. It utilizes the diffraction data of 

peak reflections vs angle values in evaluating various material 

characteristics like lattice parameters and space group.  Rietveld method 

was first devised by Hugo rietveld and uses a least squares approach to 

refine a theoretical line profile to match with measured profile. The 

method was first reported for the diffraction of monochromatic neutrons 

with reflection-position expressed in terms of Bragg angle 2θ. Same 

terminology is widely used for refinement although alternative scales 

such as x-ray energy or neutron time-of-flight are also in practice. 

Refinement parameters like fundamental lattice vectors, angle between 

them, positions and occupancy of ions are varied and the theoretical 

profile is made to match with the measured profile. Thus principle of the 

rietveld refinement involves minimizing a function M which is the 

difference between a calculated profile y (calc) and the observed data 

y(obs) [10].M can be given by the relation as follows: 
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where wi is the statistical weight and c is the scaling factor such that ycalc 

= c yobs . The introduction of this technique is a significant step forward in 

the diffraction analysis of powder samples as it relies on strongly 

overlapping reflections and gives accurate values of lattice parameters 

[11].  

 

3.4. Scanning Electron Microscope (SEM) 

 

   The Scanning Electron Microscope (SEM) is an electron 

microscope utilizing electrons similar to optical microscope utilizing 

visible light. Large depth of field, which allows more of specimens to be 

in focus at one time, is the prime advantage of SEM over optical 

microscope In fact SEM supplants optical microscope for closely 

analyzing material surface and features. It is a starting tool for material 

analysis that images the sample surface by scanning it with a high-energy 

beam of electrons in a raster scan pattern. It gives a magnified image of 

the sample surface and the resolution of SEM approach a few nm and it 

can operate at magnifications easily adjustable from about 10 X - 30000 

X. Electrons while scanning interact with the atoms of the sample and 

produces signals that contain information about the sample's surface 

topography, composition and other properties such as electrical 

conductivity [12].   

                     The principle images produced in the SEM are from three 

main sources: secondary electrons, backscattered electrons and elemental 

X-rays. Secondary and backscattered electrons are conventionally 
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separated according to their energies. Electrons undergo elastic as well as 

inelastic scattering from the sample. Higher energy electrons are primary 

electrons that have been scattered without loss of kinetic energy (i.e., 

elastically) by the nucleus of an atom and backscattered electrons (BSEs) 

are considered to be the electrons that exit the specimen with an energy 

greater than 50 eV, including Auger electrons [13]. 

  The geometry of SEM is shown in figure 3.3. An electron 

gun produces electrons of high energy which is accelerated by an anode.  

The beam is defocused by a series of magnetic lenses. Each lens has an 

associated defining aperture that limits the divergence of the electron 

beam. The top lenses are called condenser lenses, and are often operated 

as if they were a single lens. By increasing the current through the 

condenser lens, the focal length is decreased and the divergence increases. 

The lens therefore passes less beam current on to the next lens in the 

chain. The beam next arrives at the final lens-aperture combination. The 

final lens does the ultimate focusing of the beam onto the surface of the 

sample. The sample is attached to a specimen stage that provides x and y 

motion, as well as tilt with respect to the beam axis and rotation about an 

axis normal to the specimen‟s surface. The two dimensional map of the 

signal yields a SEM image [12]. The main applications of SEM are in 

surface topography and elemental mapping.  
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Figure 3.3: Geometry of SEM 

 

 

3.5. Energy Dispersive X-ray Spectroscopy (EDS) 

 

                      Energy dispersive X-ray spectrometer analyses 

characteristic X-ray radiation emitted from the specimen when the 

electron beam interact with the specimen. EDS is used for the 

compositional analysis of samples. Upon exposing the samples to high 

energy electron beams, various atoms present in the sample emit 

characteristic X-rays which can be observed as several distinct peaks on 
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an energy scale. The intensities of the peaks can be compared with the 

peaks of a standard sample to obtain the relative amounts of each atomic 

species, whereby accurate composition of the sample can be determined 

[12, 13].  

 

3.6. Atomic Force Microscopy (AFM) 

 

  Atomic Force Microscopy is an extensively used imaging 

technique and maps surface property on an atomic or nanometre scale. In 

an AFM, spatial position of probing tip is controlled by piezoelectric 

transducers with high precision to place it relative to sample for scanning 

the surface. Gerd Binning, Calvin Quate and Christoph Gerber are 

credited for the discovery of Atomic Force Microscopy in 1986. Force 

acting between the atoms on tip and sample surface is picked up and is 

utilized for imaging. AFM tip experiences primarily inter-atomic forces: 

the very short range Born repulsive forces for 0.1nm and the longer range 

Van der Waals forces up to 10 nm. Van der Waals forces decay rapidly on 

moving away from the surface and become negligible for 100-500 nm 

above the surface where long-range electric - magnetic and capillary 

forces are prevalent [14].  Figure 3.4 shows tip –surface distance vs tip-

surface force. 
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Figure 3.4: Tip –surface distance vs tip-surface force in AFM 

 

 Van der Waals (VdW) are attractive forces acting between 

the atoms are strong enough to move macroscopic objects like AFM 

cantilevers. As the scanning tip further approaches the sample and the 

electronic wave functions of the atoms at the tip and sample atoms start to 

overlap, strong repulsive forces arise also called Born repulsive forces. 

The underlying principle of AFM is the interactions between the sample 

and the probe tip which result in a deflection in cantilever. 

  Geometry of an AFM is shown in figure 3.5.  It consists of 

piezoelectric scanner like arrangement on which sample is mounted, a 

cantilever with probe tip, laser and a photodiode. Position of the sample 

surface with respect to the tip along x, y and z directions is determined by 

a piezoelectric scanner.  A set point is defined for the movement of the 

sample in the z-direction, during x-y scanning, Beam from laser is 

positioned as to be reflected off the back of the cantilever, via a mirror, 

and fed to a position-sensitive photo detector or photodiode. The laser  
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beam functions as an optical lever arm and a three dimensional map is 

constructed which is closely related to the topography of the surface [15].  

 

 
 

Figure 3.5: Geometry of AFM 

 

 

 The oscillation of the cantilever is governed by the 

equation of motion for a damped harmonic oscillator with forced 

oscillation. The oscillation frequency is therefore, 

  
m

k
W 0      (3.4) 

where k is spring constant of the cantilever and m is mass. The interaction 

between tip and sample in AFM changes the spring constant of cantilever 

as given by eqn. 3.5. 

  
z

F
kkeff




      (3.5)  
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where F is the force and z is the distance between interacting molecules. 

The resonance frequency is then shifted and the shift can be given by  

  
z

F

k

w
w






2

0
0      (3.6)   

The Van der waals potential, VdW potential between two interacting 

molecules is given by 

 

     (3.7) 

Born repulsive interaction expressed as potential is given by 
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U rep                                          (3.8)  

Total intermolecular potential is the sum of attractive and repulsive force 

is  
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where C1 and C2 are coefficients for attractive and repulsive interactions 

respectively. 

VdW potential between the spherical tip end and the plane surface is 

expressed as, 

                                      

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                                       (3.10) 

where A is the radius of the sphere and R is Hamaker constant. 

 An AFM operates in three different modes like contact 

mode, tapping  mode and non contact mode. In contact mode, AFM, also 

known as repulsive mode, an AFM tip makes soft "physical contact" with 

the sample. The sharp probe tip which is of  a pyramidal-shaped etched 

silicon nitride tip, is attached to the cantilever with a low spring constant, 

typically between 0.06 N/m and 0.6 N/m. Contact force causes deflection 

6

1

z

C
UVdW 
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in cantilever in accordance with the crest and troughs on surface as it 

traces the tip across the sample. In tapping mode, the silicon probe tip 

oscillates at a frequency near to the resonance frequency as it rasters 

across the sample surface.  A suitable height from the sample surface is 

always maintained by the cantilever and in turn, amplitude of oscillation 

is lowered by the interactive forces whenever the tip approaches surface. 

Tapping mode does not provide much atomic resolution but appears to be 

advantageous considering the less damage done to sample surface. In non 

contact mode, the tip does not touch the sample surface. Long range 

forces acting between the tip and sample reduce the resonance frequency 

which in turn maintains a constant amplitude of oscillation or frequency 

by adjusting the tip to sample distance. This distance is used to generate 

the topographical image of the sample surface without damaging the 

sample surface [16, 17]. 

 Magnetic Force Microscopy (MFM) is a characterization 

tool close to AFM where the scanning tip is coated is coated with a 

ferromagnetic film. MFM images the spatial variation of magnetic forces 

on scanning the sample surface and contains information of the 

distribution of magnetic domains on the sample surface. 

 An advantage of AFM is that it is applicable for studying 

all types of surfaces, conducting, semiconducting and insulating since it 

functions on interatomic forces other than diffraction or electron 

bombardment. 

 

3.7. Magnetic characterization 

3.7.1. Vibrating Sample Magnetometer 
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 Vibrating Sample Magnetometer or VSM is used to 

measure the magnetic properties of the material and the idea of VSM 

based on Faradays‟s law of induction was put forth by Simon Foner at 

Lincoln Laboratory, MIT in 1955.  

 

 
Fig.3.6: Geometry of VSM 

 

    Faraday‟s Law of induction, which tells us that a changing 

magnetic field will produce an electric field. This electric field can be 

measured and provides information about the changing magnetic field. A 

VSM is used to measure the magnetic behaviour of magnetic materials. 

Using VSM the hysteresis loop parameters namely saturation 

magnetisation (Ms), coercive field (Hc), remanence (Mr) and squareness 

ratio (Mr/Ms) can be derived. The schematic of a vibrating sample 

magnetometer is given in figure 3.6. 
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 In a VSM, the sample to be studied is placed in a constant 

magnetic field. If the sample is magnetic, this constant magnetic field will 

magnetize the sample by aligning the magnetic domains or the individual 

magnetic spins, with the field. The stronger the constant field, the larger 

the magnetization. The magnetic dipole moment of the sample will create 

a magnetic field around the sample, sometimes called the magnetic stray 

field. As the sample is moved up and down, this magnetic stray field 

change as a function of time and can be sensed by a set of pick up coils. A 

transducer converts a sinusoidal ac drive signal provided by a circuit 

located in the console in to a sinusoidal vertical vibration of the sample 

rod and the sample is thus made to undergo a sinusoidal motion in a 

uniform magnetic field. Coils mounted on the pole pieces of the magnet 

pick up the signal resulting from the sample motion.  

 The alternating magnetic field will cause an electric field in 

the pickup coil as according to Faradays law of induction, the current will 

be proportional to the magnetization of the sample. The greater the 

magnetization, larger will be the induced current. The induction current is 

amplified by a transimpedence amplifier and a lock-in amplifier. The 

various components are interfaced via a computer. Controlling and 

monitoring software, the system can tell you how much the sample is 

magnetized and how magnetization depends on the strength of the 

constant magnetic field. For particular field strength, the corresponding 

signal received from the probe is translated into a value of magnetic 

moment of the sample. When the constant field varies over a given range, 

a plot of magnetization versus magnetic field strength is generated. 
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Principle and theory involved in VSM 

 When a sample is placed in a magnetic field „H‟ it will 

respond with a magnetic induction „B‟  

      
][0

v

m
HBsample                             (3.11)                                                                                        

where m/v represents magnetic moment per unit volume, i.e., 

magnetization of the sample. 

   Thus in free space, gmBsample  , where g is a 

proportionality constant depending on position of the point in space and is 

magnetic moment. 

  Total magnetic induction at a point in space is given by  

                          gmBBBB extsampleextspace                                (3.12) 

where Bext is the magnetic induction of free space due to magnetic field. 

 When the sample is moved near a pickup coil, a voltage is 

induced in the coil: 

                       
)( gmB

dt

d
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dB
NOV ext

space
                     (3.13) 

 Where N is the the no. of turns of the coil and O is a 

constant depending on the geometry of the coil. Note that when the 

external field Bext is varied, the pickup coils do not pick up the change due 

to the fact that the coil pairs are wound in opposite directions.  

 Since g is not a contant but is a function of time, if the 

sample is in sinusoidal motion, V can be given by, 
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where h is a proportionality constant and A is related to amplitude of the 

wave. –Noh is substituted by a proportionality constant k. Taking the 

derivative of eqn. 3.6, 

                
wtAmekV                                       (3.15) 

 It can be seen that a voltage 'V', proportional to the 

magnetic moment, 'm' is induced in the coil. A VSM uses an 

electromechanical driver (voice coil) to move a vertical drive rod with a 

small amplitude A, and frequency ω mounted on the drive rod of the 

sample holder S, and a small permanent magnet or small coil with a 

constant dc excitation current of constant magnitude as reference 

magnetic moment R. Pick-up coils near R will have an induced voltage 

                                    
wt

RRR eAmkV                                              (3.16) 

 where 'kR ' is a constant depending on coil geometry, and 

'mR' is the constant magnetic moment of reference R. 'VR ' is in the 

millivolt range and easily measured by a rms voltmeter. Similarly, the 

sample pick-up coils will see a voltage 

                                   wt

SSS eAmkV                                             (3.17) 

 An RMS-to-dc conversion is performed on both 'VR ' and 

'Vs' by the RMS voltmeter and lock-in amplifier, respectively. The ratio of 

these two dc voltages is then taken by a digital multimeter (DMM) which 

has ratio capabilities. Taking the root-mean-square average of the 

previous two equations, it is seen that the dependence on frequency ω and 

drive amplitude 'A', cancel and the DMM output is 

                                      sout KmV                                                    (3.18) 

 Where k is a proportionality contant which has absorbed 

kR, KS, mR as well as any amplifications of the reference and sample by 
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lock in amplifier. The output voltage, Vout is equivalent to kvM, and the 

magnetization can be evaluated [18, 19]. A block diagram of VSM with 

RMS voltmeter, DMM and lock in amplifier is shown in figure 3.7. 

 

 
 

Figure 3.7: Block Diagram of VSM. 

 

3.7.2. SQUID Magnetometer 

 

  A SQUID (Superconducting Quantum Interference Device) 

is a device made out of two superconductors separated by thin insulating 

layers so as to form two Josepson junctions. A schematic of SQUID is 

shown in figure 3.8. SQUID magnetometers are developed to measure 

small magnetic fields of the order of 10-14 T with low noise levels.  It is a 

highly sensitive device and is capable of measuring changes in magnetic 

field of even one flux quantum (h/2e).  

  In a SQUID device, electrons move simultaneously in both 

directions since there are two Josephson junctions. When a constant bias 
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current is applied to the SQUID device, the voltage oscillates with the 

change in phase at two junctions. Such a change in phase is caused by 

change in magnetic flux. Number of oscillations corresponds to change in 

flux. Thus working principle of SQUID is that when the sample is moved 

through the superconducting magnetic coils, a flux change is induced in 

the pickup coils. SQUID basically is a flux-to-voltage transducer. Flux-to-

voltage characteristic has increased the demand of SQUID for detecting 

small magnetic field, current, voltage, inductance and magnetic 

susceptibility. SQUIDs have been used for a variety of testing purposes 

that demand extreme sensitivity including engineering, medical, and 

geological equipment including mineral exploration and earthquake 

prediction.   

 It is to be noted that highly magnetic sample should be 

moved only slowly through the coils without exceeding the maximum 

slewing rate of the electronic system [17, 20].  

 

 
 

Fig. 3.8: Schematic of a SQUID 
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3.7.3. Field Cooled (FC) and Zero Field Cooled (ZFC) Measurements 

 
 
 Zero field cooled (ZFC) and Field cooled (FC) 

measurements are temperature dependent magnetization measurements 

for analyzing various magnetic interactions. In an ZFC measurement, 

sample is cooled to very low temperatures close to 5 K or 10 K in the 

absence of magnetic field. It is cooled from very high temperatures 

usually much above the TC or TB (Curie temperature and Blocking 

temperature) respectively for ferromagnets and superparamagnets. On 

reaching lowest possible temperature, a small magnetic field is applied. 

Magnetization values are recorded on heating the sample at a constant 

rate. In ZFC, at low temperature and in the zero applied magnetic field, 

sample is in equilibrium state and exhibits no net magnetization. Reason 

is as follows: when sample is cooled, magnetic moments tend to align 

along the preferred crystal directions lowering the magnetocrystalline 

energy.   Since orientation of one crystallite differs from the other, net 

moment is zero. When a small magnetic field is applied, equilibrium state 

is broken due to Zeeman energy, but the magnetic moments will be 

locked in their respective orientation and no substantial change in 

magnetization will be observed since system cannot attain an equilibrium 

state at such low temperatures. As the sample is heated, more thermal 

energy is available and more moments will be aligned in the direction of 

magnetic field thus minimizing the Zeeman energy. Thus sample attains 

an equilibrium state through a relaxation process as temperature goes up. 

Eventually at a particular temperature, the net magnetization of the 

system reaches a maximum where maximum number of moments will 

have aligned with the external field. On further increasing temperature, 
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thermal energy will exceed Zeeman energy and the moments will be 

randomized leading to decrease in magnetization as per Curie‟s law. In 

FC measurements, sample is cooled to lower temperatures in the presence 

of magnetic field and measurements are carried out as sample is heated to 

high temperatures. 

 In both FC and ZFC measurements, applied magnetic field 

should be smaller than the anisotropy field so as to get information of 

competing magnetic interactions. Also, there is divergence in FC and ZFC 

curves. This is because, in ZFC, spins corresponding to each particle tend 

to align with different crystalline axes and will be frozen in that state at 

low temperatures while in FC, spins from each particle will tend to align 

with the easy crystalline axis that is closest to the applied field direction 

and remain frozen in that direction at low temperature. FC and ZFC 

measurements are considered as most sensitive magnetic measurements 

for analyzing a close inspection of magnetic behaviour [17, 21].  

 

3.8. Heat Capacity Measurements using PPMS 

 

  Heat Capacity option of a basic PPMS helps to control 

environmental variables, such as the temperature and magnetic field and 

perform the heat capacity measurement with specialized components.  

Major components of a heat capacity system include: 

 Specialized heat capacity pucks  and sample frame  

 Precision electronics to control the measurement and gather the 

raw data 

 P640 High-Vacuum system to thermally isolate the sample 

  sample-loading station that allows convenient sample preparation 
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 Associated software that automatically performs data analysis 

 

  The heat capacity puck utilizes the standard PPMS 12-pin 

format for electrical connections, and it provides a small microcalorimeter 

platform for mounting the sample. Samples are mounted to this platform 

by standard cryogenic grease. The sample platform is suspended by eight 

thin wires that serve as the electrical leads for an embedded heater and 

thermometer along with a good thermal connection between the sample 

platform and the puck. An additional thermometer embedded in the puck 

provides a highly accurate determination of the puck temperature, and a 

thermal shield aids in maintaining stable sample temperature and 

uniformity. To ensure that heat is not lost via exchange a sample chamber 

pressure near 0.01 mbar is maintained. 

   A single heat capacity measurement consists of several 

distinct stages. First, the sample platform and puck temperatures are 

stabilized at some initial temperature. Power is then applied to the sample 

platform heater for a predetermined length of time, causing the sample 

platform temperature to rise. When the power is terminated, the 

temperature of the sample platform relaxes toward the puck temperature. 

The sample platform temperature is monitored throughout on both heating 

and cooling, providing (with the heater power data) the raw data of the 

heat capacity calculation [22]. 

 

3.9. X-Ray Photoelectron Spectroscopy (XPS) 

  X-Ray Photoelectron Spectroscopy also called Electron 

Spectroscopy for Chemical Analysis (ESCA) is a method for 
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characterizing the top few atomic layers at the surface of a solid. ESCA 

can not only give the elemental composition of a surface (C, O, N, etc.) 

but can also provide insights into the chemical bonding at the surface. It 

utilizes photo-ionization and analysis of the kinetic energy distribution of 

the emitted photoelectrons to study the composition and electronic state of 

the surface region of a sample. X-rays with a photon energy of 200-2000 

eV called soft X-rays are generally used in XPS  to examine core-levels. 

In XPS the photon is absorbed by an atom in a molecule or solid, leading 

to ionization and the emission of a core (inner shell) electron. The kinetic 

energy distribution of the emitted photoelectrons (i.e. the number of 

emitted photoelectrons as a function of their kinetic energy) can be 

measured using any appropriate electron energy analyser and a 

photoelectron spectrum can thus be recorded. Figure 3.9 shows the 

photoelectron emission process involved in XPS. 

The process of photoionization can be considered as follows. 

                                       A + hν  →  A+ + e-                                       (3.19) 

Conservation of energy then requires that : 

                              E(A) + hν  =  E(A+ ) + E(e-)                                  (3.20) 

Since the electron's energy is present solely as kinetic energy (KE) this 

can be rearranged to give the following expression for the KE of the 

photoelectron: 

 KE  =  hν - ( E(A+ ) - E(A)                                   (3.21) 
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The final term in brackets, representing the difference in energy between 

the ionized and neutral atoms, is generally called the binding energy (BE) 

of the electron which leads to the following commonly quoted equation : 

                                   KE  =  hν – BE                                                 (3.22) 

In addition, Ф is the work function of the solid when KE is counted near 

surface, however, KE is detected by analyzer then Ф is the work function 

of analyzer. Considering the work function Ф, KE relation changes to  

                                    KE  =  hν – BE - Ф                                          (3.23) 

Intensity of photoemission is proportional to the intensity of photons and 

kinetic energy of photoemission is inversely proportional to binding 

energy.  Since each element has unique set of core levels, KE‟s can be 

used to fingerprint the element. There will be no photoemission for h<  

and from levels with BE+> h. 

 

Figure 3.9: Photoelectron emission in XPS   
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Experimental Details 

The basic requirements for a photoemission experiment are: 

1. a source of fixed-energy radiation (an x-ray source for XPS or, 

typically, a He discharge lamp for UPS ( Ultraviolent Photoelctron 

Spectroscopy)) 

2. an electron energy analyser (which can disperse the emitted 

electrons according to their kinetic energy, and thereby measure 

the flux of emitted electrons of a particular energy) 

3. a high vacuum environment (to enable the emitted photoelectrons 

to be analysed without interference from gas phase collisions) 

 

       Such a system is illustrated schematically in figure 3.10. 

 

 

Figure 3.10: XPS Instrumentation 
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  There are many different designs of electron energy 

analyser but the preferred option for photoemission experiments is a 

concentric hemispherical analyser (CHA) which uses an electric field 

between two hemispherical surfaces to disperse the electrons according 

to their kinetic energy. 

   An XPS is capable of qualitative analysis of detecting all 

elements from 3Li to 103Lr (Except H and He) and the detection limits 

range from 0.1 to 1.0 atom%. It also performs quantitative analysis giving 

the relative elemental composition of the surface [23,24] .  

 

3.10. Ferromagnetic Resonance (FMR)  

 

  Ferromagnetic resonance (FMR) is a spectroscopic 

technique used to probe the magnetization of ferromagnetic materials. If a 

magnetic field is applied on a series of magnetic moments, they will tend 

to line up parallel to the field, since it will minimize their magnetostatic 

energy. If, in this configuration, the magnetic moments are taken out from 

this equilibrium stage, they will try to go back to it through the torque 

produced by the magnetic field. In a real ferromagnetic system, a 

damping term must be added to this “equation of motion”, to describe 

correctly the behaviour of the magnetic moments involved. Landau 

Lifshitz Gilbert (LLG) equation describes such a damped motion of a 

magnetic moment about the direction of an external magnetic field. If a 

varying force perpendicular to magnetic field, H is applied over the 

magnetic moment (like a radio frequency (RF) electromagnetic signal), it 

can make the moment to precess about the equilibrium direction. Besides, 

if this force has a frequency similar to the precessional frequency of 
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magnetization, M called ω0; a maximum of energy absorption by the 

ferromagnetic sample will be observed. This is when ferromagnetic 

resonance take place, and all magnetic moments will be oscillating in 

phase. The ferromagnetic resonance of this type by means of sweeping 

external magnetic field is termed as conventional resonance and applies 

only to materials with single domain magnetization configuration.  

 Conventional FMR cannot be applied for materials with 

complex domain configuration since sweeping of magnetic field results in 

change of magnetization configuration. Thus frequency is made to sweep 

instead of magnetic field and is achieved using a network analyzer. A 

Vector Network Analyzer (VNA) is connected to a high bandwidth 

waveguide. VNA serves as source and the detector of the sinusoidal high 

frequency signal. It sweeps the frequency of the outgoing signal across a 

specified range. The signal excites the magnetization but the energy is 

transferred to sample only near the resonance frequency of the system. 

Phase shifting of the signal at resonance causes destructive interference 

with the incident wave resulting in a decrease of amplitude of transmitted 

signal detected by VNA. Such an FMR technique is called Network 

Analyzer-Ferromagnetic Resonance (NA-FMR). 
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Figure 3.11: NA-FMR Set up 

 

  Figure 3.11 shows NA-FMR measurement set up. The 

sample is placed on the central conductor of a coplanar waveguide 

(CPW). The CPW will excite the sample with a time dependent 

electromagnetic signal ranging from a few MHz to GHz. Input and output 

signals from the CPW are sent and received in a VNA.  In a two terminal 

VNA, S21 is a complex number defined as the ratio of the received voltage 

in port 2 and the input voltage in port 1. It is the S21 parameter which is 

measured. A frequency sweep like this will be carried out at several 

external magnetic fields, for example from 2250 to -2250 Gs. These 

magnetic fields will be created by a pair of Helmholtz coils (1345 Oe/A). 

The current through the coils is supplied by a current source [25,26]. 

FMR is perceived to be an excellent method for studying spin waves and 

nature of magnetic domains. 
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3.11. Ferroelectric Loop Tracer 

 

  A ferroelectric loop or P-E loop for a device is a plot of the 

charge or polarisation (P) developed, against the field applied to that 

device (E) at a given frequency. The significance of this measurement can 

be easily understood by examining the P-E loops for some simple linear 

devices. The P-E loop for an ideal linear capacitor is a straight line whose 

gradient is proportional to the capacitance since current leads voltage by 

900 and thus integral of current with time which is charge is in phase with 

voltage. In a resistor, charge and current being in phase, P E loop is 

circular in shape. Ferroelectric materials possess regions with uniform 

polarization called ferroelectric domains. Within a domain, all the electric 

dipoles are aligned in the same direction.  A very strong field could lead 

to the reversal of the polarization in the domain, known as domain 

switching. The polarization reversal can be observed by measuring the 

ferroelectric hysteresis.  

 

 
 

Figure 3.12: Sawyer Tower circuit for P-E loop measurement 
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 Working principle of Ferroelectric loop tracer is based on  

conventional Sawyer Tower circuit as shown in figure 3.12. A high 

voltage oscillator produces an adjustable sinusoidal output from 0 to 

350V (RMS). The frequency is variable in a small range around 30Hz. 

The oscillator output is applied to the dielectric sample kept in a 

temperature-controlled oven. Due to the large amplitude of the alternating 

source, the dielectric material exhibits a hysteresis loop similar to that 

observed in a ferro-magnetic material under the influence of an 

alternating magnetic field. The loop can be displayed on a CRO with the 

help of a circuit, which basically monitors the charge flow through the 

sample and plots it against the voltage applied on it [27]. P-E loop is the 

characteristic of a ferroelectric response. 
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CHAPTER 4 

On Magnetic Ordering in Sodium 

Substituted Hole doped Lanthanum 

Manganites 
 

       

 

This chapter deals with the synthesis and characterization of bulk 

samples of sodium substituted lanthanum manganites. Lanthanum 

manganites with sodium concentrations varying from 50 to 90 percent in 

steps of 10 percent were prepared using modified citrate gel method. 

These samples are subjected to structural studies using X-ray Diffraction 

and fine structure refinement using Rietveld method.  Magnetic 

characterization of the samples are carried out using Vibrating Sample 

Magnetometer, and Magnetization versus Temperature measurements 

including Field cooled and Zero Field cooled measurements using 

SQUID magnetometer. Surface analysis of samples is carried out using 

X-ray Photoelectron Spectroscopy.  Ferromagnetic resonance studies are 

also carried out to probe the frequency dependence of magnetization. 

 

 

 

 

Sethulakshmi et al., (submitted to JOURNAL OF MAGNETISM AND 

MAGNETIC MATERIALS) 
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4.1. 1ntroduction 

 

  Manganites are perceived as a store house of rich and 

fascinating physics where charge, spin and lattice degrees of freedom 

play decisive role and there exists close correlation between them. 

Structural, magnetic as well as electric transport properties and their 

interdependence make manganites suitable for potential applications. A 

variey of interesting phenomena like colossal magneto – resistance 

(CMR), metal - insulator transition, dielectric response, ferro/antiferro 

magnetic ordering, coexistent magnetism, charge ordering or spin glass 

state has been exhibited by manganites. It is established that substitutions 

at A sites  ( in AMnO3) by divalent or trivalent ions render mixed valence 

states of Mn ions and charge carriers in the crystal lattice. Most of the 

properties are entangled to these charge carriers which is a unique feature 

of manganites [1-3].  

 There are numerous investigations carried out on AMnO3 

systems with A sites substituted with trivalent rare earth elements like La, 

Pr, Nd, or Gd and divalent substitutions like Ca, Sr, Pb or Ba. Lanthanum  

manganites with lanthanum (La) ions for  A sites are one of the prominent 

members of these series. Properties of these materials are dependent on 

the nature of substitution, their concentration and are also influenced by 

temperature dependent structural phase transitions [4-7].  In addition to 

divalent and trivalent substitutions, monovalent ion for La sites in 

manganites is another way of inducing mixed valency for manganese ions 

forming hole doped manganites. Reports exist in literature pertaining to 
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magnetic behaviour in La1-xNaxMnO3 (LNMO) series with lower 

substitution levels of Na. However no reports could be found dealing with 

higher substitutions of Na beyond 40 percent. It is from this particular 

observation  that we find compositions with Na substitutions from 50 to 

90 percent will be of interest to the scientific community. 

 One of the difficulties in synthesizing these compositions 

is the upkeep of Na stoichiometry beacause of its volatility at high 

temperatures and hence their substitution leads to the formation of 

vacancies at lanthanum and oxygen sites in the lattice [8-16]. These 

vacancies also play a crucial role in determining the material properties 

including magnetic ordering. Preparation technique adopted for LNMO 

series plays a significant role in maintaining the desired composition of 

series. Hence adoption of an appropriate preparative technique which will 

maintain stoichiometry assume significance. 

 

4.2. Method of Synthesis 

 

 Sodium substituted lanthanum manganite sample series  

( La1-xNaxMnO3 with x=0.5, 0.6, 0.7, 0.8 and 0.9) were prepared using 

modified citrate gel method. Stoichiometric amounts of the precursors 

namely lanthanum oxide, manganese nitrate and sodium carbonate were 

dissolved in de - ionized water and an adequate amount of citric acid was 

added. An appropriate amount of nitric acid was added to the solution to 

convert all the constituents to nitrates and was heated at a temperature of 

800C with continuous stirring; the solution boiled, frothed, turned dark 

and caught fire giving a spongy dark powder. The resultant   powder was 

then fired at a temperature of 11000C for several hours. The synthesis was 
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carried out for Na composition ranging from 50 percent to 90 percent in 

steps of 10.  Five samples were synthesized and the samples are coded as 

LNMO5, LNMO6, LNMO7, LNMO8 and LNMO9 corresponding to 50, 

60, 70, 80 and 90 percent Na concentrations respectively. 

 

4.3. Characterization 

4.3.1. Structural Characterization using XRD and Rietveld 

Refinement 

 

 X-ray Diffraction (XRD) pattern of the synthesized bulk 

samples of LNMO series is shown in figure 4.1. XRD pattern correspond 

to distorted orthorhombic structure and the peaks are indexed in the figure 

4.1. The characteristic peak of perovskite is observed at 2θ angle of 320. It 

may be noted here that monovalent ion substutution can result in distorted 

perovskite as suggested by Shimura et.al [17]. Orthorhombic structure is 

exhibited by higher Na substituted compositions of lanthanum manganites 

and is usually in a mixed state with rhombohedral phase for heavily doped 

samples [8]. Peaks are more clearly defined in LNMO5 sample and as Na 

concentration is increased, structural distortion is enhanced as indicated 

by the decreased intensity of peaks and shift in peak positions. Structural 

distortion is maximum for 90 percent substituted sample.  

 All the samples were subjected to rietveld refinement and 

the best fit is obtained for the LNMO5 sample. Rieteveld refinement for 

LNMO5 sample is depicted in figure 4.2.  Rietveld refinement pattern for 

LNMO6 to LNMO9 samples are shown in figures 4.3(a), 4.3(b), 4.4(a) 

and 4.4(b) respectively which indicates that distortion increases with 

increase in Na concentration. All samples possess  pbnm spacegroup and 
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with  undoped lanthanum manganites with a = 5.5367 Å, b =5.7473 Å, 

and c = 7.6929 Å [18], a and b lattice parameters have contracted while 

there is an elongation along the c direction maintaining  the relation  

2<a
c

 of O’ orthorhombic for all the compositions of LNMO series. 

 
Figure 4.1: XRD patterns of LNMO samples  

 
(a) LNMO5 (b) LNMO6 (c) LNMO7 (d) LNMO8 and (e) LNMO9 

 
   

 Variation of lattice parameters and unit cell volume with 

Na concentration is not systematic. Unit cell volume evaluated from the 

lattice parameters decreased for LNMO7 compared to LNMO6 and then 

increased for LNMO8 and LNMO9. The change in unit cell volume and 

lattice parameters in LNMO series can be attributed to structural changes 

due to a)  difference in ionic radius of Mn3+ and Mn4+  and b)  oxygen 

stoichiometry or  presence of vacancies [12]. Variation of lattice 

parameters  namely a, b and c with Na substitution is shown in figure 4.5 

and parameters are tabulated in table 4.1. 
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Figure 4.2: Rietveld refinement performed on LNMO5 
 
 
 

 
 

 
Figure 4.3: Rietveld refinement performed on (a) LNMO6 and (b) LNMO7 

 .  
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Figure 4.4: Rietveld refinement performed on (a) LNMO8 and (b) LNMO9 
 .  

 

 
 
 

Figure 4.5: Variation of lattice parameters and cell volume with Na concentration. 

LNMO5 values are shown inside circle.  
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Table 4.1:. Table showing the lattice parameters and cell volume from rietveld 

refinement 

 

4.3.2. Magnetic Characterization using VSM and FC/ZFC 

 

 Magnetic characterization at room temperature (at 300 K) 

using VSM (figure 4.6) showed that all samples exhibit a ferromagnetic 

ordering with nominal  coercivity close to 10 Oe. LNMO recorded the 

highest saturation magnetization (MS) of 34.4 emu/g. Since an 

orthorhombic unit cell of manganite system have four formula units, MS 

Sample 

code  

Lattice parameters (A0) c/a  Unit cell 

volume 

(Cubic 

A0)  

a  b  c  

LNMO5  5.4976± 

0.0025  

5.4436± 

0.0025    

7.7385±  

0.0039    

1.408  231.58  

LNMO6  5.4986±  

0.0014  

5.4517± 

0.0014  

7.7501±  

0.0022  

1.409  232.32  

LNMO7  5.4627±  

0.0036  

5.4121± 

0.0035  

7.7031±  

0.0051  

1.410  227.73  

LNMO8  5.4774±  

0.0047  

5.4238± 

0.0046  

7.7135±  

0.0065  

1.408  229.15  

LNMO9  5.4822± 

0.0113 

5.4366± 

0.0109 

7.7155±  

0.0144  

1.407  229.95  
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can be represented in bohr magnetons and the corresponding bohr 

magneton equivalent in LNMO5 is 1.37 μB/Mn. M-H isotherms with MS  

in terms of emu/g  and μB/Mn is depicted in figure 4.6(a)  and 4.6(b) 

respectively. It is found that saturation magnetization decreased with 

increase in Na concentration and the lowest MS of 0.34 μB /Mn is 

observed for LNMO9 sample. Saturation magnetization values of LNMO 

samples are shown in table 4.2.  

 It is observed from Field Cooled (FC) and Zero Field 

Cooled (ZFC) curves (figure 4.7) that in the low temperature region,  both 

FC and ZFC curves of LNMO5 are found to be decreasing with decrease 

in temperature. Figure 4.8 shows FC ZFC curves for LNMO6 to LNMO9 

samples.  Bifurcation in FC and ZFC curves at low temperature and the 

small cusp like behaviour in ZFC near 300 K is observed in all samples, 

similar to LNMO5. At lower temperatures, FC plot for LNMO6 and 

LNMO7 are almost linear indicating ferromagnetic behaviour. However, 

for LNMO8 and LNMO9,  FC plots appear to be deviating from the 

pattern followed by LNMO6 and LNMO7. There are earlier reports on 

doped lanthanum manganite systems where ZFC magnetization deviates 

from FC magnetization at low temperatures and such a trend of vanishing 

ZFC is  indicative of a magnetic inhomogeneity possibly due to the 

presence of oxygen vacancies [19]. It is also observed that difference 

between the magnetization in FC and ZFC curves or magnetic 

inhomogeneity  is found to be increasing with increase in Na 

concentration on approaching low temperatures. Magnetic property in 

manganites is closely associated with double exchange and 

superexchange mechanism between different valence Mn ions mainly 

Mn3+ and Mn4+.  Magnetic inhomogeneity can manifest either as a 
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coexistent antiferromagnetism (AFM) or resulting out of a spin glass 

behaviour. AFM spin interaction is expected between Mn3+ - O - Mn3+ or 

Mn4+ - O - Mn4+  pairs in LNMO. On first observation, it can be said that 

as Na concentration increases Mn4+  ion content also increases favouring 

antiferromagnetic alignment.  

 Thus ferromagnetism found in these compounds may have 

contributions arising from double exchange mechanism as well as from 

vacancy induced magnetic interactions which need to be investigated. 

 Yet another reason for the decreased double exchange 

ferromagnetic behaviour is the decreased mobility of eg electrons [20] 

which can be due to two phenomena. LNMO samples possess pbnm 

spacegroup rather than the conventional R3c group as investigated earlier 

and for pbnm spacegroup, lattice distortion from MnO6 octahedra 

deformation  causes bending of Mn-O-Mn bond angle. 
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Figure 4.6: Ferromagnetic behaviour in LNMO samples at 300 K (a) Magnetization 
in emu/g (b) Magnetization in μB /Mn 

 
 

Sample MS 
(emu/g)  

MS 
(μB/Mn)  

LNMO5 34.4 1.37
LNMO6 29.5 1.08
LNMO7 22.4 0.76
LNMO8 17.6 0.62
LNMO9 10.1 0.34

 
Table 4.2: Table showing saturation magnetization values in LNMO samples 

 
 
                  Bending of Mn-O-Mn bond angle results in narrowing of 

bandwidth which results in weak double exchange mechanism. Secondly, 

oxygen vacancies can result as point defects in lattice which act as 

trapping centers of charge carriers resulting in decreased mobility of eg 
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electrons . Variation of ionic radii of La3+ and Na+ ions at  A sites and 

high voltaility of  monovalent ions are reported to have significant 

influence in oxygen stoichiometry and can also lead to vacancies in the 

lattice [21]. Oxygen vacancies also alter magnetic and structural 

properties of the material [16]. Thus it is to be assumed that the role of 

oxygen vacancies increases with increase in Na concentration.  Hence it is 

reasonable to assume that the magnetism exhibited by LNMO series is a 

result of the co-existence of ferro/antiferro magnetic phase with dominant 

double exchange mechanism. 

 

 

 

 
 

Figure 4.7: FC ZFC curves for LNMO5 sample  
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Figure 4.8: FC ZFC curves for different concentrations of Na in LNMO. 

 (a) LNMO6 (b) LNMO7 (c) LNMO8 (d) LNMO9 

 

 For a thorough understanding of the magnetic nature, 

surface analysis techniques like X-ray Photoelectron Spectroscopy was 

utilized to determine valence states of Mn ions and their concentration. 

 

4.3.3. Surface Analysis using XPS  

 

 X-ray Photoelectron Spectroscopy (XPS) is an ideal tool 

for ascertaining the surface structure and composition where the 

sensitivity extends to a few monolayers on the surface. Figure 4.9 deals 

with XPS survey scan of the representative element of the series, 

LNMO5, plotted with Binding energy (in eV) versus Intensity and 
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transitions corresponding to Na 1s, O 1s, La 3d, La 4d and Mn 2p are 

found in the recorded spectrum. Choosing LNMO5 as the representative 

sample of the series is justified by the fact that it is found to be possessing 

higher saturation magnetization as compared to other samples. For a 

thorough interpretation of the XPS data, a slow scan of the most intense 

peaks is recorded. The surface stoichiometry is also estimated from the 

XPS analysis and the ratio of La3+ and Na+ ions is found to be 1:1. 

 

 

 

 
Figure 4.9: XPS survey scan of LNMO5 
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           Figure 4.10: (a) Na 1s XPS spectrum (b) O 1s XPS spectrum of LNMO5 
 
 

 Figure 4.10(a) shows the XPS peak of Na in the higher 

binding energy side at 1070.98± 0.4eV with FWHM (full width at half 

maximum) of 1.85. The presence of single peak indicates that the Na ions 

exist only in single oxidation state of +1. Auger peak of Na KLL is at 

495.27± 0.2 eV as shown in figure 4.9. An accurate interpretation of the 

oxygen peaks in manganites is rather difficult since the literature presents 

a lot of contradicting arguments [22, 23]. With the best fit adopted, 

oxygen peaks corresponding to O1s can be resolved into three 

components as shown in figure 4.10(b). Two major peaks observed at 

528.77±0.2eV and 529.43±0.2eV applies to the earlier results on 

manganites system and are attributed to the bonding of oxygen ions with 

La and Mn ions simultaneously (i.e., La-O and Mn-O components 

respectively) [24,25]. Shoulder peak at 530.88±0.4eV is associated with 

contamination on the surface such as hydroxides. Peaks observed in the 

range of 830 eV – 860 eV is identified as peaks of doublets of La 3d: 

La3d3/2 and La3d1/2. Doublets find further splitting as reported earlier for 

various La compounds such as oxides, hydroxides and borates and are 

resolved into two peaks each necessitating a total of four peaks for a 

perfect Lorentzian - Gaussian curve fitting. For perfect fitting, two 
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parameters are chosen: (1) Area ratio of La3d3/2 to La3d5/2 peaks is fixed 

to be 2:3 which is the theoretical ratio for degeneracy between the two 

spin orbit components of 3d obitals (2) Full width at half maximum 

(FWHM) of both peaks are in the range 2.3 to 2.6. 

 Doublet splitting finds safe and clear explanation due to the 

presence of hole in La 3d configuration as well as from the impact of 

oxygen ligands [26]. Hole in La 3dcore level lowers the energy of 4f 

orbital below the Fermi level. Thus Lanthanum ions with configuration 

3d94f0L where L represents oxygen ligand acquires a final state 

configuration 3d94f1L  when the empty f orbital accepts an electron from 

the lower energy valence  p orbital of oxygen ligand with L denoting hole 

in the valence state of oxygen anion due to the transfer of electron to f 

orbital. Hence doublet structure in 3d5/2 and 3d3/2 with an energy gap of 

16.8eV accounts for two configurations 3d94f0L (lower BE peak) and 

3d94f1L (higher BE satellite). For La3d5/2, lower BE peak corresponding 

to 3d94f0L is observed at 833.74±0.8eV and higher BE satellite 

corresponding to 3d94f1L is observed at 837.57±1.1eV as shown in figure 

4.11. The aforementioned peak distribution for the two states of La holds 

also for La 3d3/2 with peak at lower binding energy 850.45±0.9eV as 

3d94f0L and 854.29±1.5eV as 3d94f1L state [27, 28]. In addition, La 4d 

peaks with La4d5/2 peak at 101.54±1.1eV with satellite peak at 

106.63±1.1eV and La4d3/2 peak at 104.46±0.8eV as shown in figure 4.12 

is also in good agreement with earlier results [29,30]. 
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             Figure 4.11: La3d XPS spectrumof LNMO5 

 

 

                              Figure 4.12: La4d XPS spectrumof LNMO5 
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 Manganese peak analysis is the central part of the XPS 

analysis in manganites  as magnetism owes its origin to the oxidation 

states of Mn. Binding energy range of 640-660 eV corresponds to 

Manganese 2p peaks. 

In curve fitting, following two parameters are chosen:  

(1) Area ratio of Mn2p1/2 to Mn2p3/2 peaks is fixed to be 1:2 

corresponding to theoretical ratio for  degeneracy between the two 

spin orbit components of p  obitals  

 (2) A range of 3.0 to 3.2 is applied to FWHM.  

 

  Mn2p doublet peaks corresponding to Mn2p1/2 and Mn2p3/2 

are observed with an energy gap of 12 eV [31]. Peak fitting of Mn2p 

peaks gives a signature of mixed valence state. Mn2p3/2 peaks are resolved 

into two: one at 641.98±0.9eV and other at 644.53±2.1 eV as shown in 

figure 4.13. Separating the peaks for different valence states of Mn is a 

tedious task as most of the peaks overlap. But from an analysis of the 

results published so far it is observed that Mn2+ peaks are at lower binding 

energy than Mn3+and Mn4+ states, and the Mn3+ peaks are assigned with a 

specific binding energy value of 641.7 eV [32-35]. In our results, peak at 

641.98±0.9eV is confirmed to be due to Mn3+ ions and thus peak at 

644.53±2.1 eV is due to Mn4+ ions.  
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Figure 4.13: Mn2p XPS spectrumof LNMO5 
 

 From a detailed analysis of XPS spectra of the LNMO 

series, 2p1/2 and 2p3/2 peaks of Mn ions are analysed to determine the 

valence states of Mn and their concentration.   Figure 4.14 shows Mn 2p 

peaks of the remaining members of the sample series. i.e from LNMO6 to 

LNMO9 and it is observed that Mn4+ peak is dominating with increase in 

Na concentration at the expense of Mn3+ peak . The concentration of Mn3+ 

and Mn4+ ions in LNMO5 to 9 samples are tabulated in table 4.3. It can be 

seen that amount of Mn3+ ions is larger than Mn4+ ions for LNMO5 and 

LNMO6; thereon ratio of Mn4+/Mn3+ increases with Na substitution. For 

LNMO7 and LNMO8 Mn4+/Mn3+ ratio reaches close to 0.5 and further 

Na substitution corresponding to sample LNMO9 results in Mn4+ ions 

exceeding Mn3+ ions. Mn4+/Mn3+ ratio observed in LNMO sample series 

is shown in Table 4.4. The observed Mn4+/Mn4+ ratio of the series are 
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different from the expected values.  It is known that undoped lanthanum 

manganite consists of Mn ions with +3 oxidation state and is an AFM 

insulator. Substituting La sites with Na ions results in the conversion of 

some of Mn3+ ions to Mn4+ ions. Replacement of Na for La could result in 

the formation of Mn4+ ions and more than 50 percent replacement imply 

that most of the ions are Mn4+ . But XPS spectra of LNMO5 shows larger 

contribution of Mn3+ ions which suggests that Na is not capable of fully 

replacing 50 percent La sites even though ratio of La: Na is 1:1 in the 

compound and hence a small fraction of Na remains in the material as Na 

itself or in oxide form as evident from the XPS spectra of Mn and Na 

ions. These are clear evidences suggesting the presence of oxygen 

vacancies.  There are earlier reports dealing with La-Na MnO3 systems 

indicating that larger Na substitution can lead to vacancies in La and O2- 

sites. But a systematic decrease in magnetization with Na substitution 

provides the information that with increase in Na concentration there is 

indeed increase in La substitution by Na  even though the desired level of 

substitution is not reached. Thus LNMO represent an excellent system 

showing dependence of structural and magnetic properties on monovalent 

content, mixed valence ions and oxygen vacancies.   
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Figure 4.14: Mn 2p peaks in LNMO6, LNMO7, LNMO8 and LNMO9 

 

 

Sample Name  Mn3+

concentration 

Mn4+  

concentration  

LNMO5  0.895  0.105  

LNMO6  0.879  0.121  

LNMO7  0.699  0.301  

LNMO8  0.697  0.303  

LNMO9  0.428  0.572  

 
Table 4.3: Table showing concentration of Mn4+ and Mn3+ ions in LNMO samples 

 
 
 
 
 



Chapter 4                                                                  
 

120 

 
Sample  Mn4+/Mn3+ ratio 

LNMO5 0.117

LNMO6 0.138

LNMO7 0.431

LNMO8 0.435

LNMO9 1.336

 
Table 4.4: Table showing Mn4+/Mn3+ ratio of LNMO samples 

 
 

  Hence it can be estalished that magnetic inhomogeneity 

is present in LNMO as coexisting ferromagnetic and antiferromagnetic 

phases. Ferromagnetism dominates for lower Na concentrations in 

LaMnO3 but on increasing Na concentration, antiferromagnetism is 

preferred. Magnetization of ferromagnetic materials can be analyzed 

using ferromagnetic resonance (FMR) studies which records the 

response of magnetization with respect to frequency. Thus samples in 

LNMO series were subjected to FMR studies.  

 

4.3.4. Ferromagnetic Resonance Studies 

   

   Ferromagnetic resonance spectroscopy is an excellent 

characteristic tool for ferromagnetic materials. Magnetization arising from 

the magnetic domains precesses at about a particular frequency due to the 

torque provided by the external magnetic field.  The precession frequency 

is dependent on the macroscopic magnetization of the sample, its 

orientation and magnetic field strength.  In ferromagnetic resonance 

studies incorporated with network analyzers, the complex reflection 
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coefficient through the scattering matrix denoted by S11 is plotted against 

frequency. Such an FMR spectrum for LNMO series is indicated in figure 

4.15. In the absorption spectra of pure ferromagnetic materials, generally 

two modes are present: acoustic and optic. In the case of LNMO samples, 

only a broad absorption around 6.5GHz with an approximate line width of 

1.7 GHz is observed. Perfect ferromagnetic behaviour is reflected as a 

clear and sharp absorption at a particular frequency. Thus broad 

absorption and larger line width indicate magnetic inhomogeneity [36]. 

Thus FMR studies establish that LNMO samples are not purely 

ferromagnetic. This observation compliments with our early findings 

using VSM and XPS  

 

 

 
Figure 4.15: FMR spectra of LNMO samples 
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Conclusion 

 

   Sample series corresponding to 50 to 90 percent Na 

substitutions for La sites for LNMO were synthesized using modified 

citrate gel method and the structural characterization using XRD showed 

that all samples exhibited distorted orthorhombic structure with pbnm 

spacegroup. Lattice parameters evaluated from Rietveld refinement were 

utilized to evaluate cell volume and variation of cell volume with Na 

substitution was observed. All samples were found to be ferromagnetic at 

300 K and the saturation magnetization decreased with increase in Na 

substitution. Magnetization vs temperature analysis corresponding to FC 

and ZFC plots was a proof for the coexistent antiferromagnetic behaviour 

with ferromagnetic ordering. Competing ferro/ antiferro magnetism were 

dependent on the ratio of Mn3+/Mn4+ ions and the XPS analysis showed 

that Mn3+/Mn4+ ratio decreased with increase in Na concentration. For the 

terminal sample in the series, LNMO9, it was found that Mn4+ ratio 

exceed Mn3+ and the antiferromagnetism dominates or have an upper 

hand over ferromagnetism. Disparity between the theoretical and 

calculated ratio of Mn4+/Mn3+ indicate  that desired Na substitution is not 

taking place even though stoichiometry is maintained. But change in 

properties with increase in Na content is indicative of increase in Na 

contribution at La sites. A significant and systematic reduction in 

saturation magnetization is an evidence for the dominating 

antiferromagnetic ordering over ferromagnetism as Na concentration is 

increased. In effect, Magnetic ordering in Na doped Lanthanum 

manganites have contributions from double exchange/ super exchange 
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meachanisms and vacancy induced interactions from Lanthanum and 

oxygen site deficiencies. Ferromagnetic resonance studies also confirm 

the presence of a mixed magnetic phase in LNMO series. 
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CHAPTER 5 

Estimation of Transition Temperature and 

Magnetic Entropy Change in Sodium 

Substituted Lanthanum Manganites 

 

 

       

Magnetic measurements can be utilized for deducing various parameters 

dealing with structure, thermodynamics and magnetic moments. In this 

chapter, magnetic isotherms are utilized to generate Arrott plots for 

estimating the nature of magnetic transition in sodium substituted 

lanthanum manganites. Arrott plots are also utilized for predicting 

approximate magnetic transition temperature in these samples. Variation 

of transition temperature with sodium substitution is discussed in this 

chapter. Isotherms for a wide range of temperature are used to estimate 

magnetic entropy change in manganites. Adiabatic temperature change is 

evaluated from values of specific heat capacity and entropy change. 

Variation of entropy change with temperature and sodium substitution is 

also described in detail. 
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5.1. Introduction 

 

   Magnetic refrigeration is based on the phenomena of 

magnetocaloric effect (MCE) and the materials exhibiting such 

phenomena are called MCE materials. Reversible temperature change of a 

magnetic material in the presence or absence of magnetic field is defined 

as magnetocaloric effect. When a magnetic field is applied to a magnetic 

material, domains align ferromagnetically decreasing the magnetic 

entropy but providing a release of thermal energy leading to increase in 

temperature. Alternately, upon removal of the magnetic field, domains are 

oriented randomly which leads to cooling of the magnetic material. This 

type of temperature tunability does not require any compressor gas nor is 

toxic thereby providing an eco friendly system [1]. 

 Lanthanum manganites (LMO) with ABO3 structure and its 

derivatives have secured a prominent position in the MCE phenomenon as 

they possess high magnetic moments and are ferromagnetic in nature. 

Ferromagnetic (FM) to paramagnetic (PM) transition at high temperatures 

often coupled with metal-insulator transition in doped manganites 

directed the focus towards magnetic entropy studies and it has been 

proved successful [2, 3].  In La0.67Ca0.33MnO3 ΔSM of 1 J.Kg-1K-1 and that 

of 2 J.Kg-1K-1 was observed in La0.87Sr0.13MnO3 under a field of 10 KOe 

[4, 5]. Highest ΔSM of 8 J.Kg-1K-1 at around 250 K was found in 

La0.7Ca0.3MnO3 under 2 T magnetic field [6]. Recently a ΔSM of 5.15 J.kg-

1K-1 corresponding to a magnetic field of 5 Tesla was reported for 

La0.67Sr0.33MnO3 at 370 K [7].  Efforts are on to effectively utilize the 

tunability of magnetic properties of doped manganites in MCE for 
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developing manganites with high entropy values near room temperature. 

A possible concern in manganites is that their specific heat is higher and 

hence adiabatic temperature variation is smaller, but higher Curie 

temperature well above room temperatures can be of help as the adiabatic 

temperature change is proportional to temperature [7]. 

  MCE behaviour for divalent and trivalent substitutions in 

manganites have already been discussed and reported [8]. The present 

work deals with  above fifty percent monovalent ion Sodium (Na+) 

substitution for La3+ sites in Lanthanum manganites (LMO) as no reports 

could be found pertaining to higher concentrations of Na at La sites 

possibly due to loss of Na during sintering process. Thus sodium doped 

lanthanum manganites (LNMO) are virgin compounds and hence 

evaluation of magnetic entropy change and associated adiabatic 

temperature change are of interest to scientific community. 

  Magnetic entropy change (ΔSM) can be evaluated either 

from the variation of adiabatic temperature in the presence of a magnetic 

field or from the M-H isotherms at different temperatures. In this work, 

the second method using M-H isotherms was employed as adiabatic 

temperature measurement in manganites is rather difficult as stated 

earlier. Magnetic entropy change can be evaluated from the difference in 

area between the isotherms governed by equations 2.14 and 2.15 as 

described in chapter 2. 
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5.2. Method of Synthesis 

 

  Sodium substituted lanthanum manganite samples, La1-

xNaxMnO3 with x=0.5, 0.6, 0.7, 0.8 and 0.9 were synthesized using 

modified citrate gel method. Synthesis details are described in chapter 4. 

 

5.3. Magnetic characterization 

5.3.1. Magnetic isotherms and Arrott plots 

 

           Pre characterized samples belonging to the series LNMO 

(La1-xNaxMnO3 with x=0.5, 0.6, 0.7, 0.8 and 0.9) were subjected to 

Magnetization vs. Magnetic field studies (i.e., M-H isotherms). M-H 

isotherms with magnetization expressed in Am2/Kg for magnetic field 

variation (μ0H) up to 5 Tesla for the temperature range 200 K to 300 K 

with a step of 20 K of LNMO5 is shown in figure 5.1. A saturation 

magnetization (Ms) of 54 Am2/Kg is observed at 200 K and on 

increasing temperature to 300 K, Ms decreases steadily to 34 Am2/Kg.   

 From M-H isotherms, Banerjee criterion has been utilized 

to determine the nature of magnetic transition in LNMO5. 

Thermodynamic theory for phase transitions first developed by Landau 

and Lifshitz [9,10] was later applied in ferromagnets for magnetic 

transitions near Curie point by Ginzburg as governed by the equation: 

HMM  3 where α and β are constants incorporating 

thermodynamic variables and magnetization [11]. 
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   Figure 5.1: M-H isotherms of LNMO5 in the temperature range of 200 K to 

300 K 

  

 Bean and Rodbell [12] suggested a theory for First order 

phase transition (FOPT) materials and later Banerjee combined all these 

existing theories into one and proposed a criterion for distinguishing 

between First order phase transition (FOPT) and Second order phase 

transition (SOPT) [13]. In order to test this criterion, Arrott plots are 

drawn with μ0H/M versus M2 in the temperature range of 200 K to 300 K 

within the magnetic field range of 5 T.  Arrott plots for LNMO5 sample is 

indicated in figure 5.2 where 5.2(a) shows Arrott plots in the temperature 

range of 200 K to 300 K. It is observed that Arrott plots are approaching a 

linear behaviour parallel to one another with increase in temperature. 

Thus positive slope of the curves confirm that the magnetic transition is of 

second order and the magnetic transition is above 300 K [13]. For a 

detailed investigation of the magnetic phase in manganites, M-H 

isotherms for the temperature range 303 K to 393 K with small steps of 10 
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K are analyzed for the maximum magnetic field of 1.35 T and Arrott plots 

plotted from these isotherms shows a parallel behaviour as observed in 

figure 5.2(b).  

 

 

 
 

Figure 5.2: Arrott plots of LNMO5 (a) in the temperature range of 200 K to 300 K 

 (b) in the temperature range of 303 K to 393 K           

 

 Arrott plots can also be utilized for determining the 

magnetic ordering temperature (TC) range.  From arrott plots depicted in 

figure 5.3  (figure 5.2(b) zoomed) for LNMO5, a linear line from the 

origin which is 450 inclined to both x and y axes are taken as reference 

line and the nearest curve for which the slope is less than the reference 

line is taken as TC. Since the straight line in the case of LNMO5 is 

between 323 K and 333 K curves, only TC range can be determined and it 

is within 323 K - 333 K. Magnetization vs. Temperature analysis of 

LNMO5 also shows transition temperature at 334 K as indicated in figure 

5.4 which confirms the result. 
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Figure 5.3: Determination of TC of LNMO5 from M – H Isotherms using Arrott 

plots.  TC is found to be between 323 K and 333K 

 

 

 

Figure 5.4: Magnetization vs. Temperature plot of LNMO5 in the temperature 

range of 280 K to 400 K at 30 Oe magnetic field 
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Figure 5.5: M-H Isotherms for LNMO samples. (a) to (d) LNMO6 to LNMO9 

 

 M-H isotherms of other members of the LNMO series from 

LNMO6 to LNMO9 is shown in figure 5.5. From the isotherms in the 

temperature range of 200 K to 300 K, it could be seen that all samples are 

ferromagnetic with a magnetic ordering temperature above 300 K. Arrott 

plots for LNMO6, LNMO7, LNMO8 and LNMO9 samples in the 

temperature range of 200 K to 300K and 303 K to 393 K are shown in 

figures 5.6, 5.7, 5.8 and 5.9 respectively. Similar linear behaviour is 

observed for all the samples of LNMO indicating a second order phase 

transition with a transition temperature above 300 K. 
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Figure 5.6: Arrott plots of LNMO6 (a) in the temperature range of 200 K to 300 K 

 (b) in the temperature range of 303 K to 393 K           

 
 

Figure 5.7: Arrott plots of LNMO7 (a) in the temperature range of 200 K to 300 K 

 (b) in the temperature range of 303 K to 393 K           

 
 

Figure 5.8: Arrott plots of LNMO8 (a) in the temperature range of 200 K to 300 K 

 (b) in the temperature range of 303 K to 393 K           
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Figure 5.9: Arrott plots of LNMO9 (a) in the temperature range of 200 K to 300 K 

 (b) in the temperature range of 303 K to 393 K           

 

 Evaluation of TC in the case of LNMO6 is shown in figure 

5.10. Since the curve below the reference line is of 323 K TC is around 

323 K.  Magnetization vs. Temperature analysis also indicates TC at 

around 323 K as seen in figure 5.11. 

 
Figure 5.10: Determination of TC range from M – H Isotherms of LNMO6; TC is 

found to be at 323 K 
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 Figure 5.11: Magnetization vs. Temperature plot of LNMO6 in the temperature 

range of 280 K to 400 K at 30 Oe magnetic field 

 

 In the case of Arrott plots for LNMO7, the reference line passes 

between the two curves, 323 K and 313 K and hence in this case, only TC 

range can be defined which is found to be between 313 K and 323 K 

(Figure 5.12 (a)). In the case of LNMO8 also, TC is between 313 K and 

303 K (Figure 5.12 (b)) and in LNMO9 TC is found to be at 303 K (Figure 

5.13). Although accurate estimation of TC from Arrott plots is difficult, it 

can be established that there is considerable variation of TC with Na 

doping. TC is found to be decreasing with increase in Na doping as 

observed in monovalent substituted manganites [14]. Approximate TC 

ranges are depicted in table 5.1. 
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Figure 5.12: Determination of TC range from M – H Isotherms of (a) LNMO7; TC  

range is found to be between 323 K and 313 K (b) LNMO8; TC  range is found to be 

between 303 K and 313 K 

 

 

 

 
 

Figure 5.13: Determination of TC range from M – H Isotherms of LNMO9; TC at 

303 K 
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Table 5.1: Table showing TC range in LNMO samples 

 

5.3.2. Estimation of Magnetic entropy change 

 

 For LNMO5, two sets of M-H isotherms, first one in the 

low temperature range of 200 K to 300 K and the second one within the 

range of 303 K to 393 K are utilized for calculating magnetic entropy. 

After determining the area between the adjacent curves from isotherms, 

magnetic entropy change, ΔSM is evaluated using eqn (2.15) as given in 

chapter 2 [negative sign of entropy is excluded][10,11]. ΔSM evaluated 

for dH (or ΔH) values of 0.5 T, 1 T, 2 T and 5 T from  200 K to 300 K is 

depicted in  figure 5.14 [Inset]. It is observed that magnetic entropy 

increases with increase in dH thus establishing a linear dependence of 

entropy with magnetic field and a maximum entropy change of 1.5 J.Kg-

1K-1 is found at 290 K for an applied magnetic field of 5 T. ΔSM is also 

 

Sample 

 

TC or TC range 

(K) 

LNMO5 334 

LNMO6 323 

LNMO7 323-313 

LNMO8 313-303 

LNMO9 303 
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found to be increasing with increase in temperature in the region of 200 K 

to 300 K. In order to determine the temperature range within which ΔSM 

is maximum, second set of isotherms in the temperature range 303 K to 

393 K dealing with small magnetic fields is considered. Also small steps 

of 10 K give more precise values of ΔSM near transition temperature. 

Entropy values corresponding to magnetic fields of 0.5 T, 1 T, 1.15T, 

1.25 T, 1.35 T has been plotted and the maximum entropy change of 0.12 

J.Kg-1K-1 is observed for 1.35T for a temperature of 308 K in the case of 

LNMO5. Further, ΔSM decreases with increase in temperature as evident 

from figure 5.14.  Although two sets of isotherms consider two different 

field variations, it can be confirmed that the entropy approaches 

maximum values in the room temperature range. 

 

 
Figure 5.14: Variation of Magnetic entropy change (ΔSM) for LNMO5 sample (a) in 

the temperature range of 303 K to 393 K (inset) in the temperature range of 200 K 

to 300 K 
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 Magnetic isotherms of LNMO 6 to LNMO 9 were also 

analyzed and the magnetic entropy variation is estimated. Calculated ΔSM 

(absolute values, i.e., sign of entropy are not considered) values for 

LNMO6 are shown in figure 5.15 (a) and (b). From figure 5.15 (a) it is 

observed that ΔSM increases with an increase in temperature reaching a 

maximum of 1 J.Kg-1K-1 at 290 K and the entropy change increases with 

increase in external magnetic field. Entropy values for 0.5 T, 1 T, 2 T and 

5 T follows a decreasing trend for a particular temperature.  From figure 

5.15(b), it can be found that ΔSM is found to be decreasing from 308 K 

and reaches a minimum at 388 K. Thus the entropy variation is maximum 

in the temperature range of 250 K to 320 K. Entropy change at 308 K for 

1.35 T magnetic fields is found to be 0.082 J.Kg-1K-1
. Similarly, ΔSM 

values for LNMO7 is also determined and is shown in figure 5.16 (a) for 

0.5 T, 1 T, 2 T and 5 T in the temperature range of 200 K to 300 K which 

also shows a decreasing trend with increase in temperature with a 

maximum ΔSM of 0.82 J.Kg-1K-1 for 5 T magnetic field. For LNMO7, a 

maximum ΔSM of 0.028 J.Kg-1K-1is observed for 1.35 T as analyzed from 

isotherms in the high temperature range 303 K to 393 K (figure 5.16(b)). 

LNMO8 and LNMO9 recorded a maximum ΔSM of 0.55 J.Kg-1K-1 and 

0.32 J.Kg-1K-1 respectively for 5 T magnetic fields (figure 5.17 (a) and 

figure 5.18 (a)). In the high temperature range LNMO8 and LNMO9 

possessed a ΔSM of 0.033 J.Kg-1K-1 and 0.015 J.Kg-1K-1 for 1.35 T 

magnetic field (figure 5.17(b) and 5.18 (b)) respectively.   
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Figure 5.15: Variation of Magnetic entropy change (ΔSM) for LNMO6 sample (a) in 

the temperature range of 200 K to 300 K (b) in the temperature range of 303 K to 

393 K 

 

 

 

 

 

Figure 5.16: Variation of Magnetic entropy change (ΔSM) for LNMO7 sample (a) in 

the temperature range of 200 K to 300 K (b) in the temperature range of 303 K to 

393 K 
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Figure 5.17: Variation of Magnetic entropy change (ΔSM) for LNMO8 sample (a) in 

the temperature range of 200 K to 300 K (b) in the temperature range of 303 K to 

393 K 

 

 

 
                                     

 

Figure 5.18: Variation of Magnetic entropy change (ΔSM) for LNMO9 sample. (a) 

in the temperature range of 200 K to 300 K (b) in the temperature range of 303 K 

to 393 K 

  

 A comparison of magnetic entropy change in LNMO series 

at 5T and 1.35 T magnetic fields are shown in figure 5.19 and figure 5.20 

respectively. It is evident that maximum magnetic entropy is obtained for 



Chapter 5 

144 
 

LNMO5 which has the highest magnetization in the series. Magnetic 

entropy change decreases with increase in Na concentration 

. 

 
            Figure 5.19: Magnetic entropy change (ΔSM) in LNMO series at 5 T 

 

 

Figure 5.20: Magnetic entropy change (ΔSM) in LNMO series at 1.35 T 
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5.3.3. Heat Capacity Measurements and Estimation of Adiabatic 

Temperature Change 

 

 Heat capacity (Cp) measurement in manganites assumes 

importance and can be utilized for the estimation of ΔTad as governed by 

equation 2.16 in chapter 2.  Evaluation of ΔTad from measured Cp values 

are more accurate rather than relying on earlier reported results of Cp. 

Heat capacity of LNMO5 having the highest magnetic entropy change is 

plotted  as a function of temperature and the measurements have been 

carried out for temperatures below 300 K as indicated in figure 5.21. 

Magnetic field dependence of Cp for second order phase transition 

(SOPT) materials is lower than that of first order phase transition FOPT 

materials. It is known that magnetic field dependence of Cp for SOPT 

material is insignificant.  Variation of Cp with and without magnetic fields 

is similar in the case of LNMO5 as indicated in figure 5.21. Heat capacity 

is found to have direct dependence on temperature and Cp approached 

highest value of 660 J.Kg-1K-1 at 300 K.  

            Cp values are then used to evaluate the adiabatic 

temperature change (ΔTad) associated with manganite system as given by 

eqn. (2.16) and ΔTad values are plotted with respect to temperature. It is 

found that ΔTad increases with increase in temperature and a maximum 

temperature change of 0.62 K is observed at 280 K as indicated in figure 

5.22. Variation of ΔTad against temperature plot is linear which is a 

promising result as far as MCE applications are concerned. Increase in 

ΔTad close to room temperatures and preferably near transition 
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temperature is indicative of the potential of this material for room 

temperature refrigeration.  

 

 
 

Figure 5.21: Heat capacity (Cp) Vs Temperature of LNMO5 sample for  

T < 300 K 

 

 
Figure 5.22: Adiabatic temperature change ( ΔTad) of LNMO5 sample  
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Conclusion 

 

      In conclusion, magnetic isotherms were utilized to 

estimate transition temperature and the magnetic entropy change for 

samples belonging to the series of sodium substituted lanthanum 

manganites, LNMO5 to LNMO9. Arrott plots generated from these 

isotherms indicated a second order phase transition. M-H isotherms at 

higher temperatures were also utilized to determine approximate TC or 

range of TC and it was found that TC shifted to low temperatures with 

increase in concentration of sodium.  An appreciable change in magnetic 

entropy was observed for the samples and the entropy variation is 

dependent on magnetic field and temperature. From the entropy values of 

LNMO65to LNMO9, it can be pointed out that entropy change increases 

with increase in magnetization while it exhibits maximum entropy change 

in the temperature range of 250 K to 320 K. Maximum entropy variation 

is observed for sample with lower Na content which is LNMO5. Magnetic 

entropy change of 1.5 J.Kg-1K-1 was observed at 290 K for ΔH of 5T 

while 0.12 J.Kg-1K-1 was observed for 1.35 T at 308 K for LNMO5. Heat 

capacity of LNMO5 was also determined and Cp was evaluated to be 660 

J.Kg-1K-1 at 300 K. Adiabatic temperature change was evaluated from CP 

and ΔSM values and was found to be increasing with increase in 

temperature with a maximum of 0.62 K at 280 K.  Thus magnetic entropy 

studies on monovalent sodium substituted lanthanum manganites 

provided higher values of entropy for a wide range of temperature close to 

room temperature and are highly beneficial from an application 

perspective. 
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CHAPTER 6 

Evaluation of Magnetic and Magnetocaloric 

parameters in Sodium Substituted 

Lanthanum Manganite Thin films deposited 

on Si Substrates 

  

 

 

This chapter deals with studies carried out on LNMO samples deposited 

by pulsed laser deposition on silicon substrates. Their structure and 

compositions are also discussed in this chapter.  It also deals with room 

temperature magnetic hysteresis measurements and the variation of 

magnetic entropy change with temperature above and below 300 K. 

Variation of magnetic entropy change with  sodium concentration in thin 

films of LNMO series is also presented in this chapter . Surface 

morphology of the films is evaluated from SEM and AFM images. 

 

6.1. Introduction  

 

 Investigations on manganite thin films accelerated after the 

CMR/ GMR discovery and with the advancement of thin film techniques 

[1]. Compared to bulk materials, thin film forms of these materials can 

find applications in the field of sensors, micro electro mechanical systems 

(MEMS), memory and spintronic devices. Pulsed laser deposition (PLD), 
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molecular beam epitaxy (MBE), RF sputtering and spin coating are 

commonly used to obtain high quality thin films. Among them, PLD, 

MBE and sputtering are the best methods for obtaining good films 

especially of oxides with high structural perfection. Films deposited using 

PLD have an added advantage of being stoichiometric with the target bulk 

material and hence the exact composition of bulk can be maintained in 

thin films also [2-5]. 

 Doped lanthanum manganite thin films with Sr and Ca 

substitutions have been investigated largely and there exist reports in 

literature correlating their electric transport with magnetic properties [5-

7]. An extensive study carried out on the bulk samples of Lanthanum 

manganites with monovalent ion (sodium) substitutions ranging from 50 

to 90 percent revealed that they exhibit mixed magnetic phase with 

dominant ferromagnetic ordering. It could be interesting to deal with thin 

film analogues of these materials since only a few reports are seen in the 

literarure. It is found that saturation magnetization decreases with increase 

in Na concentration for bulk samples of LNMO. Magnetic measurements 

in thin films could be carried out to determine the saturation 

magnetization values and the variation of magnetization with Na 

concentration in thin films.  

 It has been found that samples belonging to the series ( La1-

xNaxMnO3 with x= 0.5, 0.6, 0.7, 0.8 and 0.9 )  are stoichiometric and 

exhibit excellent magnetic and magnetocaloric parameters suitable for 

applications. The composition corresponding to LNMO5 is found to be 

promising since it exhibited fairly reasonable ΔSM values at reasonable 

applied magnetic fields of 1.35 T and 5T. Investigations on the thin film 

forms of these compositions form the backbone for any further study 
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especially in realizing their application potentials. This chapter deals with 

the preparation of thin film samples of LNMO with Na concentration 

varying from 50 to 90 percent deposited on Si substrates. Their structural 

and magnetic properties are evaluated and the entropy change and relative 

cooling power are also estimated and correlated. 

 

6.2. Experimental 

  

 Bulk powder samples belonging to the series LNMO  

(La1-xNaxMnO3 with x= 0.5, 0.6, 0.7, 0.8 and 0.9) were synthesized using 

the citrate gel method. The details are described in chapter 4. Cylindrical 

pellets of radius 10mm were used as targets for thin film deposition. Thin 

films of sodium substituted lanthanum manganites were prepared 

employing pulsed laser deposition technique. For this, a laser beam from 

a KrF laser with a wavelength of 248nm and a repetition rate of 10Hz was 

used as the source. Laser pulses were allowed to hit the target placed at a 

distance of 4.5cm from the substrate holder where a silicon substrate is 

affixed. The deposition was carried out for two different thicknesses, 100 

nm and 300 nm for each sample in the series of LNMO. Thin films are 

coded as SiLNMO5, SiLNMO6, SiLNMO7, SiLNMO8, and SiLNMO9. 

Thin film deposition was also carried out on chromium – gold (chrom 

gold) sputtered silicon substrates with a view to using them for electrical 

measurements. Thin films of two members on the extreme end of the 

LNMO series deposited on Si/ CrAu substrate are coded as Si/CrAu-

LNMO5 and Si/CrAu-LNMO9.  In the case of metal oxides, thin film 

deposition is usually carried out in the background of gases like nitrogen 

or oxygen maintained at a suitable pressure [8, 9]. Oxygen atmosphere 
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was preferred for the present case under a pressure of 0.33 mbar.The 

method of preparation of thin films using Pulsed laser deposition is 

described in chapter 3. Optimized deposition parameters are tabulated in 

table 6.1.  

 

 

 

                          Table 6.1: PLD deposition parameters 

  
 

6.3. Characterization 

 

6.3.1. X-Ray Diffraction 

 

 Structural characterization of these samples was carried out 

using X-ray diffraction studies. XRD pattern of a representative sample of 

the series representative sample of the series, La1-xNaxMnO3 with x= 0.5, 

0.6, 0.7, 0.8 and 0.9),   LNMO5 for 100nm thickness (SiLNMO5) within 

the 2θ range of 20
0to 400 is depicted in figure 6.1. From the XRD pattern, 

with Si contribution subtracted, it is observed that the characteristic peak 

of perovskites is observed at a 2θ angle of 32
0 corresponding to (110) 

plane [ref.Chapter 4]. The inset figure shows the XRD pattern of LNMO5 

Parameters Magnitude 

Laser fluence 2 J/cm
2
 

Target to substrate 

distance 

4.5cm 

Oxygen pressure 0.33 mbar 

Substrate temperature 700 
0
C 

Thickness 300nm, 100nm 
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film deposited on Si substrate showing the characteristic peak of silicon at 

600. 

 
Figure 6.1: XRD pattern of SiLNMO5 100nm film 

 

 

6.3.2. Scanning Electron Microscopy 

 

 Surface morphology of thin films deposited on Si substrate 

was examined using scanning electron microscopy (SEM). Figures 6.2(a) 

and 6.2(b) show SEM images of LNMO5 film deposited on Si and Si/ 

CrAu substrates.  The etched part and deposited film part can be clearly 

seen in both images. Etching was carried out using a Si piece kept on the 

side of the substrate during the deposition which could be helpful in 

drawing out contacts for electrical measurements. Figures 6.3(a) and (b) 

depicts thin film surface of samples belonging to the extreme end of the 
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series, LNMO5 and LNMO9. Both the SEM pictures indicate that 

particles appear spherical in nature. 

 
 

 

        
                              

(a)                                                                  (b) 

 

Figure 6.2: SEM image of (a) SiLNMO5 (b) Si/ CrAu-LNMO5 

 

         
 
                               (a)                                                                  (b) 

 

Figure 6.3: SEM image of (a) SiLNMO5 (b) Si/ CrAu-LNMO9  
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6.3.3. Energy Dispersive Spectroscopy 

 

 Energy Dispersive Spectroscopy (EDS) analysis of the 

samples in the LNMO series was utilized to determine the composition of 

the samples. EDS spectra of SiLNMO5 and etched part of SiLNMO5 are 

indicated in figures 6.4 (a) and (b) respectively. From the EDS data given 

in table 6.2, it can be inferred that thin film contains all the desired 

elements La, Na, Mn and O in the required ratio. EDS spectrum of etched 

part shows only the presence of silicon and no other impurities are 

detected. 

  
                               (a)                                                                  (b) 

 

Figure 6.4:  EDS spectrum of (a) Si- LNMO5 (b) etched part of Si-LNMO5 

 
 

 

 

 

 

 

 
 

 

 

 

 

 

Table 6.2:  EDS data of Si-LNMO5 

Element Atom C 

(wt.%) 

Error 

O  8  K-series 10.8 0.9 

Na 11  K-series 0.21 0.0 

Si 14 K-series 88.01 3.5 

Mn 25 K-series 0.74 0.1 

La 57  L series 0.24 0.1 

 100%  
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                               (a)                                                                  (b) 

 

Figure 6.5:  EDS spectrum of (a) Si/CrAu-LNMO5  

(b) etched part of Si/CrAu-LNMO5 

 
Element Atom C 

(wt.%) 

Error 

O  8  K-series 32.24 2.0 

Na 11  K-series 1.25 0.1 

Si 14 K-series 50.85 1.6 

Cr 24 K-series 0.19 0.0 

Mn 25 K-series 3.93 0.2 

La 57  L-series 1.66 0.2 

Au79 L-series 9.88 1.8 

 100%  

 
Table 6.3: EDS data of Si/Cr Au-LNMO5 

 
 
 Figures 6.5(a) and (b) show Si/CrAu-LNMO5 film and its 

etched part respectively. EDS data table is shown in table 6.3 which 

confirms that  samples are stoichiometric  with an La: Na ratio of 1:1. For 

further confirmation, the end member of the LNMO series namely 

LNMO9 is also subjected to EDS analysis. The EDS spectrum of 

Si/CrAu-LNMO9 is shown is figure 6.6 and the EDS data table is 
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tabulated and shown in figure 6.4. It can be seen that most of La sites are 

occupied by Na ions thus maintaining stoichiometry in films. 

 
Figure 6.6: EDS spectrum of (a) Si/ Cr Au-LNMO9 

 
 

Element Atom C 

(wt.%) 

Error 

O  8 K-series 28.64 2.5 

Na 11  K-series 1.36 0.1 

Si 14 K-series 66.76 3.0 

Mn 25 K-series 3.06 0.2 

La 57  L-series 0.17 0.1 

 100%  

 
Table 6.4:  EDS data of Si/Cr Au-LNMO9 

 

 

6.3.4. Atomic Force Microscopy 

 

 Topographic images of thin films of the series La1-

xNaxMnO3 with x= 0.5, 0.6, 0.7, 0.8 and 0.9 (LNMO) deposited on 

Si/CrAu substrate using Atomic Force Microscopy (AFM) are shown in 
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figure 6.7(a) to (d). Topographic images are indicative of a granular 

structure and are complimentary to that observed in SEM. Figure 6.8 is a 

three dimensional AFM image of SiCrAu-LNMO9 which gives a more 

precise view of  film growth regions as cone shaped  structures  on Si 

substrates. 

 

 
  

                              (a) (b) 

 

   
  

                                     (c)                                                               (d) 

 

Figure 6.7: AFM of thin films on Si/Cr Au substrate (a) LNMO5 (b) LNMO6 (c) 

LNMO7 (d) LNMO8 
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Figure 6.8: AFM of thin films on Si/Cr Au substrate 

 

 

6.3.5. Vibrating Sample Magnetometer for magnetic characterization 

 

  Room temperature magnetic measurements carried out on 

thin film samples of LNMO series were performed and it indicated that all 

samples exhibit ferromagnetic ordering as shown in figure 6.8.This is 

analogous to the ferromagnetic ordering observed at 300 K for bulk 

samples of LNMO. Magnetization is expressed in terms of μemu/cm
2 

after subtracting the diamagnetic contribution of silicon and a highest 

saturation magnetization of around 22 μemu/cm
2 is observed for 

SiLNMO5 sample. Saturation magnetization (MS) is found to be 

decreasing with increase in Na concentration with nominal coercivity and 

the minimum MS has been observed in LNMO9 thin film. Decrease of MS 

with increase in Na concentration has been observed earlier for bulk 

samples also. It is also to be noted even though magnitude of MS has 

decreased from that observed in bulk counterparts, magnetization 

followed the same trend as that of bulk targets and augers well for device 
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fabrication and promising. There is no special significance of measuring 

the magnetization in films of different thickness deposited on common 

substrates like silicon since the magnetization of LNMO films is 

expressed in terms of area units, μemu/cm
2 rather than μemu/cm

3.  Thus 

magnetic measurements on one set of samples with thickness of 300 nm 

only are considered here.  

 
 

Figure 6.9: Ferromagnetic behaviour in SiLNMO thin films 
 

6.4. Estimation of Magnetic Entropy Change 

 

  Magnetic entropy change is an essential criterion in 

deciding the magnetocaloric or magnetic refrigeration potential of a 

material.  Magnetic entropy change in manganites can be evaluated from 

the magnetic isotherms [10, 11]. For this, magnetic isotherms in the 

temperature range of 200 K to 400 K were utilized. The procedure for 

estimation of entropy change is already discussed in the previous chapters 

(chapters 2 and 4).  The entropy change is evaluated from the area 
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difference between the isotherms and expressed in terms of J.Kg-1K-1. 

Magnetic entropy change (ΔSM) for all the samples in the series LNMO5 

to LNMO9 is estimated. Evaluation of magnetic entropy change in thin 

films is a tedious task since the substrate contribution cannot be ignored. 

In the present case, approximate entropy values are estimated on the 

assumption that silicon substrates are diamagnetic and thus variation of 

magnetic parameters with external magnetic fields and temperature are 

negligible. Figures 6.10, 6.11, 6.12 and 6.13 show the variation of 

estimated magnetic entropy change in LNMO6 to LNMO9 thin films of 

thickness 300 nm deposited on Si substrate.  

 

 
Figure 6.10: Magnetic entropy change in SiLNMO6 film 
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Figure 6.11: Magnetic entropy change in SiLNMO7 film 

 

 
 

 
 

Figure 6.12: Magnetic entropy change in SiLNMO8 film 
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Figure 6.13: Magnetic entropy change in SiLNMO9 film 

 

 Magnetic entropy change does not follow a regular pattern 

with temperature with a peak at around 300 K, i.e, near room temperature. 

The inset figures (Figures 6.10, 6.11, 6.12 and 6.13) show the estimated 

magnetic entropy change for LNMO6 to LNMO9 thin film samples. 

Variation of magnetic entropy near room temperature region in all the 

films is subjected to a lognormal fitting as indicated in figures 6.10, 6.11, 

6.12 and 6.13. The reasons for this anomaly observed in magnetic entropy 

values could be because of the errors arising out of 1) subtracting the 

diamagnetic contribution of Si substrate 2) approximation in the 

integration results during the area calculation between isotherms 3) lower 

magnetization in thin films 4) approximation in density values for the 

conversion of magnetization to emu/g units. 
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Figure 6.14: Magnetic entropy change in Si-LNMO5 film 

 
 

 In the case of LNMO5 film, magnetic entropy change 

observed with a thickness of 300nm shows a systematic variation with 

maximum values in the range 260 K -280 K as shown in figure 6.14. The 

lognormal fit to the estimated magnetic entropy values shows clearly that 

the maximum entropy change is within the temperature range of 250 K to 

290 K. Thus LNMO5 films exhibit magnetic entropy change of around  

0.07 J.Kg-1K-1 near room temperature. These observations thus point to 

the possibility of developing an MCE material from 50 percent sodium 

substitution for La sites in lanthanum manganites since entropy change is 

appreciable in their bulk and thin films. For thin films there exists future 

possibility for determining entropy change by proper choice of substrates, 
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subtraction of substrate contribution and by tuning the thickness of the 

films. 

6.5. Estimation of Relative Cooling Power (RCP) 

 

 Relative Cooling Power (RCP) of a magnetic refrigerant 

material denotes the cooling efficiency. Larger the RCP value,   higher the 

efficiency of the material for magnetocaloric applications. RCP can be 

evaluated using the following relation [12, 13]: 

 

  FWHMM HTSRCP ),(      (6.1) 

 where ΔSM indicates the maximum magnetic entropy 

change and δFWHM is the full width at half maximum of magnetic entropy 

curve. RCP denotes the amount of heat transfer between cold and hot 

regions of a magnetic refrigerant during a thermodynamic cycle. From 

figure 6.14, δFWHM can be determined and it is found to be 18.64 K. 

Maximum entropy change, ΔSM at 1.35 T is 0.07 J.Kg-1K-1. For bulk 

samples of La0.67Sr0.33MnO3, an RCP value of 42 J.Kg-1 and for La0.80Ca 

0.20MnO3, an  RCP of 72 J.Kg-1 has been reported earlier. RCP value of 1.3 

JKg-1 is substantial and appreciable for thin film samples [13-15]. 

 

Conclusion 

   

 Thin films of sodium substituted lanthanum manganite 

samples were deposited on silicon substrates using PLD. Structural and 

morphological characterizations using SEM and AFM confirmed granular 

structure. Compositional analysis using EDS proved that stoichiometry of 

La, Na and Mn ions are maintained in thin films akin to bulk 
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compositions. Magnetic measurements proved that all samples exhibit 

ferromagnetic ordering near room temperature as in the case of bulk 

samples. It is also observed that saturation magnetization decreased with 

increase in Na concentration with maximum magnetization of 22 

μemu/cm
2 observed for the thin film of LNMO5 on Si substrate. Magnetic 

isotherms in the temperature range of 200 K to 400 K were utilized for 

determining magnetic entropy change. Variation of magnetic entropy 

change for LNMO6 to LNMO9 samples does not follow a regular pattern. 

On the other hand, a systematic variation is observed for maximum 

entropy change in LNMO5 thin films. Maximum magnetic entropy 

change of 0.07 J.Kg-1K-1 is observed for LNMO5 sample and entropy 

change is substantial within the temperature range of 250 K to 290 K.  

Relative cooling power of the LNMO5 film is also evaluated and it is 

found to be 1.3 J/Kg. Thus it has been demonstrated that thin film forms 

of LNMO samples can be deposited on Si substrates without sacrificing 

stoichiometry. Though the relative cooling power is much less to that of 

bulk samples, the results are promising and warrants further 

investigations. 
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CHAPTER 7 

Demonstration of a Field Effect Device 

based on Ferroelectric- Ferromagnetic  

Heterostructures and Studies on the 

Influence of Strain on Magnetization 

 

 

 

Manganites are perceived as tunable magnetic materials which could 

serve as excellent candidates for magnetoelectric applications. This 

chapter deals with the fabrication of a magnetoelectric composite using 

thin film deposition of sodium substituted lanthanum manganites on a 

ferroelectric substrate. A material which functions as a ferroelectric as 

well as a piezoelectric is selected for this purpose. The demonstration of a 

field effect device based on a heterostructure of a ferroelectric-

ferromagnetic combination is attempted here. The magnetic hysteresis 

loop and the ferroelectric hysteresis loop parameters are also evaluated. 

Further, the influence of manganite film thickness on the magnetic 

properties will be investigated by coating films of different thickness on 

different substrates.  
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7.1. Introduction  

 

 A magnetoelectric (ME) response is a substantial change in 

electric polarization with the application of a magnetic field and vice 

versa [1-3]. The literature is replete with reports on bulk composites 

comprising of ferromagnetic and ferroelectric components namely 

CFO/BFO (cobalt ferrite/barium titanate), NZFO/PZT (Nickel Zinc 

Ferrite/Lead Zirconate [3-6]. However, the ME coupling coefficient in 

these materials with ferrites as the ferromagnetic phase is not appreciable 

as ferrites are either conducting or semiconducting and cause leakage 

current by deteriorating the insulating nature of ferroelectrics. Thus higher 

dispersion of ferrites in ferroelectric matrix with large final sintering 

temperatures is undesirable [5]. Also an effective synthesis procedure for 

developing ME composites using ferrites is novel and have not been 

achieved yet. Later, Magnetic alloy based composites with Terfenol D 

and metglas were tested and appreciable ME coupling could be achieved. 

For a laminate structure of metgalss ribbon and PZT fiber actuator layer, 

an ME response of 10V cm-1 Oe at low frequency and under small 

magnetic fields has been observed. Polymer based composites and rare 

earth oxide based composites were also developed but the coupling was 

found to be lower [7-11]. 

 Among rare earth based oxides, manganites are perceived 

as potential multifunctional materials since they possess tunable 

structural, electrical and magnetic properties. They exhibit colossal 

magnetoresistance, Jahn Teller distortion, charge ordering and metal-

insulator transition with a close entanglement between lattice, charge and 

spin degrees of freedom. Manganites are generally called half metallics as 
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the lattice offers less resistance to one type of spin and for the other spin, 

it behaves as an insulator.  Spintronics, magnetoelectrics and multiferroics 

currently utilize the charge as well as spin degrees of freedom of electrons 

and working towards achieving a strong coupling between these different 

orders. Manganites with perovskite structure could serve as efficient 

candidates in these fields since they are excellent electron correlated 

systems [12].  

 Doped manganites with high magnetization with tunable 

magnetic properties are excellent substitutes for ferrites in developing 

ferrolelectric- ferromagnetic (FE-FM) heterostructures. Correlation of the 

electrical, structural and magnetic properties renders uniqueness to these 

materials and paves way for developing multifunctional materials. One 

such effort is the field effect device with manganites serving as the 

ferromagnetic part [3,13-19]. Doped lanthanum manganites with varied 

sodium substitutions were found to be possessing ferromagnetic ordering 

in bulk and thin films near room temperature. This has been the 

motivation for the development of a field effect device (FED) using these 

thin film manganites. Choice of substrate in developing FED is crucial.  A 

substrate which offers dual functionality of serving as a deposition 

medium and a ferroelectric is ideal for an FED device. Considering all 

these factors, an ideal substrate of PMN PT is chosen and an FED device 

using FE-. FM heterostructure is demonstrated in this chapter. 

Dependence of magnetization of thin films on substrate / strain and the 

concept of strain dependent magnetism is also presented in this chapter.  
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7.2. Experimental 

 

 Bulk samples of sodium substituted lanthanum manganites 

which were found to be ferromagnetic were used as targets for thin film 

deposition. Pellets of the bulk samples of radius 10mm were made and 

these were used as the targets for PLD.  Perovskite type (1-

x)Pb(Mg1/3Nb2/3)O3-xPbTiO3 (PMN-PT) is chosen as the ferroelectric 

component in the heterostructure. PMN-PT serves as a piezoelectric 

substrate which is also relaxor ferroelectric having a high dielectric 

constant. PLD is chosen for depositing LNMO on PMN PT samples since 

it has been demonstrated earlier that such films retain their stoichiometry 

of the bulk (Ref: chapter 6). The detailed description of thin film 

deposition parameters is described in chapter 6.  No individual 

compositional analysis is performed for thin film deposited on PMN PT 

as deposition was carried out in situ along with Si substrates. The 

compositional analysis of films deposited on Si substrates is already 

presented in chapter 6 and it is assumed that films deposited on PMN PT 

also retain their parental characterization. Thin films with 50 and 70 

percent of Na substitution are chosen for the present study as these 

compositions are found to be structurally pure and possess high 

magnetization values. These samples are coded as PMNPT-LNMO5 and 

PMNPT-LNMO7. A schematic of a field effect device based on 

ferroelectric and ferromagnetic material is shown in figure 7.1. 
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Figure 7.1: A schematic diagram of field effect device 

 

 
7.3. Structural Characterization 

 

7.3.1. X-Ray Diffraction 

 

  X-Ray diffraction pattern of a representative thin film 

sample of the series, LNMO5 film (2θ range of 20 to 40) with thickness 

of 300nm deposited on PMN PT substrate is shown in figure 7.2. The 

characteristic peak corresponding to the plane (110) can be observed at 

around 320[20,21]. However, peaks corresponding to other planes could 

not be observed. A GXRD could have come handy but could not be 

carried out for want of time.  
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Figure 7.2: XRD pattern of LNMO5 film deposited on PMN PT substrate 

 

 

7.3.2. Scanning Electron Microscopy  

 

 

  In order to determine the surface morphology of the 

deposited films, SEM images of LNMO films were recorded and 

analyzed. SEM images of LNMO5 and LNMO7 films deposited on PMN 

PT substrate are shown in figures 7.3 and 7.4. It is found that in LNMO5 

films, the grains are spherical in nature while for LNMO7, the particles 

are prismatic. The transformation from spherical to prismatic nature could 

be because of lattice distortion arising out of increased Na concentration. 

The effect of substrate also could not be ruled out since no such property 

was seen in thin films deposited on Si substrate.  
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            Figure 7.3: SEM image of                                Figure 7.4: SEM image of 

                      PMNPT-LNMO5                                            PMNPT- LNMO7 

   

     An AFM image of the PMN PT-LNMO5 is also recorded 

and is shown in figure 7.5. It can be observed that the AFM image 

displays a complex structure which can be due to the piezoelectric 

property of the substrate. 

 

 
 

Figure 7.5: AFM image of LNMO5 film deposited on PMN PT substrate 
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7.3.3. Vibrating Sample Magnetometer for magnetic characterization 

 

 Room temperature VSM measurements were carried out in 

bulk as well as in thin films on Si substrates and it was observed that MS 

decreases with increase in Na concentration. The hysteresis loop of all 

thin films of LNMO series deposited in PMN PT substrate for a thickness 

of 100nm is shown in figure 7.6. It is observed that LNMO5 exhibits 

higher magnetization and thereon there is no substantial variation in 

magnetization. This further justifies our selection of two samples, namely 

LNMO5 and an intermediate member of the series, LNMO7. Magnetic 

measurements on PMN PT- LNMO5 and PMN PT- LNMO7 for two 

different thicknesses of 300 nm and 100 nm are shown in figure 7.7 and 

7.8 respectively. For PMN PT-LNMO5, MS is 167 μ emu/cm2 for 100 nm 

film and 31 μ emu/cm2 for 300 nm thick film while for PMN PT- 

LNMO7, the values are 28 μ emu/cm2 and 10 μ emu/cm2   for 100 nm and 

300 nm films respectively.  

 On the other hand, thin films of LNMO5 and LNMO7 

deposited on Si substrates do not show any such thickness dependent 

magnetization. Thickness dependent magnetization observed in the case 

of films deposited on PMN PT substrate is quite interesting and needs to 

be probed from a fundamental perspective. It is known that lattice strain 

of the substrate can alter properties like structural, electrical and 

magnetic. It has been observed in the case of STO like substrates that a 

lattice mismatch can induce a lattice strain on the deposited film [13, 22]. 

It may be noted here that PMN PT substrate is piezoelectric and iso 

structural with LNMO5 and LNMO7. Such substrates elongate the lattice 

parameters which increase the distance between Mn ions leading to a 
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decreased magnetization in films with respect to bulk materials. The 

effect of strain is uniform in the case of thinner samples (~ 100nm) while 

inhomogeneity occurs in the case of thicker samples. This has been 

suggested as the reason for the decrease in magnetization as film 

thickness increases [13].  

 Very recently researchers reported their findings on the 

theoretical estimation of strain induced magnetism in single layer 

molybdenum disulphide (MoS2) system and graphene [13]. They 

predicted through calculations that strain and vacancies induce enhanced 

magnetization close to 2μB per vacancy defect. However, it is purely 

theoretical. A quick scan of literature also tells that another group  

(Chopdekar et al.)[14] examined strain induced domain structure of 

LaSrMnO3 thin films grown on BTO substrates. It was found that 

magnetization can be oriented b 450 or 900 by the orientation of 

ferroelectric phase with temperature. There are reports on SrRuO3 films 

deposited on PMN PT substrates where the reversible biaxial strain from 

substrate was utilized to probe the response of magnetization to strain 

[23]. 

 Even though influence of substrate strain in the magnetic 

properties of LNMO could be observed and is a prominent result for the 

strain mediated magnetic response, it remains largely speculative and 

needs further evidence. At present, it can be inferred that the substrate 

plays a crucial role in deciding the properties (especially magnetic 

properties) of manganite thin films. Theory of strain dependent 

magnetization phenomena is still in its infancy and conformational 

evidences are to be sought for establishing the causes of this phenomenon. 
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Spectroscopic tools could be employed to evaluate the bond angle and 

bond length of Mn-O-Mn to verify enhanced magnetization 

 
 

Figure 7.6: Room temperature magnetic hysteresis loop of LNMO films deposited 

on PMN PT substrate 

 

 
 

Figure 7.7: Room temperature magnetic hysteresis loop of LNMO5 film deposited 

on PMN PT and Si substrate 
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Figure 7.8: Room temperature magnetic hysteresis loop of LNMO7 film deposited 

on PMN PT and Si substrate  

 

 

7.3.4. Ferroelectric Loop Tracer Measurements  

 

 Strain effects in PMN PT and the films deposited on them 

need some additional confirmation. It is known that PMN PT substrates 

are nearly cubic and exhibit inverse piezoelectric effect. To understand 

the influence of electric field on the substrate, ferroelectric hysteresis 

loops are plotted with electrical polarization, P vs Electric field, E and are 

shown in figures 7.9(a) to (d).  It is observed that in comparison to bare 

PMN PT substrate, PMN PT-LNMO shows an increase in coercive field 

(EC).  In the case of PMN PT-LNMO5, EC is 100.1kV/cm while PMN PT 

has 78.7 kV/cm and that for PMN PT-LNMO7 it is 89.6 kV/cm. Such an 

increase in EC has been observed for other electric field ranges such as 
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20kV, 30kV and 40kV. Detailed variation of EC and remanence (PR) is 

tabulated in table 7.2(a) and (b). Coercive field change for LNMO5 is 

larger than that observed for LNMO7 for all the field ranges. But in 

LNMO7, the remanence is larger than LNMO5. 

 

 

 
(a) 

 

 

       
 

     (b) 
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            (c)  

 

(d) 

 

Figure 7.9(a) to (d): Ferroelectric loop tracer measurements on PMN PT – LNMO5 

and PMN PT- LNMO7 films (100nm) for electric field ranges 10kV, 20kV, 30kV 

and 40kV. 

 

 

 
 

 

 

 

 

(a) 

 

SAMPLE 

CODE 

10 kV 20kV 

Ec         Pr       Ps 

 

Ec         Pr        Ps 

PMN PT 78.7 41.6 48.1 80.5 42.2 54.5 

PMN PT- 

LNMO5 

100.1 42.17 49.2 110.6 42.7 55.1 

PMN PT- 

LNMO7 

89.6 44.6 49.2 92.6 47.1 55.1 
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(b) 

 

Table 7.2(a) and (b): Table showing parameters from ferroelectric hysteresis 

measurements 

 There has been reports that strain from the substrate 

influence the coercive field and remanence of thin films. An increase in 

coercive field signifies higher epitaxial strain influence which has been 

observed for thicker BFO thin films in the structure Au/BFO/LSMO/STO. 

Also in the same structure, an increase of remanence with increase in 

BFO film thickness has been attributed to strain relaxation. Such an 

explanation holds for the change in ferroelectric parameters with respect 

to thickness of films [16]. In the present case, thickness of films is 

constant and the variation parameter is the concentration of Na in films.  

 In our case, it is also to be noted that ferroelectric 

hysteresis loop of bare LNMO bulk materials showed a circular loop 

typical of a resistive material as in figure 2. Thin films on Si substrate 

when subjected to P-E loop studies suffered a dielectric breakdown. Thus 

it could be established that the change in EC and PR are substrate effects 

and the applied electric field influences strain of the substrate which 

results in the change in EC and PR parameters similar to BFO thin films. It 

has been proved from magnetic measurements conducted in bulk and thin 

 

SAMPLE 

CODE  

30kV 40kV 

Ec        Pr        Ps  Ec      Pr          Ps  

PMN PT  85.4 42.5 57.6 98.3 42.2 59.6 

PMN PT- 

LNMO5 

118 43.1 57.9 145.9 43.1 59.7 

PMN PT- 

LNMO7 

103.8 48.9 59.1 114.3 50.2 61.3 
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films that Na concentration significantly influences the saturation 

magnetization of LNMO structures.   Accordingly, LNMO5 was found to 

be more magnetic than LNMO7. Thus a possible explanation could be 

that for LNMO7 the strain is in a relaxed state compared to LNMO5 

causing an enhancement of remanence compared to LNMO5. A larger 

strain influence is felt in LNMO5 films which has led to an increase in 

coercive field EC in addition to decrease in PR in agreement with earlier 

results. This shows the response of PMN PT- LNMO, a ferroelectric-

ferromagetic structure with respect to electric field. The magnetic 

ordering also influences the strain mechanism giving an insight and scope 

for the dependence of strain, electrical and magnetic ordering. Thus PMN 

PT-LNMO system can be viewed as a field effect device and can pave 

way for further studies on thickness dependence on ferroelectric and 

ferromagnetic parameters possible leading to a multifunctional 

magnetoelectric material. 

 

 

 
 

 

 

 

 

 

 

 

 

Figure 7.10: Ferroelectric loop tracer measurements on LNMO5 bulk material 
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Conclusion 

 

 Sodium substituted lanthanum manganite (LNMO) films 

were deposited on ferroelectric PMN PT substrates with the aim of 

developing a ferroelectric – ferromagnetic composite. Sodium 

substitutions of 50 and 70 percent for lanthanum sites were carried out in 

lanthanum manganites and the thin films were deposited by PLD on 

normal Si and Ferroelectric PMN PT substrate. Thin films on PMN PT 

substrate showed higher magnetization for thinner films of 100nm than 

300nm films which indicated that substrate strain of PMN PT changes the 

Mn -O-Mn bond length and bond angles of LNMO responsible for 

magnetism in manganites and the strain effects are higher for thinner 

films. Ferroelectric loop tracer measurements carried out in LNMO5 and 

LNMO7 films showed that there is a considerable change in EC and PR of 

PMN PT substrate on thin film deposition. Such a variation of the 

ferromagnetic and ferroelectric loop parameters signifies the importance 

of PMN PT – LNMO composites for magnetoelectric and field effect 

device applications at room temperature. 
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CHAPTER 8 

 
SUMMARY AND CONCLUSION  

 

 

 

 

  Man’s pursuit for newer materials is unstoppable and it is 

this attribute that has led to the development of new technologies. Newer 

materials and novel phenomena enter the arena of research almost daily. 

If it was ferrites in 1950’s, a material which revolutionized the entire 

magnetics industry, it is the turn of manganites now. These classes of 

materials are now the cynosure of scientists and engineers. With the 

discovery of brand new phenomena like GMR, CMR, colossal 

magnetoelectric coupling, giant MCE and giant thermoelectric power, 

novel materials also start rising in the horizon of materials science. 

 Manganites are an important member of the perovskite 

family and have been in the forefront of research for the last 50 years or 

so. They represent a class of materials called correlated systems wherein 

the principle of correlation is extensively utilized to make storage devices, 

bolometric sensors, magneto-resistance devices and spin valves. 

Manganites can also serve as multifunctional devices.  The fundamental 

requirement in the material property for meeting multifunctionality is the 

correlation of electronic spin and charge.  From a fundamental 

perspective, correlated systems are interesting as they have presented 

many new concepts like ion mediated exchange, spin dependent transport, 
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charge and orbital ordering, half metallicity and strain dependent 

magnetization to the theoretical world. 

 The central theme of this thesis is also on manganites and 

is with the twin objectives of a material study leading to the 

demonstration of a device. This is taken up for investigation. Sincere 

efforts are made to synthesize phase pure compounds. Their structural 

evaluation, compositional verification and evaluation of ferroelectric and 

ferromagnetic properties are also taken up. Thus the focus of this 

investigation is related to the investigation of amagnetoelectric and 

magnetocaloric application potentials of doped lanthanum manganites 

with sodium substitution.  

 Bulk samples of sodium substituted lanthanum manganites 

with Na substitution ranging from 50 percent to 90 percent were 

synthesized using a modified citrate gel method and were found to be 

orthorhombic in structure belonging to a pbnm spacegroup. The variation 

in lattice parameters and unit cell volume with sodium concentration were 

also dealt with. Magnetic measurements revealed that magnetization 

decreased with increase in sodium concentrations. Vacancies in the lattice 

were found to have a profound influence on the magnetic behaviour of 

these materials which was evident from temperature dependent 

magnetization measurements. Magnetization vs temperature of all the 

compositions were carried out in the high temperature range, above 300 

K, and it was found that the TC for 50 percent Na substituted sample is 

around 334 K. Effective Bohr magneton from magnetization values were 

estimated and were correlated with the composition.   

  XPS measurements were performed on these samples and 

the characteristic peaks of major elements like Na, Mn, La and O were 



Chapter 8 

189 

identified. Origin of ferromagnetism in these compounds can be attributed 

to double exchange or super exchange mechanism between Mn3+ and 

Mn4+ ions with double exchange phenomenon dominating the super 

exchange as indicated by the ferromagnetic ordering at room temperature 

and partly by the vacancy induced magnetic interactions. Competing 

ferro/ antiferro regions were dependent on the ration of Mn3+/Mn4+ ions 

and the XPS analysis showed that Mn3+/Mn4+ ratio decreased with 

increase in Na concentration. For the end sample of the series LNMO,  

LNMO9, it was found that Mn4+ ratio exceed Mn3+ and 

antiferromagnetism wins over ferromagnetism.  

 The exact stoichiometry of LNMO samples could not be 

established beyond doubt even after employing very sophisticated 

techniques like XPS. The study using XPS has been instrumental in the 

estimation of Mn3+/Mn4+ ratioin the compounds and this to some extent 

has helped to correlate the observed magnetization with the composition. 

Magnetization measurements carried out on these samples are indicative 

of the fact that there exist magnetic inhomogeneity in the system. These 

magnetic nhomogeneities could be arising particularly from vacancies. 

Vacancy driven magnetism is quite new with the advent of graphene/ 

carbon magnetism. More elaborate studies need to be carried out to spell 

out the nature of magnetism and the concentration of each component in 

the compound. Even these compositions could well serve as a rich 

template for such a study. This could be a futuristic study. 

 A systematic investigation on the electrical conductivity of 

these compositions with and without the presence of oxygen with in situ 

facilities for XRD, DTA, TGA, can be carried out. May be the electrical 

conductivity data can be correlated with the magnetic data. This coud not 
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be carried out and is left for future studies. From a fundamental point of 

view, more needs to be understood, especially, on the nature of 

magnetism and their exact origin in defect rich compounds like sodium 

substituted lanthanum manganites.  

  M-H Isotherms of all samples exhibited ferromagnetic 

characteristic in the observed temperature range. These isotherms were 

utilized to determine the magnetic entropy change in the samples. It was 

found that a maximum magnetic entropy change of 1.5 J.Kg-1K-1 was 

observed for 50 % Na sample and ΔSM decreased with increase in Na 

substitution. From the M-H isotherm data, Arrott plots were plotted to 

determine the nature of magnetic transition and established that all 

samples possessed second order magnetic transition. The TC (or TC range) 

was determined from Arrott plots which indicated that TC decreased with 

increase in Na concentration. For LNMO5, a maximum magnetic entropy 

change (ΔSM) of 1.5 J.Kg-1K-1 was observed at 290 K for a ΔH of 5 T 

while 0.12 J.Kg-1K-1 was observed for 1.35 T at 308 K. Adiabatic 

temperature change was evaluated from heat capacity (CP) measurement 

and ΔSM values which was found to be increasing with increase in 

temperature with a maximum of 0.62 K at 280 K.  An appreciable value 

for magnetic entropy change was observed in all the compositions of 

sodium substituted lanthanum manganites with the highest value for 

LNMO5. 

  Evaluation of magnetic entropy change and adiabatic 

temperature change for all the compositions in the series is quite tedious 

and labour intensive. A very systematic set of data for a wide range of 

temperature could be generated for various substitutions of Na. In short, it 

has been found that the compositions with Na substitution of 50 percent is 
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the best and it exhibits a fairly large value of 1.5 J.Kg-1K-1 entropy change 

near room temperature. This is promising.  

  Thin films of these compositions were prepared on silicon 

substrates. Excellent films with composition matching their targets could 

be deposited by pulsed laser deposition. Such studies are very rare in 

literature and this particular investigation has shed valuable insights on 

the ΔSM values of the thin film compositions. Though the absolute values 

of ΔSM are very much lower than their corresponding bulk, scope exists to 

deposit films with appropriate magnetization for application purposes. 

The relative cooling power evaluated for a representative sample was 

found to be around 1.3 J.Kg-1.  

  Magnetoelectrics and multiferroics has become 

synonymous nowadays and efforts are afoot to fabricate field effect 

devices. A simple field effect device was demonstrated with PMN PT 

substrtae serving as the ferroelectric component and LNMO5/LNMO7 

playing the role of a ferromagnetic component. The field effect device 

demonstration was carried out with the help of  P-E and M-H hysteresis 

loop tracings. The shift in P-E loop with respect to pristine PMN PT is an 

indirect evidence to prove that there exist coupling between magnetic and 

electric behaviour. However, ME coupling experiments need to be carried 

out to evaluate the coupling coefficients and resonance frequency etc. 

Such experiments only could shed light on the effectiveness of the device. 

This needs to be conduted and a proposition postponed for the future.  

  Strain induced magnetism is a new phenomena predicted 

on MoS2 like system. We were able to demonstrate enhanced 

magnetization in the case of less thick samples of LNMO5/LNMO7 on 

PMN PT substrates. This has been explained by invoking the change 
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induced in the Mn-O-Mn bond angle and bond length. This mechanism is 

very much tentative and inconclusive and more experiments need to be 

carried out by using advanced spectroscopic techniques. Like Raman 

spectroscopy in combination with Infrared spectroscopy. This is 

earmarked for a future date.  

  Sodium substituted mangnaites could exhibit interesting 

dielectric phenomenon since these compounds are rich in oxygen 

vacancies. The evaluation of dielectric permittivity at various frequencies 

is yet another unfinished study. Such a study involving Cole-Cole plot, 

dielectric spectroscopy could be valuable and can even be correlated with 

electrical conductivity studies.  

  Knowledge, research and innovation are deeply 

intertwined. When researchers carry out investigations, they contribute to 

the knowledge base by adding new theories and lending new insights on 

the existing phenomena. This knowledge is for dissemination and this is 

nothing but teaching. The other link in this chain is innovation and this is 

the fructification of research. Innovation occurs only if research is put to 

use for the benefit of humanity to create wealth and for making life more 

humane. This could be in the form of improved processes, new devices or 

brand new applications. All investigations leading to Ph.D. degrees must 

result in atleast ‘incremental science’. This investigation may also be 

viewed in this context. The generated knowledge is just like a drop in the 

vast ocean of knowledge. However, this ‘Δ’ is obviously a worthwhile 

contribution. Generally, Ph.D.s are considered as an exercise in 

generating the required human resources for dissemination of knowledge 

and also for sustaining the knowledge - research – innovation chain. 
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  Any research if it does not touch the lives of human beings 

is meaningless. For this, the ‘lab’ to ‘field’ distance must be reduced. This 

requires the service of entrepreneurs. In short, it is not worthless to be a 

researcher. Today’s researcher is tomorrow’s knowledge disseminator, 

innovator or an entrepreneur or all the three put together. 
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