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(Jlreface 

Development of new materials for making life more humane has been the 

hall mark of human civilization. From time inU11emorial, materials in some [ann 

or other have played an important role in the day to day life of human beings. 

Very often, after the discovery of a particular material, its impact lasts longer than 

anticipated and this leads to economic growth. In the post world war scenario, if 

the progress and prosperity of a nation was gauged by the consumption of steel, in 

the new millennium, the emphasis is on finding new substitutes f()[ steel and hence 

the hunt for new materials to remove obsolescence is ever increasing. Fortunately 

for the mankind, the dawn of the ncw millennium witnessed the birth of a new 

branch of science called nano science. With the advent of nano science, scientists 

and engineers are toying with the idea of tailoring the properties of materials using 

size and shape rather than with composition. This has already paved the way for 

new generation materials like carbon fibers, carbon nano tubes, graphcnes and 

nano ccramics. It is in this context that the world renowned material scientist Eiji 

Kobayashi remarked "Those who control materials control technology". This 

adage speaks volumes on the importance of materials and material science and its 

relevance in the contemporary world. Miniaturization and submicron technology 

are the new buzz words of engineers and to be in tUIlC with the Moore's law, 

devices and systems are shrinking day by day and this is where size is going to 

play a lead role. In the understanding of the underlying physics which governs the 

properties, whether at the micro level or nano level soild state physics has a lead 

role in establishing the various phenomena exhibited by new and novel materials. 

Thus the study of materials is always synonymous with solid state physics. 

In the realm of solid state physics crystal structure plays a dominant role 

1I1 detemlining the properties of materials. It is well known that ceramics are 

crystalline materials and structure plays its part in deciding most of the usdul 



properties for applications. Materials with both symmetric and asymmetric crystal 

structures are found to be useful materials for various applications. However 

materials with cubic symmetry like spinels and perovskites have been playing a 

major role with respect to structures. Perovskite materials are fascinating because 

they display fcrroelectricity. A classical example of a fcrroelectric material is 

barium titanate (BaTi03) and is a known perovskite. Manganites are materials 

possessing perovskite structure and are widely studied the world over during the 

past century. Lanthanum manganites, lanthanum cobaltites and lanthanum 

nickelates are perovskite materials. It was believed in the eighties that they would 

replace all the existing auto catalysts. In the late eighties, with the advent of high 

Tc superconductivity, materials with perovskite structure were considered to be a 

prerequisite for superconductivity. Enormous research input has gone into this 

particular field and hence the scientific world is benefited by the possession of a 

huge and rich literature on these materials. Most of the underlying Physics have 

been explained satisfactorily. This was a time when people were looking for 

exotic materials for employment in storage devices and for other sensing 

applications. The discovery of Giant Magneto-Resistance (GMR) in multilayer 

films and later the revelation of Colossal Magneto-Resistance (CMR) in 

perovskites opened the flood gates for renewed research activities in these class of 

materials. Among the various materials having potential for CMR, Lanthanum 

manganite occupied an important position because of a variety of reasons. For 

example, it is possible to have Jahn Teller distortion, charge ordering and double 

exchange which were thought to be contributing to the CMR exhibited by these 

materials. If colossal magneto resistance in manganites is to be employed in 

devices either as sensors or memory devices, then the field at which material 

exhibit CMR must be reasonably low and must able to produce in the laboratory 

cost effectively. So attempts were made by scientists and engineers to vary the 

composition and investigate its magneto transp0l1 properties. Such a study is an on 

going activity. 
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Multiferroic materials are fascinating and have potential applications as 

memory devices, spintronic devices, sensors and actuators. Multiferroicity is the 

simultaneous occurance of ferroelectricity, ferromagnetism and or ferroelasticity. 

In the early 2000, manganites were considered as potential material for 

multiferroic applications because of the leverage with which one ean control 

various properties by compositional changes. Manganitcs exhibit peculiar electric 

and structural properties including orbital and charge ordering, formation of local 

moments, Jahn teller distortions, double exchange and super exchange. It was 

thought that a proper understanding of these parameters will lead not only to the 

understanding of mechanism of multiferroicity but also enable to fabricate devices 

based on multiferroics. The ease with which these compounds can be synthesized 

made them very attractive for research in material science. 

The CMR property exhibited by manganites and other compounds can be 

explained by double exchange interaction and Jahn Teller distortion. The hopping 

of electrons mediated by double exchange interaction depcnds on the extent of 

orbital overlapping and spin alignment between neighboring sites. Hence the 

amount of distortion in the structure and consequently cation radii determine the 

hopping rate of electrons and in turn the magneto resistance of manganites. In the 

case of manganitcs, the width of conduction band fonned by the hybridization of 

manganese eg level and oxygen p level is termed as band width. Based on that 

electron bandwidth, manganites can be divided into three. They are high, 

intermediate and low bandwidth manganites. In a series resembling Laj.xAxMn03. 

if A cation is chosen judiciously it can give rise to different compositions. If A 

cation is an alkali metal and if it is Na which has the right ionic radii and does not 

produce distortion, the compound with varying x can be interesting from a 

fundamental point of view. Moreover if for a particular x produces the right 

Mn4!lMn3
+ ratio conducive for double exchange then this compound is all the 

more attractive for investigation from a transport property study angle. The above 

is true for Iow concentration of x. 
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However for intennediate bandwidth manganites with x=O.5 can lead to 

charge ordering. A very simple calculation establishes the fact that for the 

composition corresponding to x=O.25, the ratio of Mn4+ IMn3+ will be 1. It is 

presumed that at x=O.25 it can give rise to multiferroicity and then these 

compositions are of interest from a fundamental perspecti ve. More over it has 

been reported that size alters many of the useful properties exhibited by these class 

of materials and if Lal.xNaxMnOj can be prepared in the nano regime the effect of 

size can also be studied. This is especially true since charge ordering can be 

influenced by particle size distribution. This is another motivation of the present 

study. Similarly for the low band width manganites charge ordering is exhibited 

by composition O.3:Sx:SO.S. From literature one can notice that studies on the 

charge ordering properties of Pr and Nd based manganites are in plenty. However 

studies on Gd based manganites are not very common in literature. Compounds 

having the formula GdJ_xSrx Mn03 are also interesting since they also belong to 

the class of low bandwidth manganites. Such a study also provide an opportunity 

for a comparative study vis a vis low band width versus intermediate bandwidth. 

The thennoelectric effect is the generation of an electric tield due to a 

thennal gradient, and the rate of change of thermoelectric voltage with 

temperature is called the themlOelectric power or Scebeck coefficient. Possible 

applications of thermoelectric materials are in eco-friendly refligeration and m 

electrical power generation_ The efficiency of Cl thennocIcctric cOllversion IS 

determined by the fih'1lre of merit Z which can be written in the fonnZ = Q2(J" I K 

. Here, Q is the Seebeck coefficient, (J is the electrical conductivity and K is the 

themlal conductivity. Accordingly, high Seebeck coefficient and electrical 

conductivity and low thermal conductivity are necessitated for potential 

applications. Metals are poor thermoelectric materials because they possess small 

values of Seebeck coefficient. Insulators display large values of Seebeek 

coefficient, but the poor electrical conductivity sets limitations to their 
• 

applications. The best thennodcctrie materials arc semiconductors with an 
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electronic density of 1 OJ9/cm3. A survey of literature reveals that normal broad 

band semiconductors, rattling semiconductors with skutterudite crystal structure, 

correlated metals and semiconductors, Kondo insulators and semiconductor 

quantum wells were also found to be promising thermoelectric materials. Rare 

earth inter-metallic compounds where 4f levels are close to the Fenni energy and 

having a high density of states near the Fermi energy scatter most of the 

conduction electrons. Moreover the thermoelectric effect is inversely proportional 

to thermal conductivity. Therefore, materials with large number of atoms per unit 

cell, large average atomic mass and large coordination number per unit atom are 

likely to display large thermoelectric efTeet. It is seen from literature that the 

Seebeck coefficient of manganites is routinely investigated to explain the transport 

properties of manganites and not much attention is paid to the fact that such 

materials can be a potential thermoelectric material with colossal Seebeck 

coefficient. Large bandwidth manganites like La)., Sr,Mn03, though they posses 

large value of electrical conductivity, possess only small value of Seebeck 

coefficient. However, low band width manganites like Gdl.,Sr,MnO~ compounds 

can be a potential material for large Seebeck coefficient. 

Even though the multiferroism is discovered 111 some manganites, a 

detailed analysis on dielectric property of manganites was not forthcoming. 

Moreover the low temperature dielectric studies also can throw light on the 

different relaxation mechanisms that exist in these compounds. When materials 

are prepared in the nano regime the role of grains and grain boundaries decide the 

vital perf0n11anCe of these materials. Hence impedance spectroscopic studies are 

relevant here. Thus both dielectric spectroscopy and impedance spectroscopy arc 

considered vital tools in understanding the transport properties of these class of 

manganites. This is yet another motivation ofthc prcsent investigation. 

This thesis lays importance in thc investigation on the multiferroic <md 

thcrl1lodcctric properties of selected representatives of low bandwidth and 

intcrmcdiJtc h,md width manganitc~. The tirs! cJndidatc, Strontium doped Cid 
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manganite, is prepared by wet solid state reaction method and the second 

candidate, Na doped La manganite, by citrate gel method. In addition to the above 

mentioned properties, magneto resistance and dielectric properties are 

investigated. Using dielectric spectroscopic the dispersion parameters are 

correlated to the relaxation mechanisms and an attempt is made to obtain the b'Tain 

and grain boundary contribution to the impedance of the sample through 

impedance spectroscopy studies. Thus the objectives of the present work can be 

summarized and are listed as follows 

).> Synthesis oflow bandwidth manganites belonging to the series of Gd1_xSr, 

MnO, ( x = 0.3,0.4 and 0.5) by wet solid state reaction method 

).> Synthesis of intermediate manganites belonging to the series of La!. 

xNaxMnO, (x = 0.05, 0.1, 0.15, 0.2 and 0.25) by citrate gel method 

).- Structural and magneto-resistance studies of Gd1_.,Srx MnOJ where x = 0.3, 

0.4 and 0.5. 

).> Structural and magneto-resistance studies of Lal_xNaxMn03 where x 

0.05,0.1,0.15,0.2 and 0.25. 

).;- Study the electrical properties of samples Gdl_xSrx MnO, and Lal_ 

xNaxMn03 

)i> Evaluation of dielectric parameters using dielectric spectroscopic studies 

of the manganite samples 

.,. Study the grain and grain boundary contribution of impedance usmg 

impedance spectroscopic studies of the manganite samples 

).> Evaluate the thennoelectrie power of the samples Gd[.,Sr, Mn03 and 

Lal_xNaxMnOJ 

and 

Y Correlation of results 
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Thus the proposed thesis is entitled "Investigations on the MuItiferroic and 

Thermoelectric properties of Low and Intermediate band width Manganites" 

and consists of eight chapters. 

Chapter 1 gives an introduction and basic principles about perovskite 

structure, conduction mechanisms 10 manganites. Ferromagnetism and 

ferroeiectricity, multiferrois111 and thermoelectric power are also discussed in 

brief. 

Chapter 2 deals with the analytical techniques like X-ray diffraction, 

Scanning electron microscopy (SEM) and Transmission electron mlcroscopy 

(TEM) used fiJr the structural characterization of the manganite samples. The 

theoretical and experimental aspects of mab'11etic, magnetoresistancc and 

thennoelectric power measurements are also explained in this chapter. 

Chapter 3 essentially discusses the synthesis, structural, dc conductivity, 

magnetic and magnetoresistance of the low band width manganite series Gdl~xSr, 

Mn03 (x = 0.3, 0.4 and 0.5). 

Chapter 4 deals with the synthesis, structural, dc conductivity, magnetic and 

magnetoresistance of the intennediate band width manganitc series Lal.xNaxMn03 

(x = 0.05, 0.1,0.15, 0.2 and 0.25). 

Chapter 5 deals with the dielectric, impedance and ac conductivity studies of 

Gd based manganites with special emphasis to their relaxor multiferroic property. 

The ferroeIcctric bchavior is verified using capacitance - voltage (CV) studies. 

Chapter 6 discusses the results obtained from dielectric spectroscopic and 

impedance spectroscopic studies of nano sized Na doped La manganite. The 

dispersion parameters obtained are con-elated to the conduction mechanism and 

nano size of the manganite sample. 
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Chapter 7 reports the colossal thennoelectric power shown by charge ordered 

manganites. The thermoelectric properties of non charge ordered manganites are 

also discussed. 

Chapter 8 is the concluding chapter of the thesis and in this chapter the salient 

observations and the inferences drawn out of these investigations are presented in 

a nutshell. The scope for future work is also proposed here. 

viii 



Contents 

Cliapter 1 

Introduction 1 

2 

3 

4 

5 

7 

1.1 Magneto-Resistance (MR) 

1.1.1 Giant Magneto-Resistance (GMR) 

1.1.2 Colossal Magneto-Resistance (CMR) 

1.1.3 Applications and Limitations 

1.2 Manganites 

1.2.1 Structure ofmanganites 8 

1.2.2 Electronic structure and Crystal1ield splitting I I 

1.2.3 Orbital degeneracy and Jahn Teller effect 14 

1.2.4 Tolerance Factor 15 

1.2.5 Double Exchange Mechanism 16 

1.2.6 Low, Intermediate and High Bandwidth Manganites 18 

1.2.7 Charge Ordering in Manganites 19 

1.2.8 Conduction mechanisms in the insulating phase of 

manganites 20 

1.3 Multifcrroics 24 

1.3.1 Ferroelectricity 24 

1.3.2 F erromagnetism 28 

1.3.3 Multiferroism 31 

1.3.4 Requirements of multiferroicity 33 



1.4 

1.3.5 Applications of multiferroics 

Thennoelectric Power 

34 

35 

1.4.1 Seebeck effect and other thermoelectric effects 35 

l.5 

1.6 

1.4.2 Applications ofThennoclectric Power 

Motivation of the Thesis 

Objectives of the work 

References 

Cliapter 2 

f£VJerimenta{ tTecfzniques 

2.1 

2.2 

2.3 

Synthesis Techniques 

2.1.1 Wet solid state reaction method 

2.1.2 Citrate gel method 

Structural Characterisation 

2.2.1 

2.2.2 

2.2.3 

2.2.4 

2.2.5 

X-Ray Diffraction Analysis 

Transmission Electron Microscopy (TEM) 

Selected Area Electron Diffraction Pattern (SAED) 

Scanning Electron Microscopy (SEM) 

Atomic Absorption Spectroscopy (AAS) 

D. C conductivity and Magneto-Resistance Measurements 

2.3.1 D. C conductivity measurements 

2.3.2 Magneto Resistance measurement 

36 

39 

42 

43 

49 

49 

49 

50 

51 

52 

53 

54 

55 

55 

55 

57 



2.4 Dielectric and Impedance Measurements 60 

2.4.1 Dielectric measurements 60 

2.4.2 Dielectric Spectroscopy (Cole-Cole Plot) 64 

2.4.3 Impedance Spectroscopic studies 66 

2.5 Magnetic Characterisation 68 

2.5.1 Vibrating Sample Magnetometer (VSM) 68 

2.5.2 Field Cooled and Zero Field Cooled Measurcments 71 

2.6 Thermo Electric Power Measurements 72 

References 73 

Cliapter 3 

I nvestilJation on tlie 9daonetoefectnc q'ransport {froperties of gadolinium 

(lJasea 9danoanites 

3.1 Introduction 77 

3.2 Sample preparation and structural characterization 78 

3.3 D. C Conductivity and Magnetization Studies of GSMO 

samples 80 

3.3.1 D. C Conductivity studies 80 

3.3.2 Magnetisation studies 86 

3.4 Magneto-Resistance (MR) studies ofGSMO 88 

3.5 Conclusion 91 

References 92 



Cliapter4 

Stutf'w on tlie !Magnetoefectric tTranspOTt lProperties of Sodium rDopea 
£antlianum !Manoanites 

4.1 Introduction 

4.2 Sample preparation and structural characterisation of 

LNMO samples 

4.3 D. C Conductivity and Magnetisation Studies of LNMO samples 

4.3.1 D. C Conductivity studies 

4.3.2 Magnetisation studies 

4.3.3 Conduction mechanism in paramagnetic region 

4.3.4 Conduction mechanism in ferromagnetic region 

4.4 MR studies ofLNMO 

4.5 Conclusion 

References 

Cliapter 5 

On tlit 9rfuftiferroic tBeliaviou1' of gaaolinium (JJasea 9rfanoanites 

5.1 Introduction 

5.2 Dielectric pennittivity studies ofGSMO 

5.3 Capacitance Voltage (CV) measurements in GSMO 

5.4 A. C conductivity studies in GSMO 

5.5 Conclusion 

References 

95 

96 

101 

104 

105 

109 

112 

116 

116 

121 

122 

129 

130 

134 

135 



Cliapter6 

(])iefectric aruf ImpediJnce Spectroscopic Stuates of Sodium (j)opetf £antlianum 

9danoanites 

6.1 

6.2 

6.3 

6.4 

6.5 

6.6 

Introduction 

Dielectric studies of LNMO 

Cole-Cole plot studies of LNMO 

Impedance spectroscopic studies of LNMO 

Dielectric and impedance studics of charge ordered LNMO 

Conclusion 

References 

Cliapter 7 

On tlie Cofossaf rtliennoefectric power of Cliaroe ordered 9danoanites 

7.1 

7.2 

Introduction 

Thennoelectric power studies ofGSMO and LNMO samples 

7.2.1 Colossal thermoelectric power exhibited by charge 

ordered GSMO and LNMO manganites 

137 

138 

143 

155 

158 

159 

161 

163 

164 

165 

7.2.2 Thermoelectric power in non charge ordered LNMO 170 

7.3 Conclusion 

References 

Cliapter8 

Conclusion 

177 

177 

180 



Chapter 1 

Introduction 

Material SCIence and engineering have been at the frontier of 

technological development since the bronze and iron ages. The evolution of 

material science is always an indicator to man's progress and his urge to improve 

upon the existing and replace the obsolete with novel materials often results in 

newer materials and innovations. One prime example of a small but diverse group 

of materials is the perovskite family. Physicists, chemists and material scientists 

have shown great interest in these materials, because of properties such as high 

temperature superconductivity, colossal magneto-resistance and ferroelectricity. A 

wide variety of fundamental properties like magnetism, ferroelectricity, colossal 

magneto-resistance and half-metallicity exhibited by perovskite materials make 

them fascinating from a fundamental perspective as well as an application point of 

view. They are used in a number of important teclmological applications such as 

transducers and memories. A classic example of perovskite structured material is 

BaTiO.1 which is a well known ferroelcctric material. 

Manganites are mixed valent manganese oxide material with perovskite 

structure. They are good candidates for research because of their rich phase 

diagram and colossal magnetoresistance property. They attracted lot of attention 

due to their properties like charge ordering, orbital ordering, Jalm Teller distortion 

etc. [1 - 4]. They find numerous applications in the field of technology as 

magnetic read heads, sensors and switches. The discovery of Giant Magneto

Resistance (GMR) in l11ultilayer films and later the revelation of Colossal 

Magneto-Resistance (CMR) in perovskites opened the flood gates for renewed 

research activities in these class of materials. Multircrroicity is the simultaneous 



occurance of ferroelectricity, ferromagnetism and or ferroelasticity. Multiferroic 

materials are fascinating and have potential applications as memory devices, 

spintronic devices, sensors and actuators. Hundreds of perovskite materials are 

magnetic and hundreds of others are ferroelectric. But these properties very 

seldom co-exist. Manganites were considered as potential material for multiferroic 

applications because of the leverage with which one can control various properties 

by compositional changes. Seebeck coefficient of manganites is routinely 

investigated to explain the transport properties of manganites and not much 

attention is paid· to the fact that such materials can be a potential thermoelectric 

material with colossal Seebeck coefficient. The magnetoresistance property and its 

applications are briefly introduced, in this part of the thesis, along with an 

overview of manganite structure, crystal field splitting and double exchange 

mechanism. A comprehensive picture of charge ordering, ferromagnetism, 

ferroelectricity and multiferroism is also included in this chapter. Thermoelectric 

effects and their applications are also incorporated. 

1.1 Magneto-Resistance (MR) 

Usually the resistivity of a material depends on temperature only. But for 

some materials the electrical resistivity depends on the value of applied magnetic 

field. This property, by virtue of which cel1ain materials exhibit different values of 

resistance with and without magnetic field, is called magneto-resistance. The 

physical quantity magneto-resistance (MR) is defined as the ratio of change in 

resistance to the zero field resistance. 

MR = R(H) - R(O) 

R(O) 
(1.1 ) 

where R(H) and R(O) designate resistance in the applied field (H) and zero field 

respectively. It can be broadly classified into two; Giant Magneto-resistance 

(GMR) and Colossal Magneto-resistance (CMR). GMR was discovered in 1988 

by Baibich et" al in Paris [5]. It is the phenomcnon where the resistance of 
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specially designed magnetic muhi-Iayers drops dramatically when magnetic field 

is applied. It is described as giant because it has a much larger efIect than that had 

been previously seen in metals. In 1991 liD et al discovered very large magneto

resistance in certain type of materials, in their bulk fonn, called manganites [6]. 

Manganites are mixed valent manganese oxides. This phenomenon is called 

Colossal Magneto-Resistance. The word colossal is used to distinguish it from 

GMR. 

1.1.1 Giant Magneto-Resistance (GMR) 

GMR has been the subject of a huge international research leading to 

numerous technological applications. It is observed in magnetic multilayered 

structures, where two magnetic layers are closely separated by a thin nonmagnetic 

spacer layer. The first magnetic layer allows electrons with on.ly one spin state to 

pass through easi ly. If the second magnetic layer is !'erro-magnetically aligned, 

then that electron can casily find its way to the other end and hen.ce the electrical 

resistance becomes low. But if the second layer is misaligned, then neither 

electrons (spin up and spin down) can get through the structure easily and the 

electrical resistance becomes high. This is illustrated in figure 1.1. 

spIn up 6P1O down 

'-igure 1.1 Spin alignment effect in GMR 
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By applying a magnetic field, ferromagnetic alignment can be achieved in 

the magnetic layers and this diminishes the resistance. The largest application of 

GMR is in the data storage industry. Other applications are in solid state 

compasses, automotive sensors, nonvolatile memory and detection of land mines 

[7]. 

1.1.2 Colossal Magneto-resistance (CMR) 

Colossal magnetoresistance is a bulk property which originates from 

magnetic ordering and is usually confmed to the vicinity of curie temperature (Te). 

CMR materials are good candidates for research because of their structural, 

electronic and magnetic properties, which are interrelated and not very well 

understood. These materials exhibit a very rich phase diagram, ranging from 

ferromagnetic metal to antiferromagnetic insulator. 

The variation of magnetisation and resistivity in CMR materials with 

temperature is shown in figure 1.2. 
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Figure "1.2 Magnetisation and resistivity vs temperature for CMR material 
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As temperature increases the material undergoes a phase transition from 

ferromagnetic to paramagnetic (or antiferromagnetic) and a simultaneous metal to 

insulator transition. These two transitions take place nearly at the same 

temperature, which is indicative of the existence of a strong relationship between 

magnetic ordering and transport properties in the case of CMR materials. 

Manganites, cobaltites and nickelates are examples of materials exhibiting 

colossal magneto resistance. 

1.1.3 Applications and Limitations of Magnetoresistance 

Magneto-resistance already has magnetic appeal. It allows more data to be 

packed on computer disks. If improvements are made in the interfaces between 

magnetic layers in thin-film structures, the number of new applications could 

prove irresistible. For example, it would be possible to make computer operating 

memories [random access memory (RAM)] that are immune to power disruptions 
... 

and ionizing radiation. MR motion sensors could be developed to increase the 

efficiency and safety of home appliances, automobiles, and factories. 

MagnetoeIectronic devices may someday complement or even replace 

semiconductor electronic devices. 

MR recently come out of the laboratory and started finding places in ow' 

computers. This is because of the development of "read sensors" for magnetic disk 

drives [8 , 9]. The capacity of disk drives continues to increase rapidly as they 

shrink in size 'and thus MR read sensors have become increasingly important. The 

data are written as tiny regions of magnetisation on a disk covered with a thin film 

of magnetic material. The information (bits of 1 or 0) is slored as the direction of 

the magnetisation of these regions. The infonnation is read by sensing the 

magnetic fields just above these magnetised regions on the disk. As the density 

gets higher, these regions get smaller, so the fields that must be sensed to read the 

data become weaker. Read sensors that employ the MR effect provide the best 

technology currently available for detecting the fields from these tiny regions of 
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magnetisation. These tiny sensors can be made in such a way that a very small 

magnetic field causes a detectable change in their resistivity; such changes in the 

resistivity produce electrical signals corresponding to the data on the disk, which 

are sent to the computer. It is expected that the MR effect will allow disk drive 

manufacturers to increase the density at least until disk capacity reaches 10 

gigabits per square inch. At this density, 120 billion bits could be stored on a 

typical 3.5-inch disk drive, or the equivalent of about a thousand 3D-volume 

encyclopedias. 

Today's technology uses semiconductor RAM because it is fast, dense, 

and relatively inexpensive. In semiconductor RAM, data are stored as small 

regions that have an excess or deficit of electrons. This use of electrical charges to 

represent data has two serious drawbacks. First, since these charges leak away, the 

data must be refreshed several times a second by an electrical circuit. Thus, if the 

power goes otl" before the data can be written back to the hard disk for permanent 

storage, they will be lost. Second, because ionizing radiation temporarily destroys 

a semiconductor chip's scmiconducting properties, it can destroy data. Using 

GMR, it may be possible to make thin-film of magnetic RAM that would be just 

as fast, dense, and inexpensive. It would have the additional advantages of being 

nonvolatile and radiation-resistant. Data would not be lost if the power failed 

unexpectedly, and the device would continue to function in the presence of 

ionizing radiation, making it useful for space and defensc applications. 

The application of GMR in motion sensors is also likely to be important in 

our homes, automobiles, and factories. It provides a convenient way of sensing the 

relative motion and position of objects without physical contact. Just attach a 

magnet to one object and a GMR sensor to another. Alternatively, if onc of the 

objects contains a magnetic material such as iron or steel, the object in motion will 

alter any magnetic field that is present. A GMR sensor could detect these small 

changes in the magnetic field. 
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Applications of this effect could become widespread in the industrial, 

commercial, and military worlds. Here's a possible list: sensitive detectors for 

wheel-shaft speed such as those employed in machine-speed controllers, 

automotive antilock brakes, and auto-traction systems; motion and position 

sensors for electrical safety devices; current transfonners or sensors for measuring 

direct and alternating current, power, and phase; metal detectors and other security 

devices; magnetic switches in appliance controls, intrusion alanns, and proximity 

detectors; motor-t1ux monitors; level controllers; magnetic-stripe, ink, and tag 

readers; magnetic accelerometers and vibration probes; automotive engine control 

systems; highway traffic monitors; industrial counters; equipment interlocks; and 

dozens of other applications requiring small, Iow-power, fast sensors of magnetic 

fields and flux changes [11]. Furthermore, suitable film-deposition processes 

could also permit fabrication of MR devices on electronic-circuit chips to produce 

highly integrated MR sensors at low cost and high volumes for mass industrial 

markets. With its promise for tomorrow's technologies, MR is bound to attract lots 

of attention. 

Manganites are finding some difficulties in their way to technological 

applications. Single crystalline samples and epitaxial thin films show intensive 

magneto-resistance only close to Tc. The larger the Tc" smaller the magneto

resistance. Therefore an improvement of magneto-resistance leads to a decrease of 

To below room temperature. Moreover magnetic fields of several Tesla arc 

required to get CMR. Therefore the main challenge in this field is the synthesis of 

a material which shows very high value of MR near room temperature with the 

application of a small magnetic field. 

1.2 Manganites 

Manganese (Mn), with its five 3d and two 4s electrons, is a transition 

metal. As such it exhibits variable valency and forms stable compounds in several 

formal oxidation states. Manganese dioxide (M 11 
4 0/) or pyrolusite, for example 

7 



has a high natural abundance in earth's crust. It was first recognized as an element 

by Swedish chemist Karl Wilhelm Scheele inl774, which was obtained by treating 

manganese dioxide with hydrochloric acid. Manganese dioxide's next claim to 

fame occurred in 1938 with the first observation of antiferromagnetism, two years 

after its production by Louis Nee!. In the second half of twentieth century; another 

class of manganese oxide called manganites attracted attention of material 

scientists. 1950, C. H lonker and 1. H van Santen crystallized the first mixed

valence manganites [12]. Manganites are usually perovskite structured manganese 

oxides showing colossal magnetoresistance property. The mixed valency can be 

usually obtained by doping alkaline earth in the rare earth manganite. Since rare 

earth atom is trivalent, manganese has valency 3+ in rare earth manganites. In the 

case of alkaline earth manganite (eg. CaMn03), since the valency of alkaline earth 

is 2+, Mn has a valency of 4+. Thus in the alkaline earth doped rare earth 

manganite, Mn ions can have valencies 3+ and 4+ (i.e., mixed valency). 

1.2.1 Structure of manganites 

Structurally there are three types of manganites namely perovskite 

manganites, layered manganites and pyrochlore manganites. They are shown in 

figure 1.3. The perovskite has the general formula AB03. where 'A' and 'B' are 

cations. Manganites are the three dimensional perovskites. The perovskite 

structure consists of a lattice of oxygen octahedra with a 'B' ion at its centre. 'A' 

cations occupy the vacancies in the octahedra. The perovskite crystal structure is a 

3D network of corner shared B06 octahedra. Figure lA represents the typical 

perovskite structure. 
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Figure 1.3 Different manganite structures 
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Figure 1.4 Perovskite structure 

Perovskite manganites have the structural fonnula AI_~B~Mn03, where A 

is the rare earth ion and B is the alkaline earth ion. LawSrl/lMnO) is a typical 

example. In the crystal structure the larger rare earth or alkaline earth ion is at the 

centre of the cube, the smaller manganese ions at the corners and the oxygen ions 

at the midpoint of the cube edges (figure 1.5). The structure can be viewed in a 

different way; manganese at the centre, rare earth or alkaline earth ions at the 

corner and oxygen al the centre of the face. The Perovskite manganite structure 

can be regarded as a 3D network of corner shared Mn06 octahedra with rare earth 

or alkaline earth metal ions occupying the holes between the octahedral as shown 

in figure 1.6. 
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Figure 1.5 Perovskite manganite structure 

Figure 1.6 Corner shared network of Mn06 octahedra in manganite. 

In layered structure, corner shared Mn06 octahedra forms a double layer 

with an insulating rock-sa lt layer of rare earth or a lkaline earth ion (e.g. La2_2x 

Srl+2xMn207)' In pyrochlore structure six Mn06 octahedra forms a circle with 

metal ion at its centre (e.g. ThMn207). 
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1.2.2 ElectroDic structure aDd Crystal field splitting 

In order to understand the electron transfer mechanism in manganites, we 

have to consider the electronic structure. The outer electronic configuration of 

manganese is 3ds 4s2
• For partially filled d shell, I = 2 and hence isolated ions have 

5- fold degenerate orbitals (21+1), in which we can put upto 10 electrons 

[2*(21+ 1)]. Filling of these levels follows Hund 's first rule to minimize the 

Coulomb repulsion energy and electrons fonn a state with the maximum possible 

spin. The orbitals are d~y, d ... zo dy>:' d/ _ / and dJ/./ which are shown in figure 1.7. 

Figure 1.7 3d·orbitals 

When a transition metal (TM) ion is put into a crystal, the spherical 

symmetry of an isolated ion is reduced and consequently some of the orbital 

degeneracy is lifted. This splitting of degenerate levels is called crystal field 

splitting. If a TM ion is introduced into a cubic crystal field, the 5- fold orbitally 

degenerate levels are split into two groups as shown in figure 1.8. 
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Three levels go down in energy, forming triply degerate t2g levels and 

doubly degenerate eg levels go up [13]. The state with lower energy contains dxy, 

dxz ,dyz while the higher one is composed of d/ _ / and d3/} [14]. The electron 

density of eg orbital is directed towards the negatively charged oxygen ions (called 

ligands) surrounding the transition metal ion. In contrast, the three t2g orbitals have 

lobes directed along diagonals in between the ligands as shown in figure 1.9. 

Hence the eg orbitals will experience a stronger coulomb repulsion with ligands 

which raises their energies compared to those of the t2g levels. 

Figure 1.8 Crystal field splitting ofMn 3d orbitals 

There exists another contribution to the CF splitting besides the point 

charge contribution. This is the so called covalency contribution, due to 

hybridization of the d- orbitals of the TM ion with the p orbitals of the ligands. 

Due to this hybridization a mixing of these orbitals occurs, which causes the 

splitting of the d and p levels [15]. The eg orbitals have a rather large overlap and 

hence a strong hybridization with the p- orbitals of oxygen occurs (directed 

towards the TM ions) leading to the so called cr - orbitals. Consequently the 

mixing of eg and p- orbitals will be strong and gives a corresponding upward shift 

of the eg levels. 
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Figure 1.9 d orbital orientation with ligand oxygen atoms 

The hybridization of the t2g orbitals with the corresponding p- orbitals of 

the ligands is smaller than that of the eg orbitals. The overlap of po - orbitals with 

the t2g orbital is zero. The remaining overlap between the t2g orbitals and p -

orbitals is known as 1[- hybridization. This overlap is permitted by symmetry but it 

is smaller than the 0- overlap of eg orbitals. Thus both of the contribution to the 

CF, Coulomb repulsion with ligands and p- d hybridization causes the splitting of 

d- levels in a cubic crystal field. 

From the formal valency of a TM in a given compound, the number of d 

electrons left on the ion is found and these electrons may be put in the CF - split 

levels, one after another following Hund's rule (i.e., putting as many electrons 

with parallel spins as possible). If total number of d- electrons I\J ::; 3, then, the 

total spin of the ion will be s= ni2 . However if we have four d - electrons (nd=4) 

a problem may arise. If the fourth electron is placed with the spin parallel to those 

of the first three electrons (ie according to Hund's rule), then we should place it in 
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a higher lying eg level, which costs us an energy L\ CF. Alternatively, the fourth 

electron could be put on one of the lower levels with opposite spin violating 

Hund's first rule. 

Both these situations are met in practice. The first one leads to the so 

called high - spin state of a TM ion, whereas the second one to the low spin state. 

The relative stability of one state with respect to another is determined by the ratio 

of the CF splitting L\CF and the Hund's rule stabilization energy (which may be 

described as an on site ferromagnetic exchange interaction - JHLa, P Si a Si P where i 

is the site - index and a and p are indices of different d- orbitals). If L\CF >J ~" then 

it would be favourable to form a low - spin state, occupying the lowest CF level at 

the expense of Hund's rule exchange. In the opposite case the high spin state will 

be stabilized. Mn 3+ (d4
) has a high spin state. 

1.2.3 Orbital degeneracy and Jabn -Teller effect 

Crystal field splitting is not the end of degeneracy lifting. In mixed 

valent manganese oxide the Mn06 octahedra undergo a deformation called Jabn 

teller distortion (figure 1.10). Jahn teller theorem states that "any non linear 

molecule with an electronically degenerate state will undergo spontaneous 

deformation so as to reduce symmetry, lower energy and thereby attain stability ". 

In simple terms it is the degeneracy of the spin up and spin down states (in 

systems without magnetic order). All the other types of degeneracy including 

orbital degeneracy are forbidden and should be lifted by the corresponding 

decrease of symmetry. The essence of the theorem is that there is always a 

perturbation reducing the symmetry with a linear term representing the splitting of 

the degenerate levels (an energy gain) and a quadratic term representing the 

energy loss. 

Following the standard perturbation theory of degenerate levels in 

quantum mechanics, the energy of the system as a function ofpel1urbation 'u' has 

the form 
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Figure 1.10 Jahn - Teller distortion in manganites 

(1.2) 

Since the neighbouring TM ions have common ligands (eg:oxygen), a 

local IT deformation around one centre interacts with the corresponding 

deformation, giving rise to correlated dispiacements. Consequently the symmetry 

of the crystal is further reduced. This is known as Cooperative Jabn Teller Effect 

(CITE) or as orbital ordering [16, 17]. Iahn·Teller distortion is possible only when 

there is an electron in the es level. So in the case of manganites, Mn3+ is Jahn -

Teller active and Mn"+ is Jahn-Teller inactive. 

1.2.4 Tolerance factor 

The extend of deformation of MnO(, octahedron can be expressed as a 

geometrical quantity called tolerance factor. It is defmed as the ratio of distance 

between rare earth or alkaline earth ion and oxygen ion to ..)2 times that between 

Mn ion and oxygen ion (equation 1.3). For a perfect cubic structure t= 1. The 

properties of manganites strongly depend on tolerance factor [1 8]. 
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Figure 1.11 Tolerance factor calculation in manganite 

1.2.5 Double exchange Mechanism 

Jonker and Van Santen considered that, for the observed simultaneous 

good electrical conductivity and ferromagnetism, migration of electrons with their 

spins unpaired from Mn3+ to Mn 4+ sites is a necessity [12]. This idea was put 

forward and developed into the double exchange model [19] by Zener (1951). In 

mixed valent manganites, Mn3+ has eg electron while Mn4+ has t2g electrons only. 

Consider an oxygen ion in between Mn3+ and Mn4+ in a system of overlapping 

Mn-O- Mn molecular orbital with delocalized electrons. 

Figure 1.12 Double exchange mechanism 
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Zener visualized the electron transfer from one Mn ion to the adjacent Mn 

ion as the transfer of an electron from one Mn to the oxygen, which is in the 

middle, simultaneously with the transfer of an electron from the central oxygen to 

the other Mn ion as shown in figure 1.12. As two simultaneous processes are 

involved, this model is called double exchange. The configurations of the system 

before and after the process are given in figure 1.13. 

_t tJ, - tJ.. .to -
"'~, ~,~_,.~.~_)f1 "" .~~ 

8
1 2 eO eO 2 

e
1 

g PX[Y.z} (J g Px(y,z) g 

Mnat 02- Mn"+ Mn.f+ 02- Mn3+ 

Figure 1.13 Degenerate configurations in double exchange 

From figure 1.13, it is clear that the two configurations are degenerate. 

Due to degeneracy, no activation energy is required for electron hopping. The two 

states, which are degenerate in energy, are \f'1=Mn3+01-Mn4+ & \f'1=Mn3+01oMn4+. 

A necessary condition for this degeneracy is that the spins of the two Mn d-shells 

(spin of the lo~alized tlg electrons) point in the same direction because the carrier 

spin does not change in the hopping problem and Hund's coupling punishes anti

alignment of unpaired electrons. In the double exchange mechanism, hopping of 

itinerant electron takes place from Mn3
+ to Mn4+ via oxygen and the electrons hop 

easily along the bonds between the pair of ferro-magnetically ordered Mn3+ ( t31g 

elJ and Mn4+(tlJ ions, while its motion is hindered between disordered spins due 

to Hund's coupling [20]. 

The motion of eg electrons is thus dependent on the relative Spill 

orientation of the localized tlg moments, which is described by the so called 

transfer integral: 
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where ~ij is the angle between moments i and j; Tij has of course a 

maximum when i and j are parallel to each other and a minimum when they are 

anti-parallel [20, 21]. The double exchange can quantitatively explain parts of the 

co-relation bctween electrical conductivity, ferromagnctism and doping level in 

mixed valent compounds, but fails to describe the complete phase diagram. This 

model can be modified to take into account lattice polarons formed on localization 

of an eg electron on Mn3+ (Jalm Teller Distortion). 

It is casily understood from the double exchange mechanism that the 

transport and magnetic properties of mixed valent manganites are connected to the 

tolerance factor. If tolerance factor is nearly onc, then the Mn -0- Mn bond angle 

is nearly 180°. In this case, the hoping amplitude is maximum due to the effective 

overlapping of the orbitals. Small changes in Mn -0- Mn angle, induced by the 

cooperative tilting of octahedral or distortions in the octahedral, cause change in 

the overlap between eg and p- orbitals and thus affect double exchange. It has been 

pointed out by Goodcnough that ferromagnetism is also influenced by super 

exchange interaction. In super exchange interaction, virtual hopping of electrons 

takes place between occupied orbitals leading to anti-ferromagl1etic coupling [14). 

1.2.6 Low, Intermediate and High Bandwidth Managnites 

In double exchange, eg levels are the active ones for conductivity. These 

levels hybridize with oxygen p-levels constituting the conduction band, whose 

width is called band width. It depends on the overlap of eg orbitals of the Mn and p 

levels of the oxygen [22]. The orbital's overlap decreases with the distOliion and 

the relation between bandwidth wand Mn -0- Mn bond angle e has been 

estimated as [23] 
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(lA) 

Based on band width, manganites are classified into three namely large 

band width manganite, intermediate band width manganite and low band width 

manganite. In large bandwidth manganites (eg. La,.xSrxMn03), the hopping 

amplitude of electrons in eg band is believed to be greater than that in other 

manganites. The metal insulator transition temperature of these manganites is 

relatively large over a wide doping region.The intermediate bandwidth manganites 

(eg. La,.,CaxMn03) have some characteristics of large bandwidth manganites like 

the presence of a robust ferromagnetic phase [24]. But in some aspects they ditTer 

from the large bandwidth manganites like the existence of charge! orbital -

ordered phase. In low bandwidth manganites (Pr'xCa,Mn03) there is very wea~ 

ferromagnetic phase and they exhibit stable charge I orbital - ordered phase for a 

large doping region. The metallic ferromagnetic phase is not stabilized at zero 

magnetic field in low bandwidth manganites [25]. 

1.2.7 Charge ordering in manganites 

Charge ordering is a phase transition when atoms with different oxidation 

states fonn an ordered superlattice. It is usually present in mixed valent 

compounds like manganites, ferrites etc. In charge ordering, electrons become 

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

and hence leads to insulating behaviour of the material. Wollan and Koehler 

discovered the charge ordering in rare earth manganites [26]. Charge ordering 

competes with double exchange and promotes insulating behaviour. In rare earth 

manganites Ln]_xA,Mn03, x=O.5 usually favours charge ordering state because of 

equal number of Mn3
+ and Mn4+ states. But various compositions in the range 

O.3<x<O.75 also exhibits charge ordering depending on Ln and A ions [27]. 

Charge ordering arises because the caniers are localized into spccific sites below a 

certain temperature, called charge ordering temperature (Teo), giving rise to long 

range order through out the crystal. Allow temperatures, the rare earth manganites 

19 



are antiferromagnetically ordered with CE type charge ordering, where Mn3
+ and 

Mn4+ ions order alternately [27J. Investigations of the charge ordering reveal extra 

ordinary variety in the properties which include their fine sensitivity to the average 

size of the A-site cations, pressure, magnetic field and electric field [28]. 

1.2.8 Condnction mechanisms in the insulating phase of manganites 

In paramagnetic insulating phase mainly three types of mechanism have 

been found to rule the conduction process in manganites. They are 

(l) Thermal acti vation or band gap model, 

(2) Variable range hopping model (VRH) and 

(3) Small poloron hopping model (SPH). 

1.2.8.1 Small polarons and Large polarons 

A localized electron will always distort its surroundings relative to 

an unoccupied site simply because of the coulombic interaction of the 

electron and the surrounding atoms. The potential well produced by this 

distortion acts as a trapping center for the self-trapped carrier. The quasi 

particle composed of a self-trapped electronic carrier taken together with the 

pattern of atomic displacements that produces the self-trapping became 

known as a polaron because self-trapping was first considered in ionic (polar) 

materials. The quasi particle (i.e the elcctron and the distortion) can move as 

a whole. The spatial extent of the self trapped states depends on the range 

of the interaction. In long-range electron-lattice interactions, the self-trapped 

electronic carrier extends over mUltiple sites produces large polarons [29]. The 

multi-site extension of the large polaron results in its itincrant motion. The 

radius of the large polaron decreases continuously as the strength of the 

electron-lattice interaction is increased. When electronic carrier is confined to a 

single lattice position, it is called small polaron. 
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1.2.8.2 Band gap model 

Band gap model is widely employed in most of the semiconductors and 

insulators [30-32]. There is an energy gap between conduction band and valence 

band. If the thermal energy is sufficient to overcome the band gap, the electron 

.becomes free to conduct. The expression tor resistivity can be written in the 

following form 

(1.5) 

where T is the absolute temperature, Pu is the value of resistivity at infinite 

temperature, EA is the activation energy and kB is the Boltzmann's constant. 

1.2.8.3 Small Polaron Hopping (SPH) Model 

In the case of small polarons (deeply trapped electrons), the thermal 

energy is not sufficient to overcome the deep potential well and to hop out of its 

site. Then the hopping is possible by a multi-phonon assisted process [33]. The 

expression for resistivity in SPH model can be obtained in the following section 

[34-36]. 

If the charge carrier must overcome an activation energy, EA, to hop 

to a neighbouring site, the probability for hopping will be proportional to 

exp(-E.ikBTJ. From the theory of the random walk, the diffusion constant D 

can be estimated using this hopping probability, the frequency (w) with which 

an attempt to hop is made and the site to site distance (a) is given by 

(1.6) 

where A is the geometrical factor. The mobility ~l is related to the diffusivity 

through the Nernst-Einstein relation 

(1.7) 



But conductivity is given by 

eT == nell (1.8) 

i.e. (1.9) 

Putting value of D from equation (1.6) in equation 0.9) we get 

(1.1 0) 

Then resistivity can be written as 

(1.11) 

where A is a constant given by 

( 1.12) 

Thus in the case of materials obeying SPH model logarithm of (piT) is 

proportional to reciprocal of temperature. 

1.2.8.4 Variable Range Hopping (VRH) model 

For a semiconductor or insulator at low temperatures, the 

predominant conduction mechanism may no longer be by thermally activated 

hopping to the nearest neighbour (SPH) but by variable range hopping 

(VRH). At low temperatures, the mechanism with the lowest barrier energy 

will dominate. Due to randomness in the sample, the hopping site with 

the lowest barrier energy will not in general be the nearest neighbour. The 

increased hopping distance will of course reduce the probability that the 

carrier will tunnel to this position; however, this is always offset by the 

lower barrier energy at sufficiently Iow temperatures. The simplest 

quantitative derivation of the lom1 of variable range hopping is the 

following [37]. 
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For a given site, the number of states within a range R per unit 

energy is given by 

(1.13) 

where N(EF) is the density of localized states. 

Thus the smallest energy difference (~E) for a site within a radius R is on average 

the reciprocal of 'n' . 

LlE = 2. 
n 

(1.14) 

i.e. (1.l5) 

Thus, the further the carrier hops, the lower the activation energy. The 

carrier has an electronic wave function exponentially localized on a 

particular site with a decay or localization length of 'a'. The tunneling 

probability that the electron will hop to a site a distance' R' away will contain a 

factor exp (-2RI a). The farther is the distance; the lower is the tunneling 

probability. Since the hopping favours large R while the tunneling favours 

small R, there will be an optimum hopping distance R for which the 

hopping probability proportional to exp( -2RI a) *exp(~Elkli 1) is a maximum. 

This will occur when 

( 1.16) 

Substituting this value for R, the hopping probability and thus the 

conductivity is proportional to exp( _(1(/1)114) where 

(1.17) 

where C is a constant. Therefore the conductivity for variable range hopping can 

be obtained in the fonn 
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(1.18) 

and resistivity is given by 

p = poexp (ToIT)1/4 (1.19) 

where Po is the resistivity at infinite temperature. 

1.3 Multiferroics 

1.3.1 Ferroelectricity 

Ferrroelectric materials display a spontaneous polarisation (at E=O) that 

can be oriented and switched by an electric field, and similarly to ferromagnets, 

ferroclectrics show hysteresis loop. Contrary to ferromagnets, ferroelectrics need 

to be insulators. Examples of ferroelectrics are perovskite materials such as 

barium titanate or lead zirconate titante. The electric polarisation and the 

magnetisation are influenced by temperature. They are largest at low temperatures 

and at high enough temperatures (above the so called Curie temperature, Tc) they 

vanish. The origin of ferroelectricity is determined by balancing the two factors 

between the long range coulomb forces (which favour the ferroelectric state) and 

the short range repulsions of the adjacent electron clouds (which favour non polar 

cubic structure). 

Ferroelectricity is one of the most fascinating properties of dielectric 

solids. Materials exhibiting ferroelectric properties must be either single crystals 

or polycrystalline solids composed of crystallites; they must also possess 

reversible spontaneous polarisation [38]. The polarisation induced by an externally 

applied field in normal dielectric materials is very small, with the dielectric 

constant usually less than 100, and its effects on other physical propel1ies are also 

very small. However, there are a number of crystals with a nonsymmetrical 

structure that exhibit a large polarisation, with the dielectric constant up to 105
, 

under ccrt<Jin conditions. A ferroelcctric crystal shows a reversible spontaneous 
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electric polarisation and a hysteresis loop that can be observed in certain 

temperature regions, delimited by a transition point called the Curie temperature, 

Tc- At temperatures above T c, the crystal is no longer ferroelectric and exhibits 

normal dielectric behaviour. Ferroelectric materials usually, but not always, exist 

in a nonpolar state at temperatures above T c- The dielectric constant increases very 

rapidly to a very high peak value at Te. This is known as anomalous value. At T > 

Te, anomalous behaviour follows closely the Curie-Weiss relation 

C 
E =---

r T-T 
c 

(1.20) 

where C is known as the Curie constant. In fact anomalous behaviour always 

appears near any transition point between two different phases, even at T below 

Tc. At the transition points, there are anomalies not only in the dielectric constant 

and polarisation, but also in piezoelectric elastic constants and specific heat, 

because of the change in crystal structure. 

Ferroelectrics have reversible spontaneous polarisation. The word 

spontaneous means that the polarisation has a nonzero value in the absence of an 

applicd electric field. The word reversible refers to the direction of the 

spontaneous polarisation, that can be reversed by an applied field in opposite 

direction. The spontaneous polarisation Ps usually increases rapidly on crossing 

the transition point and then gradually reaches a saturation value at lower 

temperatures. The 1110st prominent features of ferroelectric properties are 

hysteresis and nonlinearity in the relation between the polarisation P and the 

applied electric field F. 

Immediately below the Curie temperature of a continuous ferroelectric 

transition, the crystal spontaneously and continuously distorts to a polarized state. 

Onc would therefore expect the diekctric constant to be anomalously large in the 

neighbourhood of Tc, reflecting the tact that it requires very little applied field to 
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alter substantially the displacement polarisation of the crystal. In an ideal 

experiment the dielectric constant should actually become infinite precisely at Te. 

A typical hysteresis loop of a ferroelectric material is shown schematically in 

figure 1.14. 

G 

P 

p~ - K ----~-B---~-- c 
p.
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Figure 1.14 FerroeleclT1c hysteresis loop 

When the field is small, the polarisation increases linearly with the field. 

This is mainly due to field-induced polarisation; because the field is not large 

enough to cause orientation of the domains (portion OA). At fields higher than the 

low-field range, polarisation increases nonlinearly with increasing field, because 

all domains start to orient towards the direction of the field (portion AB). At high 

fields, polarisation will reach a state of saturation corresponding to portion BC, in 

which most domains are aligned toward the direction of the poling field. Now, if 

the field is gradually decreased to zero, the polarisation will decrease, following 

the path CBD. By extrapolating the linear portion CB to the polarisation axis (or 

zero-field axis) at E, OE represents the spontaneous polarisation p. and OD 

represents the remanent polarisation Pr. The linear increase in polarisation from Ps 

10 Pp is mainly due to the normal field- induced dielectric polarisation. Pr is 

smaller than Ps because when the field is reduced to zero, some domains may 
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return to their original positions due to the strain situation, thus reducing these 

domains's contribution to the net polarisation. 

For most ferroelectric materials, the component due to the normal field

induced dielectric polarisation is very small compared to the spontaneous 

polarisation; therefore, for most applications, this component can be ignored. The 

magnitude of differences between Pp and Ps in figure 1.10 is exaggerated for the 

purpose of clear illustration. The field required to bring the polarisation to zero is 

called the coercive field Fe (portion OR on zero polarisation axis). Fe depends not 

only on temperature, but also on the measuring frequency and the waveform of the 

applied field. When the field in the opposite direction decreases to zero, the 

polarisation is reversed, indicating that domains have already been formed before 

poling and that the motion of the domain walls results in the change of direction of 

polarisation. The hysteresis arises from the energy needed to reverse the 

metastable dipoles during each cycle of the applied field. The area of the loop 

represents the energy dissipated inside the specimen as heat during each cycle. 

In general, ferroelectricity is harder to demonstrate in polycrystalline 

materials composed of crystallites, such as ceramics, than in a single crystal 

because of the random orientation of crystallites [39]. This is why in some single 

crystals the polarisation reverses quite abruptly to form a square loop, while in 

most ceramics the loop is rounded, because of the more sluggish reversal, which is 

partly due to, the axes of the unit cells in the randornized arrangement of the 

nonuniform crystallites. Ferroelectric materials exhibit ferroelectric properties 

only at temperatures below Te because they are polar; at temperatures above it, 

they are non polar. Obviously, the shape of the hysteresis loop depends on 

temperature. 
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1.3.2 Ferromagnetism 

Ferromagnetism arises when the magnetic moments of adjacent atoms are 

arranged in a regular order i.e. all pointing in the same direction. The 

ferromagnetic substances thus possess a magnetic moment even in the absence of 

the applied magnetic field. This magnetisation is known as the spontaneous 

magnetisation, and it is stable only below a critical temperature, called the Curie 

temperature. Also, the spontaneous magnetisation decreases as the temperature 

increases. But above Curie temperature, the regular order disappears (i.e. the 

atomic magnetic moments lie randomly oriented) and the substance becomes 

paramagnetic. P. Wiess has developed a simple theory to account for these 

features of ferromagnetism. According to which i) a ferromagnetic speCImen 

contains, in general, a number of small regions, called domains, which are 

spontaneously magnetised [40-42]. The magnitude of the spontaneous 

magnetisation of the specimen is determined by the vector sum of the magnetic 

moments of individual domains. ii) within each domain, the spontaneous 

magnetisation is due to the existence of a molecular field which tcnds to produce 

parallel alignment of the atomic dipoles (despite the effect of thermal energy). 

Further, this internal field is equivalent to a magnetic field Hm. which is 

proportional to the magnetisation M within a domain; that is 

I-Im AM. (1.21 ) 

where A is a constant independent of temperature, called the molecular field 

constant or Wiess constant. Thus, if H is the external magnetic field, the effective 

field acting on an ion or atom is given as 

Hcrf~ H+AM. (l.22) 

There exists a critical temperature known as the fcrromagnetic Curie temperature, 

EIr, beyond which the spontaneous magnetisation vanishes. Elr is related to the 

molecular field constant as 
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(1.23) 

where)! is the total magnetic moment per atom. 

With the help of molecular field Weiss was able to explain the principle 

features of ferromagnetism, but be did not touch upon the problem of the origin 

and the nature of this field. Ideas on the nature and origin of this field were first 

fonnulated by Heisenberg on the basis of quantum theory. It is proved that the 

value of molecular field is large and hence it cannot be due to simple dipole -

dipole interaction (i.e. due to the magnetic interaction between neighbours). 

Heisenberg's explanation for the large value of the molecular field is based on the 

non magnetic interaction, called the exchange interaction, between atoms. The 

exchange interaction arises as a consequence of the Pauli's exclusion principle: 

because of this principle we can not change the relative orientation of two spins 

without changing the spatial distribution of charge, clearly indicating that the 

interaction exists between the two atoms. It is also clear that this interaction 

depends upon the relative orientation of the electron spins but not on the spin 

magnetic moments. The energy of the interaction between atoms i, j bearing spins 

Si, Sj is of the form 

(1.24) 

where le is the exchange integral, the value of which is related to the overlap of the 

charge distributions of the atoms i and j, i.e. on their interatomic separation: J e is 

positive for somewhat larger interatomic separations and negative for smaller 

ones. The above expression is called the Heisenberg model of exchange energy 

[43}. The exchange integral is positive for iron group of atoms and negative for 

others: a negative value corresponds to anti- parallel spin confi!,'1lration, and thus 

favours non magnetism. According to Bethe le is positive for the iron group atoms 

because there exists a celiain critical ratio of the distance rij between neighbouring 
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atoms i, j in these crystals to the radius rld of the unfilled 3d- shell. The ratio r;jr3d 

is larger than 3 for elements like Fe, Co, Ni etc. 

Actual specimens are composed of small regions called domains, within 

each of which the local magnetisation is saturated. The direction of magnetisation 

of different domains need not be parallel. Domains also form In 

antiferromagnetics, ferroelectrics , antiferroelectrics, ferroelastics, superconductors 

and sometimes in metals under conditions of a strong de Hass - van AJphen effect. 

The increase in the gross magnetic moment of a ferromagnetic specimen in an 

applied magnetic field takes place by two independent processes: 

i) In weak applied fields the volume of domains favourably oriented with respect 

to the field increases at the expense of unfavourably oriented domains. 

ii) In strong applied fields the domain magnetisation rotates towards the direction 

of the field. 

""-..... -~;q .. ".~ ... 
~---;;---.. ,. 

Figure 1.15 Ferromagnetic hysteresis loop 

Ferromagnetic materials have a spontaneous polarisation (at H=O) that can 

be aligned and switched with a magnetic field. Unlike in paramagnetic or 

diamagnetic material s, the response of the magnetisation to the field is highly non 
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linear and represents hysteresis as shown in figure l.15.The coercivity is usually 

defmed as the reverse field He that reduces the induction B to zero, starting from 

saturation. 

1.3.3 MuItiferroism 

Multiferroics are materials in which ferromagnetism, ferroelectricity and 

ferroelasticity occur in the same phase. This implies that they possess spontaneous 

magnetisation which can be reoriented by an applied magnetic field, spontaneous 

polarisation which can be oriented by an applied electric field and spontaneous 

deformation which can be oriented by an applied stress [44]. It is however, 

customary to exclude ferroelasticity and only consider magnetic and ferroelectric 

characteristics. 

Electricity and magnetism were combined into one common discipline in 

the 19th century, culminating in the Maxwell equations. But electric and magnetic 

ordering in solids are most often considered separately-arid usually with good 

reason: the electric charges of electrons and ions are responsible for the charge 

effects, whereas electron spins govern magnetic properties. There are, however, 

cases where these degrees of freedom couple strongly. For example, in the new, 

large field of spintronics, the effects of spins on the transport properties of solids 

(and vice versa) allow the possibility to control one by the other. The finding of a 

strong coupling of magnetic and electric degrees of freedom in insulators can be 

traced back to Pierre Curie, but the real beginning of this field started in 1959 with 

a short remark by Landau and Lifshitz in a volume of their Course of Theoretical 

Physics [45]. 

The situation changed soon thereafter, when Dzyaloshinskii predicted, and 

Astrov observed, this type of coupling, which is now known as the linear 

magnetoelectric effect. This was rapidly followed by the discovery of many other 

compounds of this class and by a rather complete classification of possible 

symmetry groups allowing for the effect. 
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Figure 1.16 Schematic illuSlration ofmultiferroism 

Multiferroic materials have attracted many scientists since the discovery 

of their ancestor nickel boracite (Ni3B70 13) [46]. Nowadays people are trying to 

find a simple structure, for instance among the perovskite ox.ides, in order to have 

easier access to their fundamental behaviour. These materials can exhibit 

magnetism and ferroelectricity simultaneously within one phase. The coupling 

between the magnetisation and electric polarisation give place to magnetoelectric 

(ME) effects, which offer an extra degree of freedom in the design of conventiona l 

actuators or storage devices. Interesting applications can be thOUght of using this 

coupling, for instance novel multi - slate memory devices that allow to write data 

using electric fields and to read out by means of magnetic fields. In 1992, Cohen 

and Krakauer used the first principle calculation to learn about the ferroelectric in 

the best - known perovskite structure materials such as PbTi01 and BaTiOJ 

compounds [47]. They pointed out that both crystals showed Ti 3d - 0 2p 

hybridization, which is very important to stabilize the ferroelectric distortion. This 

tendency to hybridize requires dO ion state (as in Ti4+). Unfortunately, d orbital 

occupancy is required for the existing of magnetic moments and magnet ic 

ordering, so it seems that ferroelectricity and magnetism exclude each other. 

Recently it was found that hexagona l manganites like YMnOl, LuMnO) exhibit 

multiferroic nature [48, 49]. 
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1.3.4 Requirements of multiferroicity 

The following limitations indicate why multiferroic materials are so rare. 

1. Symmetries 

The existence of ferroelectricity can not be separated from the existence of 

a structural distortion from a highly symmetric phase. This distortion removes the 

centre of symmetry and the atomic displacements produce a dipole per unit cell 

and, therefore, a spontaneous electric polarisation. There are 31 point groups that 

allow the spontaneous electric polarisation and 31 point groups of spontaneous 

magnetisation as well. 13 point groups ( 1,2,2', m, m', 3, 3m', 4, m'm', m'm2', 

m'm'2', 6 and 6m'm') are found in both states, allowing both properties to exist in 

the same phase. Many candidate materials which are not in fact ferromagnetic and 

ferroelectric exist in one of the allowed symmetries. Therefore it is unlikely that 

symmetry considerations are responsible for the scarcity of ferromagnetic, 

ferroelectric materials. 

2. Electrical Properties 

Ferroelectric material must be an insulator (otherwise an applied electric 

field would induce an electric current to flow, rather than causing an electrical 

polarisation). Ferromagnets are often metals. So the lack of simultaneous 

occurrence of magnetic and ferroelectric ordering is simply result a dearth of 

magnetic "insulators". Also there are very few antiferromagnetic ferroelectrics, 

even though antiferromagnets are usually insulating materials. 

3 Ch ' .. iJ " . emlstry - a -ness 

If there are no d electrons creating localized magnetic moments, then there 

can be no magnetic ordering of any type-either ferro-, ferri-, or 

antiferromagnetic. But as soon as the d- shell on the small cation is partially 
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occupied, the tendency for it to make a distortion, which removes the center of 

symmetry, is eliminated. 

This could be due to the following two factors 

i) Size of the small cation -It is determined that for the perovskitc oxides the radii 

of typical dO B site cations are identical with those of typical B site cations with d 

electron occupation. Hence the size of B cations is not the deciding factor in the 

existence of ferroelcctricity. 

ii) Structural distortions- Ferroelectric material must undergo a phase transition to 

a low temperature phase that does not have a centre of symmetry. This is achieved 

in conventional perovskite ferroelectrics by an off - centre displacement of the 

small (B) cation from the centre of the oxygen octahedron. However for cations 

with certain d orbital occupancies, the tendency to undergo a Jahn - Teller 

distortion is strong, and will likely be the dominant structural effect. The Jahn

Teller distorted structure might have a lower driving force for off--centre 

displacement than the otherwise undistorted structurc. 

1.3.5 Applications of multiferroics 

1) Multiferroic materials are of interest because of their potential applications in 

information storage [50, 51]. The coupling between magnetism and 

ferroelectricity could be exploited to induce electrical polarisation by the 

application of magnetic fields, and vice versa. 

2) Multiferroic composite structures in bulk foml are explored for high-sensitivity 

ac magnetic field sensors and electrically tunable microwave devices such as 

filters, oscillators and phase shifters (in which the ferri-, ferro- or antiferro

magnetic resonance is tuned electrically instead of magnetically) [52, 53). 

3) In multiierroic thin films, the coupled magnetic and ferroclectric order 

parameters can be exploited for developing magnctoeicctronic devices [54, 55]. 
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These include novel spintronic devices such as tunnel magneto resistance (TMR) 

sensors and spin valves with electric field tunable functions. A typical TMR 

device consists of two layers of ferromagnetic materials separated by a thin tunnel 

barrier (~ 2nm) made of a multiferroic thin film. In such a device, spin transport 

across the barrier can be electrically tuned. 

4) In another configuratlon, a muItiferroic layer can be used as the exchange bias 

pinning layer. If the antiferromagnetic spin orientations in the multiferroic pinning 

layer can be electrically tuned, then magnetoresistance of the device can be 

controlled by the applied electric field. One can also explore multiple state 

memory elements, wherc data are stored in the electric and the magnetic 

polarisations [56]. 

1.4 Thermoelectric Power 

1.4.1 Seebeck effect and other thermoelectric effects 

In 1821, Thomas Seebcck discovered that a continuously flowing current 

is created when two wires of different materials are joined together and heated at 

one end. This idca is known as the See beck cffect. Thirteen years later Jean 

Charles Athanase reversed the now of electrons in Seebeck circuit to create 

refrigeration. This effect is known as the Pettier effect. This idea forms the basis 

for the thennoelectric refrigerator. Scottish scientist William Thomson (later Lord 

Kelvin) discovered in 1854 that if a temperature difference exists between any two 

points of a current- carrying conductor, heat is either evolved or absorbed 

depending upon the material. 

The thermo electric power or Seebeck coefficient (S) is defined as the rate 

of change of thennoelectric potential with respect to temperature. It is usually 

expressed in fJ.V/K. 

S = -dVjdT (1.25) 
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The thennoelectric efficiency of a material depends on three factors, namely 

Seebeck coefficient, electrical conductivity and thennal conductivity [57]. For an 

efficient thennoelectric material the Seebeck coefficient should be high in order to 

produce maximum thennoelcctric voltage for unit temperature difference, the 

electrical conductivity should be high in order to reduce Joule's heating as small 

as possible and the thermal conductivity should be Iow for maintaining the 

temperature gradient. The perfonnance parameter (called figure of merit) of a 

thennoe1cctric material is given by 

(1.26) 

where S is the Seebeck coefficient, cr is electrical conductivity and K is thermal 

conductivity. The perfotl1lancc parameter is usually represented as dimensionless 

figure of merit ZT, where T is absolute temperature [49J. The value of ZT near to 

1 is considered as a good thennoelcctric material. The thennoelectric efficiency of 

a thermoelectric generator is given in equation (1.27). 

energy provided to the load 
11 = heat energy absorbed at hot junction 

(1.27) 

And the maximum value of thennoelcctric efficiency is given in equation (1.28). 

11max (1.28) 

where TH is the temperature of hot junction, Te is that of cold junction, Z is figure 

of merit and T is absolute temperature [58]. From equation (1.28) it is clear that 

the thennoelectric efficiency depends on figure of merit and hence strongly 

depends on Seebeck coefficient. 

1.4.2 Applications of thermoelectric effect. 

The main applications of thermoelectric effect arc power generation from 

waste heat, temperature sensing and eco friendly refrigeration. The power 
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generation from waste heat reduces global wanning and henee thermoelectric 

power generation technology is called green technology [57]. 

Thermoelectric modules can also be used as thermocouples for measuring 

temperature or providing the temperature-sensing element in a thermostat [58]. To 

measure temperature the thermoelectric circuit is broken so the current quits 

flowing. When the current ceases, voltage is measured by a voltmeter as shown in 

figure 1.17. The voltage generated is a function of the temperature ditTerencc and 

the materials of the two wires used. Two wires used to measure temperature in 

this manner fom1 a thermocouple. Thermoelectric modules can also be used as 

power generators [59-61]. A thermoelectric generator (figure 1.18) has a power 

cycle closely related to a heat engine cycle with electrons serving as the working 

fluid. Heat is transferred from a high temperature heat source to a hot junction 

and then rejected to a low temperature sink from the cold junction. The difference 

between the two quantities is the net electrical work produced. 

Metal B 
+ V 

Figure 1.17 Thermocouple used for measuring temperature. 

The voltage output has been increased significantly with the use of 

semiconductors instead of metal pairs. Some use n- type and p-type materials 

connected in series for greater efficiency (figure 1.19). N-typc materials are 

heavily doped to create excess electrons, while p-type materials are used to create 
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a deficiency of electrons. The couple is connected in series electrically and in 

parallel thennally then integrated into modules. The modules are placed between 

ceramic plates to offer optimum stability, electrical insulation, and thennal 

conductivity. The modules can be either mounted in parallel to increase the heat 

transfer effect or stacked to achieve high differential temperatures. 

Thermoelectric devices can also be used as refrigerators on the basis of the Peltier 

effect [59-61 ). To create a thermoelectric refrigerator (figure 1.20), heat is 

absorbed from a refrigerated space and then rejected to a warmer environment. 

The difference between these two quantities is the net electrical work that needs to 

be supplied . These refrigerators are not overly popular because they have a low 

coefficient of perfonnance. 

Figure 1.18 A simple thennoelectric generator 
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Figure 1.19 Thennoelectric generator using nand p· type materials . 

• 

Figure 1.20 A Thennoeiectric refrigerator based on the Peltier effect. 

1.5 Motivation of the work 

Manganiles which belong 10 the perovskite family are tecimologically 

important because of its colossal magneto·resistance property. The electrical 

conductivity and ferromagnetic properties of such manganites were explained in 
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tenns of the double-exchange interaction. However, recent investigations have 

shown that the double exchange alone can not explain the observed behaviour in 

these systems, suggesting strong electron-phonon coupling and the average size of 

the A and B site cations and the mismatch effect play a crucial role. Thus from 

physics point of view, low and intermediate band width manganites need much 

more attention, especially in the low temperature studies. Lanthanum ions may be 

replaced not only by divalent ions but also by others like alkali metal ions. There 

are a few reports on perovskite manganites doped with monovalent alkali-metal 

ions. The manganites recently attracted attention of scientific community because 

of multiferroic property exhibited by Ca doped rare earth manganites. Charge 

ordering plays a crucial role in the ferro-electricity. In large band width 

manganites with divalent alkaline earth cation shows charge ordering ( equal 

amounts of Mn}+ and Mn4
! ions) at doping level x = 0.5. In the case of Na doping, 

for every amount of Na twice amount of Mn)+ will be converted to Mn4+ and 

hence even a small amount of Na doping results in a large number of charge 

carriers and consequently charge ordering can be expected at x = 0.25. Thus 

charge ordering can be easily attained by low doping without distorting the crystal 

structure considerably. Again low band width manganites exhibit charge ordering 

for a wide range of doping concentration (0.3 :s x :s 0.5). Among the low doped 

manganites, literature on Gd doped manganites is scarce. Thus an investigation on 

the multi-ferroic properties of low bandwidth and intermediate bandwidth 

manganites is an interesting proposition not only from a theoretical point of view 

but also from practical consideration. 

One of the alternatives to the present day energy crisis is the so called 

green technology, in which energy production is based on Seebeck effect. Large 

Seebeck coefficient, high electrical conductivity and low thermal conductivity are 

prerequisites for materials with potential for applications. Metals are poor 

thcnnoelcctric materials because they possess small values of Secbeck coefficient. 

Insulators display large values of Seebeck coefficient, but are poor electrical 
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conductors and are not in demand. Therefore semiconductors are considered as 

ideal thermoelectric materials. From literature it is seen that SrTi03, a metal oxide 

with cubic perovskite structure, is a good thermoelectric material, while rare earth 

inter-metallic compounds, whose 4f levels are close to the Fermi energy and by 

virtue of their high density of states near the Fem1i energy, scatter most of the 

conduction electrons, are also considered to be good thermoelectric materials. So 

perovskite structured manganites with large number of atoms per unit cell, large 

average atomic mass and large coordination number per unit atom, are capable of 

displaying large Seebeck coefficient. High bandwidth manganites like La!_ 

"Sr"Mn03, though they posses large value of electrical conductivity, display very 

small values of Seebeck coefficient. However, low band width Gd based 

manganite and intermediate bandwidth Na doped manganites will be materials 

with potential for displaying a large Seebeck coefficient. Thus an investigation on 

the thcrmo electric properties of the above mentioned manganites will be in the 

right direction in order to develop thennoelectric power generators. 

Recently nano size effects on the material properties capture much 

attention among the scientific community worldwide. The increased surface to 

volume ratio may affect the magneto-resistance property, especially in the low 

temperature regime. In order to study the size effects on the transport properties of 

manganites we attempted a citrate gel synthesis for the Na doped intem1ediate 

band width manganites. Dielectric spectroscopy is used to elucidate the different 

relaxation mechanisms in the polarisation of materials. Impedance spectroscopy 

studies will help to gather information on the grain and grain boundary 

contribution of impedance, which has specific importance in the low temperature 

region. Manganites show hopping of charge carriers via double exchange and 

super exchange during their ferromagnetic and paramagnetic (or anti

ferromagnetic) phases respectively. This hopping mechanism along with the 

interfacial polarisation from grain-grain boundary interface contribute space 

charge polarisation and hence dielectric and impedance spectroscopic 
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measurements of the materials under study will shed light into the different 

polarisation mechanisms of the manganites. Hence the present investigation has 

following objectives. 

1.6 Objectives of the work 

>- Synthesis of low bandwidth manganites belonging to the series of 

Gd'_xSrxMn03 ( x = 0.3, 0.4 and 0.5) by wet solid state reaction 

method 

> Synthesis of intermediate manganites belonging to the series of 

La'_xNaxMn03 (x = 0.05, 0.1, 0.15, 0.2 and 0.25) by citrate gel 

method 

> Analysis of structural and magneto-resistance studies of Gd'_xSrx 

Mn03 

> Analysis of structural and magneto-resistance studies of 

Lal_xNaxMn03 

};- Evaluation of the thermoelectric power of the samples Gd1-xSrx 

Mn03 and Lal.xNaxMn03 

:,.. Study the electrical properties of samples Od l-xSr xMn03 and 

Lal-xNaxMn03 

>- Evaluation of dielectric parameters using dielectric spectroscopic 

studies of the manganite samples 

> Study the grain and grain boundary contribution of impedance using 

impedance spectroscopic studies of the manganite samples 

> Correlation of results 
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Chapter 2 

Experimental Techniques 

This chapter deals with the details of the experimental techniques 

employed for the synthesis and characterisation of gadolinium based manganite 

and sodium doped manganite. Brief theory supporting the experimental techniques 

and necessary schematic diagrams are also provided. Apart from magneto

resistance, magnetisation, dielectric and thermoelectric power studies, theoretical 

aspects of dielectric spectroscopy and impcdance spectroscopy are also included. 

2.1 Synthesis Techniques 

Gadolinium based manganites are prepared using wet solid state reaction 

method and sodium doped lanthanum manganites are prepared using citrate gel 

method. 

2.1.1 Wet Solid State Reaction method 

Solid state reaction method is used for the preparation of polycrystalline 

solids from a mixture of materials in the solid form [1]. Solids do not react at 

room temperature over n0TI11al time scales and it is necessary to heat them to much 

higher temperatures (1000° C to 1500° C) in order to facilitate the reaction at an 

appreciable rate. The thoroughly dried reagents taken in stoehiometric ratio are 

mixed using an agate mortar. In wet solid state reaction method a liquid medium 

of concentrated nitric acid is used for mixing. A descriptive account is provided in 

chapter 3. 

2.1.2 Citrate-gel Synthesis 

Solution combustion synthesis (SCS) is a versatile, simple and rapid 

process, which allows effective synthesis of a variety of nano-sized materials [2]. 

This process involves a self-sustained reaction in homogeneous solution of 

difkrent oxidizers like metal nitrates and fuels like mea. This process not only 



yields nanosize oxide materials but also allows unifonn (homogeneous) doping of 

trace amounts of rare-earth impurity ions in a single step. 

In the gel combustion method, the raw materials, which are usually a 

nitrate compound and a fuel, arc dissolved in water. The mixed solution is heated 

to change the sol to a high viscosity gel. Increasing temperature causes an 

exothermic combustion process. Both organic materials as a reducing agent and 

nitrates as an oxidation agent change the gel to a very grey fine and intensively 

porous substance which after calcination will yield the final product. In gel 

combustion, an oxidizing agent and a fuel as a reducing agent arc used. Control of 

the oxidant to fuel ratio should create a high heat induced from the reactions. 

Therefore, in order to use an exothennic reaction, the selection of a suitable ratio 

of oxidant to fuel is very important. A non-suitable ratio of nitrate to fuel results 

some unwanted intermediate phases or unreacted raw materials. Generally, the 

fuel should be reacted slowly and act as a complex maker of cations. Complexes 

increase the metallic cation solubility and hence prohibit preferred crystallization 

during evaporation of the primary water. Manganese nitrate, lanthanum oxide and 

sodium carbonate were used as oxidizers while Citric acid was used as fuel. 

Oxidizers and fuel were dissolved in deionized water and suitable amounts of 

dilute nitric acid and ethylene glycol were added to it. The solution is heated and 

when a critical temperature was rcached the solution boiled, frothed, turned dark 

and then ignited and caught tire to give a spongy powder. A descriptive account is 

provided in chapter 4. 

2.2 Structural Characterisation 

Structural characterisation of the prepared manganitc samples was calTied 

out using X-Ray Diffraction (XRD), Transmission Electron Microscopy (TEM) 

along with Selected Area Electron Diffraction (SAED), Scanning Electron 

Microscopy (SEM) and Atomic Absorption Microscopy (AAS). 
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2.2.1 X-Ray Diffraction Analysis 

X-ray diffraction pattern have been widely used in soiId state research as a 

primary characterisation technique for obtaining features like crystal structure, 

crystallite size, lattice constants and strain. 

In XRD a collimated beam of X -ray with a wavelength of 1 .5406A is 

incident on a specimen and is diffracted by the crystalline planes in the specimen 

according to the Bragg's law [3] 

nA, = 2dSin(J (2.1) 

where A is the wavelength of the X-ray, n IS an integer, d is the inter planar 

spacing and () is angle of diffraction. The intensity of the diffracted x-rays was 

measured and plotted as a function of diffraction angle 2(). 

Sample identification can be easily done by comparing the experimental 

pattern to that in the rCDD (International Centre for Diffraction Data) file. Except 

for single crystalline particles, the randomly oriented crystals in nanoparticIes 

cause broadening of the diffraction patterns. The effect becomes more 

pronounced, when the crystallite size is of the order of few nanometers. The 

simplest and 1110st widely used method for estimating crystallite size is from the 

Full Width at Half Maximum (FWHM) of a diffraction peak by Debye-Scherrcr 

fonnula [4]. 

D= 0.92 
peose 

(2.2) 

where 'D' is the crystaIlite size, A is the wavelength of the X-radiation, 13 is the 

angular width in radians (FWHM). Rigaku Dmax- C, X-ray Powder 

Diffractometer was used to obtain the X-ray diffraction pattern of the samples 

using Cu Ka lines. 
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2.2.2 Transmission Electron Microscopy (TEM) 

Transmission Electron Microscopy is a straight forward technique to 

detennine the size and shape of nanostructured materials as well as to obtain 

structural infonnation. In TEM electrons are accelerated to 100 keY or higher 

projected on to a thin specimen by means of a condenser lens system, and 

penetrate in to the sample [5]. TEM uses transmitted and diffracted electrons 

which generate a two dimensional projection of the sample. The principal contrast 

in this projection or image is provided by diffracted electrons. In bright field 

images the transmitted electrons generate bright regions while the diffracted 

electrons produce dark regions. In dark field image the diffracted electrons 

preferentially fonn the image. In TEM, one can switch between imaging the 

sample and viewing its diffraction pattern by changing the strength of the 

intermediate lens. The greatest advantage that TEM offers are the high 

magnification, ranging from 50 t010 6 and its ability to provide both image and 

diffraction information from a single sample. 

The high mab'1lification or resolution ofTEM is given by 

L = h 
~2mqV 

(2.3) 

where m and q are the electron mass and charge, h the Planck's constant and V is 

the potential difference through which the electrons are accelerated. 

The schematic of a transmission electron microscope is shown in figure 

(2.1). From the top down, the TEM consists of an emission source, which may be 

a tungsten filament, or a lanthanum hexabOlidc (LaB6) source. Typically a TEM 

consists of three stages of !ensing. The stages are the condenser lenscs, the 

objective lenses, and the projector lenses. The condenser lenses are responsiblc for 

primary beam fonnation, whilst the objective lenses focus the beam down onto the 

sample itself. The projector lenses are used to expand the beam onto the phosphor 

screen or other imaging device, such as film. Imaging systems in a TEM consist of 

a phosphor screen, which may be made of tine (10-100~ll11) pat1icu!ate zinc 
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sulphide, for direct obsetvation by the operator. Optionally, an image recording 

system such as film based or doped YAG screen coupled CCD's. 

. . V Illuminating SOUI-ct 

([leerron Gun) 

Objecdn Lells ..\ptrtUr~ 

r P,ojeccol'lem ~ 
('..r.~"''' 

Figure 2.1 Schematic diagram of a Transmission Electron Microscope for imaging and 

Selected Area Diffraction Pattern 

Here JOEL JEM-2200 FS TEM was used for carrying out the electron 

microscopic studies. Selected Area Electron Diffraction (SAED) pattern obtained 

along with the TEM images helped in the material characterisation to great extent. 

2.2.3 Selected Area Electron Diffraction Pattern (SAED) 

Selected area dim-action offers a unique capability to determine the crystal 

structure of individual l1allO materials and the crystal structure of the different 

parts of a sample. A small area of the specimen can be selected fi"om a high 



resolution transmission image and its electron diffraction pattern (rings or spots) 

can be produced on the screen of the microscope by making appropriate 

arrangement of the lenses of TEM. This is an optional arrangement in HRTEM. 

The arrangement for taking the diffraction pattern is shown in figure (2.1). The 

SAED allows the researcher to detennine lattice constant of the crystalline 

material which can help in species identification. Basically diffraction patterns are 

distinguishable as spot patterns resulting from single crystal diffraction zones or 

ring patterns are obtained from the randomly oriented crystal aggregates 

(polycrystallites). For nanocrystallites, the diffraction pattems will be a diffused 

ring patterns. The 'd' spacing between lattice planes can be estimated using radius 

r of the diffracted rings from the relation :tL = rd, if the camera constant :tL is 

known. The estimation of cl values enables us to describe the crystal structure of 

the crystalline specimen [6, 7]. 

2.2.4 Scanning Electron Microscopy (SEM) 

Scanning electron microscopy (SEM) is one of the most widely used 

techniques used for morphology studies and surface characterisation. It provides 

images of the morphology and microstructures of the bulk and nanostructured 

materials and devices. The resolution of SEM approaches a few nanometers and 

the instrument operates in the range of 10-30,000. SEM image is obtained by 

scanning an electron beam over the samples surface and detecting the yield of low 

energy electrons (secondary electrons) and high energy electrons (back scattered) 

according to the position of the primary beam. The secondary electrons which are 

responsible for the topological contrast provide mainly infolTIlation about the 

surface morphology. The backscattered electrons which are responsible for the 

atomic number contrast carry infonnation on the samples composition [8]. A new 

generation of SEM has emerged and is an imp0l1ant lool to characterize 

nanostructured materials. In this SEM, Field Emission Gun provides the electron 

beam and the resolution is as high as I lUll. 
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In the present study, JSM-6335 FESEM Scanning Electron Microscope 

was employed to analyse the morphology of samples. 

2.2.5 Atomic Absorption Spectroscopy (AAS) 

Atomic absorption spectroscopy was employed to detennine the 

percentage of different metal elements in the manganite samples. It is generally 

used for the detelmination of the presence of metals in samples. It also measures 

the concentration of metals in the sample. In the elemental form, metals will 

absorb ultraviolet light when they are excited with heat. Each metal has a 

characteristic wavelength that will be absorbed and consequently intensity of 

incident light changes. From the change in intensity of the light, thc absorbance 

and from the absorbance percentage of metal ions can be calculated. 

2.3 DC Conductivity and Magnetoresistance Studies 

2.3.1 DC Conductivity Measurements 

The low temperature DC conductivity of manganite sample was taken by 

cooling the sample using CTl-CRYOGENICS Model 22C cryodync cryocooler. 

This system uses helium as the refrigerant and is designed to interface with many 

kinds of apparatus that requires cryogenic temperatures. The pressure maintaincd 

in the compressor is 400 PSIG12758 kPa. The temperature was controlled using 

Lake Shore Model 321 Autotuning Temperature Controller, which has a stability 

of ±O.1 K. The pressure inside the cryocooler was maintained at 10-5mB with the 

help ofINDO VISION Vacuum Pumping System Model VPS-lOO. 

Keithlcy 236 Source Measuring Unit (SMU) was used to measure the 

source voltage and simultaneously current was also measured. This was automated 

using a data acquisition system employing Interactive Characterisation Software 

(ICS) version 3.4.1 developed by Mctrics Technology Inc. (1997). 
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Figure 2.2 Block diagram of D. C. Conductivity measuring system 
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The block diagram of the DC conductivity measuring set up used is shown 

in figure 2.2. In this set up the sample is considered as a resistor. A voltage was 

applied and the corresponding current was noted. Using Ohm's law the resistance 

was calculated. From the resistance R, the resistivity was found out using the 

expresSlOn, 

R= pi 
A 

(2.4) 

where p is the resistivity, I is the thickness of the pellet and A is the area of cross 

section of the pellet. Conductivity () is the reciprocal of resistivity. Thus de 

conductivity was calculated. 

2.3.2 Magneto Resistance Measurement 

The resistivity and magnetoresistance of the samples were measured using 

Keithley source meter and a sensitive voltmeter. A super conducting magnet was 

used for the production of large magnetic tield of the order of several tesIa. A 

detailed description of the magnetoresistance set up was given below. An insert 

for resistivity and magnetoresistance measurements is fabricated. It consists of a 

sample holder made of square OHFC copper block (12x l2x40 mm"'). On the top 

of each face of the copper block a cigarette paper is fixed with the help of GE 

varnish to electrically insulate the samples from the sample holder. Four samples 

can be loaded on each face. At the four corner of the block, copper strips are 

attached, on which PCB strips has been fixed as electrical tem1inals. From these 

terminals four uninsulated copper wires (two each for current and voltage leads) 

for each sample arc taken for electrical contacts. The electrical contacts on 

samples are made with the help of silver paste or indium solder. For temperature 

measurement, a calibrated Cernox temperature sensor (model no. CX- J 050-SD) is 

fixed on the sample holder with the help of GE7031 vamish. The sensor has been 

calibrated with respect to a calibrated Cernox temperature sensor purchased from 

Lakeshore Cryogenics. A pair-wise twisted manganlll wire is wounded around 
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both the ends of copper block as a heater for homogeneous heating. This copper 

block is connected to about one meter long SS tube of diameter 10mm. On the SS 

tube, ten equally spaced copper baffles of thickness Imm and diameter 36mm 

were brazed. These baffles act as a radiation shield and also utilize the enthalpy of 

outgoing He gas for efficient cooling. The copper wires of SWG 44 (0.081 mm 

diameter) are used as electrical leads from sample and temperature sensor to the 

room temperature cnd of the insert. For the sample holder heater, SWG 34 (0.234 

mm diameter) copper wire is used. The voltage leads as well as current leads are 

pair-wise twisted separately, for each sample holder. Since large numbers of 

copper wire are coming from room temperature to the sample holder, it may 

prevent to achieve the lowest temperature. Therefore careful thermal anchoring 

has been done to overcome this problem. 

In this insert sixteen samples can be loaded at a time. It can be used for 

resistivity measurements in the absence of a magnetic field in the temperature 

range 1.5 K - 300 K, with the gencral-purpose variable temperature insert. For in

field measurements same resistivity insert is used with the magnet system, which 

provides a magnetic field up to 100 kOe and temperature variation J.5 K to 300 K. 

The samples are fixed on sample holder with the help of GE varnish. Silver paint 

is used for making electrical contacts. In some cases indium contacts are also 

used. After making the contact the insert is placed inside the cryostat (VTI or 

Magnet system) for resistivity and magneto resistance measurements. 

Lakeshore temperature controller (DRC-93CA) is used for measuring and 

controlling the temperature of the sample holder. For selecting the different 

samples Keithley Switching System (model 7002) is used. A nanovolt scanner 

card (model 7168) is used for switching between the voltage leads of different 

samples and a general-purpose scanner card (model 7056) for switching between 

the current leads. Keithley source meter (model 2400) is used for sending the 

current through current !cads, and the voltage across the voltage leads is measured 
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by Keithley sensitive digital voltmeter (model 182). The automation program is 

written in Quick Basic. A PC (HP486) is used for controlling and automated data 

collection using IEEE-488 interface. The measurement is started by controlling 

the temperature of interest using Lakeshore temperature controller. Once the 

temperature is controlled the scanner selects a particular sample. Then a specified 

current is passed through the sample and voltage is measured across the voltage 

leads. After that the current direction is reversed and voltage is measured again. It 

cancels the otT set voltage generated due to thermo emf, which is independent of 

the current direction. The process is repeated few times to improve the accuracy of 

the measurement. After that the scanner selects the next sample for measurement 

and repeats the process. Since one nanovolt scanner card can scan voltage of only 

eight samples, it is possible to carry out the measurements of a maximum eight 

samples at a time. Once the measurements of all the samples are completed, the 

temperature controller sets the next temperature. The process of measurement is 

repeated after achicving the required temperature stability. The collected data is 

plottcd as resistance versus temperature. 

The resistivity (p) is determined from the measured resistance (R) from 

the equation (2.4) 

Where, A is the area perpendicular to current direction and ·e is the 

distance between the voltage leads. 

The magnetoresistancc (l'1p/p), which is defined as 

~p _ p(H,T)- p(O, T) 

p p(O, T) 
(2.5) 



can be measured in two different modes; (i) Magnetoresistance as a function of 

temperature at constant magnetic field, which is obtained from the measured 

resistance as a function of temperature in zero field and in presence of constant 

magnetic field. (ii) Magnetoresistance as a function of magnetic field at constant 

temperature can be obtained by measuring the resistance at various magnetic 

fields at that temperature. If the magnetic field is parallel to the current direction it 

is known as the longitudinal magnetoresistance and if it is perpendicular to the 

current direction it is known as the transverse magneto resistance. The 

magnetoresistance data presented m this thesis IS the longitudinal 

magnetoresistance. 

2.4 Dielectric and Impedance measurements 

2.4.1 Dielectric Measurements 

The samples for dielectric measurement were pressed by applying a 

pressure of 5 tones to get compact circular pellets with dimensions 12 mm in 

diameter and approximately 0.5 mm to 2 mm in thickness. The LCR meter is 

compactablc with such dimension of the pellets. 

The capacitance, loss factor, dielectric constant and ac conductivity were 

measured with frequency ranging from 100 kHz to 8 MHz. This was repeated at 

different temperature from 145 K to 300K in steps of 5K. The sample temperature 

is controlled by a temperature controller and the temperature on the sample is 

sensed by an lron-Constantan (Fe-K) thermocouple on the sample. The schematic 

design of the cell employed for the electrical measurements is given in figure 

(2.3). 

The cell is made up of mild steel with a cylindrical stem having provisions 

for tixing various attachments such as electrical connections and vacuum gauges. 

The cell is connected to a rotary pump to maintain a pressure of 10.2 Torr inside 

the chamber. The inner diameter of the cell is about 18 cm, and has a length of 30 

cm. The sample holder is fixed at the bottom of a one-cnd closed metallic tube. 
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For the electrical conductivity and dielectric measurements, pellets are mounted 

on the sample holder which consists of two copper disc electrodes in between 

which the pelletized samples are loaded. The sample holder can be heated using a 

temperature-controlled heater. The dielectric permittivity measurements of the 

samples at different frequencies from 100 kHz to 8MHz were carried out by a 

Hewlett Packard 4285 A LCR meter which is automated and controlled by a 

virtual instrumentation package called LabVIEW. The temperature variation 

studies were also carried out. 
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Figure 2.3 Schematic diagram of cell for the dielectric and conductivity 

measu rl:ments 



The dielectric constant of the sample can be calculated using the equation, 

Cd 
er == eo A 

(2.6) 

where d is the thickness of the pellet, C is the capacitance measured by LCR 

meter, A is the area of sandwiched structure and eo is the absolute permittivity of 

air. 

The theory involved for the evaluation of ac conductivity from dielectric 

constant values may be briefed as follows. Any capacitor when charged under an 

ac voltage will have a loss current due to ohmic resistance or impedance by heat 

absorption. 

For a parallel plate capacitor of area of cross section A and separation d, the 

ac conductivity is given by the relation 

J 
(Jac = E (2.7) 

Hen; J is the current density and E is the field density. But we know that the 

electric field vector 

D 
E==

e 
(2.8) 

whcre D is the displacement vector of the dipole charges, e is the complex 

permittivity of the material. Also the electric field intensity (E) for a parallel plate 

capacitor is the ratio of potential difference between the plates of the capacitor and 

the inter plate distance. 

V 
E==

d 
(2.9) 

where V is the potential difference between the plates of the capacitor, d is the 

inter plate distance. 
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Since the current density J = dq and q is given by Q = Vs, where Q is the charge 
dt A d 

in coulombs due to a potential difference of V volts between two plates of the 

capacitor. 

& dV & 
.J::::: --::::: -Yjm 

d dt d 
(2.10) 

Substituting for E and J from the equations (2.9) and (2.10) we get 

J . 
(J'ac::::: E::::: 1:.)(0 (2.11 ) 

Considering c: as a complex entity of the fonn E' :;,: (E:. - jd and neglecting the 

imaginary term in the conductivity we can write 

(J'(1C ::::: u)& (2.12) 

But the loss t~\ctor or dissipation factor in any dielectric is given by the relation 

(2.13) 

I-Icnce from the dielectric loss and dielectric constant, ac conductivity of these 

samples can be evaluated using the relation 

(2.14) 

where f is the frequency of the applied field and tanD is the loss factor [9]. 

The ac electrical conductivity of powder samples was calculated utilizing 

the dielectric paramcters by using the equation (2.14). After obtaining capacitance 
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and dielectric loss from the instrument, Lab VIEW software first calculates the 

dielectric constant and then evaluates the ac conductivity. 

2.4.2 Dielectric spectroscopy (Cole-Cole Plot) 

In order to study the dielectric behaviour, it is customary to plot E',c·· or 

tanS against frequency. A more convenient method is the Argand diagram or 

complex locus diagram in which the imaginary part of the complex dielectric 

constant is plotted against the real part at the same frequency. Kenneth S. Cole and 

Robert H. Cole applied this method to dielectric and hence it is often called Cole

Cole plot [10 - 13]. 

[; 

Figure 2.4 Cote-CoIe Plot 

For a dielectric with single relaxation time, the Cole-Cole plot is a 

semicircle with its center on the real axis and intercepts at e () and £", on this axis. 

From the figure, we can write 

U+V=8, -Ea (2.15) 

where the quantities It, v considered as vectors JIl the complex plane are 

perpendicular, their vector sum being the constant real quantity (El' - Er). The right 

angle included by these vectors is therefore inscribed in a semicircle of diameter 



(Es - EO» as shown in the figure (2.4). This semicircle is then the locus of the 

dielectric constant as co varies from 0 to 00. 

But, (2.16) 

and therefore, 

u + v = (&" * - &"(0)(1 + j (UT) (2.17) 

Many materials, particularly long chain molecules and polymers shows a 

broader dispersion curve and lower maximum loss than would be expected from 

the Oebye's relationship. K.S CoJe and R.H Cole suggested that in this case the 

pern1ittivity might follow the empirical relation, 

(2.18) 

where TII is the average relaxation time and a is the spreading factor (0 :'S a :'S I) of 

actual relaxation time Tabout its mean value To. 

For a = 0 the above equation reduces to Debye's equation. The centcr of 

the circular arc lies below the real axis and when a = 0 the above expressions 

become consistent with Dcbye's model. From the expression for c", it is clear that 

at (()=1Ir, it becomes maximum and the value is given by 

(2.19) 

From the Cole-Cole plot, the dispersion parameters like static dielectric 

pennitti vity, optical dielectric pennittivity and spreading factor . a' can he 

evaluated [14]. 

Using the dielectric values obtained from the LCR meter measurement, 

the Cole- Co le plots of the samples were drawn and using a non linear least square 

fitting program (C-Ianguage) the different dispersion parameters were evaluated. 
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2.4.3 Impedance Spectroscopy 

Impedance spectroscopy is a powerful method of characterizing many of 

the electrical properties of materials and their interfaces with electronically 

conducting electrodes. It may be used to investigate the dynamics of bound or 

mobile charges in the bulk or interfacial regions of any kind of soild or liquid 

material; ionic semiconducbng, mixed electronic-ionic, and even dielectrics. The 

common approach is to measure Z directly in the frequency domain by applying 

an ac voltage and measuring the phase shift and amplitude, or real and imaginary 

parts of the resulting current at the corresponding frequencies. 

The concept of electrical impedance was introduced by Oliver Heaviside 

1D 1880 and was soon after developed in terms of vector diagrams and complex 

representation by C P Steinmetz. In the case of ideal resistors, the opposition is 

independent of frequency of the applied voltage. But in real situations the 

opposition depends on the frequency of the applied voltage and this opposition is 

called impedance. The impedance of the system Z( (U), is defined as the ratio of 

the applied voltage, in the frequency domain, v( (0) ) to the measured current i( (J) ). 

Z(w) = v(w)ji(w) 

It is a complex quantity and is given by 

z· (w) = Z' + iZ" 

(2.20) 

(2.21) 

where Z' is the real component and Z" is the imaginary component. The real and 

imaginary components are given by the rectangular coordinates 

Z' = Z cos<p 

Z" = Z sin<p 

with the phase angle <p and modulus IZ! given by 

<p = tan- 1 [~,'J 

and IZl = .j (Z')2 + (Z")2 

(2.22) 

(2.23) 

(2.24) 



The phase angle is measured by comparing the ratio of potential and current wave 

forms. Impedance data is typically represented in two types of plots namely 

Nyquist or Argand plot and Bode plot. The Nyquist plot is a graphical portrayal of 

complex numbers in the Argand plane; where the X-axis represents the real part 

and the Y-axis represents the imaginary part of the complex number. In the case of 

plotting impedance data, the positive Y-axis conventionally represents the 

negative imaginary portion of the impedance and there is a complex impedance 

point for every frequency at which the impedance was measured, creating a plot 

with impedance features. The Nyquist plot will give a semicircle or a set of 

semicircles depending on the different contributions to impedance. The Bode plot 

consists of two graphs: one with the phase of the admittance (the ncgative phase of 

the impedance) on the Y-axis and the logarithmic frequency on the X-axis, the 

other with the logarithm of the magnitude of the impedance on the Yaxis and the 

logarithmic frequency on thc X-axis. 

Equivalent circuits are traditionally used to model AC impedance data 

[15-17]. An equivalent circuit is an electrical circuit with the same impedance 

spectrum as the experimental data. The values and arrangemcnt of the circuit 

elements ideally represent physical properties or phenomena, Changes in the 

values of circuit elements can help in understanding system response. The 

complex non linear least squares (CNLS) method is one of the most common 

approaches for modeling impedance data. This is partially due to commercial 

fitting programs like Z plot and LEYM which use the CNLS method. CNLS is 

used to fit the real and imaginary parts or the magnitude and phase of 

experimental impedance or admittance data to an equivalent circuit or a rational 

function. It is a convenient method for fitting data to functions or circuits with 

many free parameters. The primary concems with CNLS are its sensitivity to 

initial parameters, the correct choice of the number of free parameters, and the 

possibility of convergence to a local minimum. The choice of minimization 

algorithm is also an imp0l1ant consideration. 
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Applications of impedance spectroscopy 

It is used in the characterisation of ceramic materials. In polycrystalline 

solids, transport properties are strongly affected by microstructure, and impedance 

spectra usually contain features that can be dircctly related to microstructure. 

Polycrystalline materials usually have less than theoretical density and disoriented 

grains. In the simplest case, these effects would lead to purely geometric 

reductions in the conductivity with respect to the single crystal. In addition, 

impurities may be present as a secondary phase at the grain boundaries. The grain 

boundary resistance can be calculated using impedance spectroscopy. It is used in 

the design of solid state devices like Elecrolyte - Insulator - Semiconductor (EIS) 

Sensor, Solid state batteries, photoelectrochemical solar cells etc. It is used to 

determine the optimum electrode material and preparation procedures for these 

devices. It is also used to find the corrosion rate of materials [18]. 

Using an HP 4192A impedance meter, the real and imaginary impedance 

of the samples were measured at different frequencies (lOO Hz to 6 MHz) in the 

temperature range 305 K - 345 K. Using the measured real and imaginary 

values, impedance spectrum were drawn and bulk impedance, bulk capacitance 

and relaxation time were evaluated. 

2.5 Magnetic Characterisation 

Magnetic characterisation of the manganite samples has been carried out 

using vibratining sample magnetometer (model EG & G Par 4500). 

2.5.1 Vibrating Sample Magnetomcter (VSM) 

A vibrating sample magnetometer (YSM) operntes on 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 us information about the 

changing magnetic field. 1\ VSM is used to measure the magnetic properties of 



magnetic materials. Using VSM the hysteresis loop parameters namely saturation 

magnetisation (Ms), coercive field (He), remanence (Mr) and squareness ratio 

(M/Ms) can be derived. The schematic of a vibrating sample magnetometer is 

given in the figure 2.5. 

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 magnetisation. 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 into 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 pick up 

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

the magnetisation of the sample. The greater the magnetisation, the greater is the 

induced CUlTent. The induction current is amplified by a trans-impedence amplifier 

and a lock-in amplifier. The various components are interfaced via a computer. 

Controlling and monitoring software, the system can tell how much the sample is 

magnetized and how magnetisation 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 magnetisation versus 

magnetic field strength is generated. 
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Figure 2,5 Schematic diagram of Vibrating Sample Magnel0meter 

The dipole moment is induced in the sample when it is placed in a 

unifonn magnetic field M, Then the amount of magnetic fl ux linked to the coil 

placed in the vicinity of this magnetic field is given by 

(2 .25) 

where ' !Jo' is the penneabi lity of free space, ' n' the number of (urns per unit 

length of coil and cc represents the geometric moment decided by position of 

moment with respect to coil as well as shape of coil. 
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Anhannonic oscillator of the type, 

Z = Zo + Aexp(jcut) (2.26) 

induces an emf in the stationary detection coil. The induced emf is given by 

drp . M' A(oa) fat V = - - = - } OJj1 n ./1 - e 
dt 0 oz (2.27) 

If amplitude of vibration (A), frequency OJ and oa are constant over the 
oz 

sample zone then induced voltage is proportional to the magnetic moment of the 

sample. A cryogenic setup attached to the sample pennits low temperature 

measurements. This is the basic idea behind VSM [19-21]. 

2.5.2 Field Cooled and Zero Field Cooled Measurements 

Zero Field Cooled (ZFC) measurements provide a means of investigating 

various magnetic interactions. First a sample is cooled to liquid helium 

temperatures under zero applied magnetic fields. Then small unifonn external 

filed is applied and the net magnetisation is measured while heating the sample at 

a constant rate. For small magnetic particles, this curve has a characteristics shape. 

As the particle cools in a zero applied magnetic field, they will tend to magnetise 

along the preferred crystal directions in the lattice, thus minimizing the magneto

crystalline energy. Since the orientation of each crystallite varies, the net moment 

of the system will be zero. Even when a small external field is applied the 

moments will remain locked into the preferred crystal directions, as seen in the 

low temperature portion of the ZFC curve. As the temperature increases more 

thennal energy is available to disturb the system. Therefore more moments will 

align with the external field direction in order to minimize the Zeeman energy 

tenn. In other words, thennal vibration is providing the activation energy required 

for the Zeeman interaction. Eventually the net moment of the system reaches a 

maximum where the greatest population of moments has aligned with the external 

field. The peak temperature is called blocking temperature T 13 which depends on 
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particle volume. As temperature rises above TB, thennal vibrations become strong 

enough to overcome the Zeeman interaction and thus randomize the moments 

[22]. 

Field cooled measurements proceed in a similar manner to ZFC except 

that the constant external field is applied while cooling and heating. The net 

moment is usually measured while heating. However, the FC curve will diverge 

from the ZFC curve at a point near the blocking temperature. This divergence 

occurs because the 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. Thelmal Remnant Magnetisation (TRM) curves 

are obtained by cooling field to the measurement start temperature. The field is 

then removed and the magnetisation is recorded as a function of temperature while 

the sample is heated. It is important to note that ZFC, FC and TRM arc non 

equilibrium measurements [23]. Care must be taken to ensure the same heating 

rate during the measurements in order to compare the measurements of different 

samples. 

In the present investigation, FC-ZFC modes of the VSM were employed 

for the measurements. In the ZFC mode, the sample was cooled in the absence of 

a field and the magnetisation was measured during warming, by applying a 

nominal field of 50 Oe, 100 Qe and 200 Qe. In the re mode, the sample was 

cooled in presence of a field and the magnetisation was mcasured during warming, 

under the same field values as mentioned in the ZFC mode. 

2.6 Thermoelectric power measurements 

The Seebeck coefficient (thermoelectlic power) of the manganite samples 

was measured by differential method. In this method, one end of the sample is 

heated to have a small temperature gradient ~ T across the sample. The thermo -

emf ~ V is measured across the sample against a reference (refil) material by 

making Cl rern-sample-refn thennocouple. Thcn thennoclcctric power (S) of the 
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sample is calculated as Ssample = S rern - Smeasured, where Smeasured is AV I AT. The 

precision and accuracy of the thermoelectric power rely on how precise and 

accurate the A V and !iT are. Proper electrical contact between the sample and the 

refn is needed to measure voltages precisely. Hence the wires of refn are spot 

welded to the samples. One end of the sample is clamped to the cold head. A 

senser and a heater are mOWlted on the other end of the sample. Simplifications 

have been introduced by several means for an easy and faster sample mounting 

such as sandwich method [24, 25]. Very low temperature is obtained by using a 

cooling power system 4 K close cyele refrigerator. Using a controller of the type 

DRC - 93C from Lakeshore Cryotronics, temperature difference is control1ed so 

as to produce constant thermo electric voltage by the thermocouple. The accuracy 

of the control is better than 1).l V. This corresponds to 45 mK at 300 K and to 100 

mK below 10 K for chromel - AuFe (0.07%). All the wirings running from the 

room temperature are anchored and tenninated at a f1exible printed circuit board 

(peB) mounted on the cold finger. Wires from the setup are soldered on the peB 

at respecti ve places. The length and diameter of the wires are optimised in order to 

minimise excess heat leak. Wires of diameter less than 120 ~lln with a minimum of 

10 cm length are used. The emf developed across the thennocouple is measured 

precisely using a Keithley nano voltmeter and a scanner system. 
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Chapter 3 

Investigation on the Magnetoeiectric Transport 
Properties of Gadolinium Based Manganites 

3.1 Introduction 

Manganites and Cobaltites belong to the perovskite class of materials. 

They exhibit interesting magnetic, electrical and structural properties. These class 

of materials have been in the forefront of material research for three decades or so. 

Among them, manganitcs occupy a special position because of its application 

potential as catalysts, as electrode materials and in various other applications like 

bolometer etc. [1 - 4]. Since the discovery of CMR in manganites research on 

these class of materials is on the rise. They exhibit simultaneous phase transitions 

namely from felTomagnetic to paramagnetic and metal to insulator. They also 

display electronic and structural peculiarities including orbital and charge 

ordering, formation of local moments and Jahn Teller distortions [5, 6]. Such 

richness combined with their relatively simple structure make them ideal for 

investigating the general principles that govern these properties. 

Charge ordering has a prominent role in the transport properties of 

manganites. Charge ordered state exists for a wide doping range for low 

bandwidth manganites. Metal to insulator (M-I) transition is observed in the case 

of Lanthanum (high and intermediate bandwidth) manganites at near room 

temperatures. However manganites doped with smaller rare earth ions like Gd, Pr 

(low bandwidth manganites) exhibited metal insulator transition only at very low 

temperatures [3, 7]. At the same time when the M-I transition is attained for low 

average radius A-site cation perovskites, higher mab'11etoresistance ratio is 

obtained. This makes rare earth based manganites very attractive for further 

investigation. Relatively, fewer studies are reported on perovskitcs based on heavy 



rare earths. This is because it was presumed that smaller radius cation in the A site 

does not result in M-I transition at near room temperature. Reports on heavy rare 

earth doped manganite are scarce in literature. Compositions x=O.3 to 0.7 exhibit 

charge ordering and hence was chosen for magnetoresistance study. 

The evaluation of conducting properties in the paramagnetic regime will 

help probe the mechanism of conduction in these compounds. The conduction 

mechanism in the paramagnetic phase is a matter of controversy as different 

schools of thought propose different models for conduction. For example, data on 

certain compounds were fitted with purely activated law by R. M. Kusters et al., 

G. C. Xiong et al. and M. F. Hundley et al. [8 -10]. While some authors proposed 

small polaron hopping conduction mechanism (SPH) over an extended 

temperature ranges [11-15]. At the same time N. F. Mott and E. A. Davies used 

the Variable Range Hopping mechanism (VRH) for the whole temperature range 

[16, 17]. The electrical conductivity studies in the low temperature regime will 

enable to propose a plausible mechanism for conduction in manganites. This 

chapter deals with the structural, dc conductivity, magnetisation and 

magnetoresistance studies of Gdl_xSrxMn03 (x=0.3, x=OA and x=O.5), which was 

prepared by wet solid state reaction method. 

3.2 Sample preparation and structural characterization 

Gdl_xSrxMn03 (x=OJ, x==OA and x=O.5) samples are prepared using wet 

solid state reaction method. Stochiometric amounts of Gd20 3, srCo3 and Mn02 

were mixed in concentrated nitric acid. The solution was heated, boiling off the 

excess nitric acid. This precursor was calcinated in air at 900°C overnight. The 

remaining black powder was pressed into pellets and sintered at 1200°C in air for 

3 days [7, 18]. The sample was analyzed by means of X-Ray Powder 

Diffractometer (Rigaku Dmax - C) using Cu-Ka radiation (A, = 1.5414A). The X

ray diffraction pattern of the samples is shown in figure 3.1. From the XRD 

pattern it is clear that the sample Gdo.sSro.sMn03 is single phasic with an 
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orthorhombically distorted perovski le structure. The scanning electron microscopy 

sllldies were carri ed out usi ng a field emission scanning electron microscopl! JSM 

6335 FESE M al 50 kV. The SEM pictures ofGSMO sample are shown as figures 

3.2(a) to 3.2(c). The SEM images indi cate that the size of particles is in the micron 

regime. From atomic absorption spec troscopy (AAS) and energy di spersive 

Spl!Clroscopy (EDS), the slochiometry of th e elements in the sample was eva luated 

and is in good agreemenl wi th theoretica l values. 
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3.3 D. C Conductivity and Magnetisation Studies of GSMO samples 

3.3.1 D. C Conductivity studies 

The low temperature dc conductivity measurements of the GSMO 

samples \\"ere carried out by using source measuring unit (Keithley 236) and by 

cooling the sample lIsing CTI-CRYOGENICS Model 22(' cryodyne cryocooler, in 

a temperature range of 20K - 300K. This system uses helium as the refrigerant 

and can be intertllced \vith many instruments that require cryogenic temperatures. 

The pressure maintained in the compressor is 400 PSIG i275X kPa. The 

temperature was controlled Llsing Lake Shore Model 321 auto tuning temperature 

controller, which has a stability of ±O.I K. The pressure inside the cryo cookr was 

maintained al 1 ()"m8 \vith the help of INDO VISION vacuum Pumping System 

Mode! VPS-IOO. The de wndueti\'ity system is fully automated by usmg 

proprietary software called res, 

The temperature \'ariation of resistivity for the GSMO samples IS depicted 

In jigurc 3.3. From the tigure it is clear that all the three compositions show 

insulating nature in the measured temperature range, But careful observation 

re\'eals a slope change near 40 K. whieh is an indication of metal insulator 

transition. The behaviour is common to low band width manganites. and a very 

high magnetic field is needed to make a metal insulator transition (7]. The 

variation of resistivity with composition is in accordance with double exchange 

(DE) mechanism. According to DE mechanism the hopping amplitude is 

maximum when the value of Mn~ IMn 1 ratio is 0.5. The hopping amplitude is 

optimum !()r the doping x =- 1/3. As amount of strontium doping increases. more 

Mn~- ions are produced and hence the Mn~ ,'Mn\ ratio recedes a\vay from the 

optimum O.S value and consequently resistivity valuc decreases. 
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Figure 3.3 Temperature variation of resistivity with temperature ofGdI_xSrxMnOJ (x=O.3, 

x=O.4 and x=O.S) 

The exact conduction mechanism in the paramagnetic phase of the GSMO 

samples can be ascertianed by analyzing the resistivity data with equations of 

different conduction mechanisms. In paramagnetic insulating regime, mainly three 

types of mechanism have been found to be ruling the conduction process in these 

compounds. They are (1) thermal activation or band gap model, (2) variable range 

hopping model (VRH) and (3) small poloron hopping model (SPH)_ Band gap 

model is widely employed in most of the semiconductors and insulators [8 - 10]. 

There is an energy gap between conduction band and valence band. If the thermal 

energy is sufficient to overcome the band gap the electron becomes free to 

conduct. The expression for resistivity can be written in the following form 

(3.1 ) 

where T is the absolute temperature, Po is the value of resistivity at infinite 

temperature, EA is the activation energy and kB is the Boltzmann's constant. From 

equation (3.1) it is clear that the resistivity data should exhibit AtThcnius 

temperature dependence (i.e. straight line behaviour betwccn log p and I IT). The 

vmiation of log r with reciprocal of temperature for the three GSMO samples in 
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the temperature range 50K - 300K (the resistivity data below 50K is avoided to 

make sure that the region is purely paramagnetic) is given in figure 3.4. 
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Figure 3.4 Temperature variation of resistivity with reciprocal temperature of 

However from figure 3.4, it is clear that all the variations are non linear and hence 

we conclude that the band gap model is insufficient to explain the conduction 

process in these class of material. The second possibility is small polaron hopping 

model (SPH) [I 1-15]. In the case of small poiarons (deeply trapped electrons), the 

thenna! energy is not sufficient to overcome the deep potential well and to hop out 

of its site. Then the hopping is possible by a multiphonon assisted process (19]. 

That is, the electron is activated to an intermediate state first, which is still a 

localized state with higher energy. Then the thermal energy acquired from the 

second phonon is sufficient for hoping out from the intem1ediate state to its 

nearest neighbour. The expression for resistivity is 

(3.2) 

where T is absolute temperature and EA is activation energy and A is a constant. 

The value of A is given by 
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(3.3) 

where N is the number of ion sites per unit volume, R average inter site spacing, c 

is the fraction of sites occupied by polaron, a is the electron wave function decay 

constant, v""is optical phonon frequency and k13 is the Boltzmann's constant. 

Further, in order to check whether the conduction process obeys spn a graph is 

plotted with log (p IT) on the Y-axis and liT on the X-axis (figure 3.5). The graph 

is linear at the high temperature side but there is deviation from linearity at the 

low temperature side. So it can be concluded that SPH model alone can not 

account for the conduction process. 
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Figure 3.5 Temperature variation of log (pIT) with reciprocal temperature of 

Gdt_xSrxMnO} (x=O.3, x=O.4 and x=O.5) 

Now the next altcmative is to check whether the VRH model can be 

applied to account for the observcd conduction process. According to the variable 

range hopping (VRH) model [20-25] if the ekctron is not deeply trapped (that is Cl 

large po]aroll) it can hop [rom one site to another with phonon assistance. At low 
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temperature the thermal energy is not sufficient to allow electrons to hop to their 

nearest neighbours, but the possibility to hop further to find a site with a smaller 

potential difference exists. Since the hopping range is variable, it is called variable 

range hopping. In three dimensional VRH model, resistivity can be expressed as 

P = Po exp(To /T)tl4 (3.4) 

Here the straight line behaviour is between log p and TII4. The constant To is 

given by 

(3.5) 

where a is the electron wave function decay constant, N (Et) density of states at 

Fermi level and kB is Bo)tzmann's constant. VRH theory was developed to explain 

electron transport in doped semiconductors. There is a competition between the 

potential difference and electron hopping distance [16, 17]. That is reflected in the 

expression for hopping rate to a site at a distance R, with higher energy L\.E than 

the origin. 

y = Yo exp( -2aR -!:1E / kBT) (3.6) 

For tIllS VRH model the graph plotted between log p and T!!4 should be a 

straight line. From figure 3.6, it is clear that there is a linear behaviour in the 

temperature range 50K - 170K. Thus for a wide temperature range the conduction 

mechanism in the paramagnetic phase of the material obeys VRH. Above 170K 

the conduction is SPH assisted. This could be verified by plotting a hJfaph between 

log (p IT) and lIT, above 170K [figure 3.7(a)] and log p vs '["1/4 in the 

temperature mngc 40K - 170K [figure 3.7(b)]. From the figure it is clear that the 

two variations are straight lines. Sayani Bhattacharya et a!. reported the same 
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behaviour for manganite Lal_xCax_yNayMn03 [26] and Mollah et a1. reported the 

same for manganite PrO.65Cao.35-xSrxMn03 [27]. 
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3.3.2 Magnetisation studies 

In order to understand the metal insulator transition in manganites in the 

scenario of double exchange mechanism the magnetisation studies of the samples 

are necessary. The magnetisation studies of the GSMO samples were carried out 

using vibration sample magneto meter (model EG & G Par 4500) in the 

temperature range 10K - 300K. The magnetisation curves FC and ZFC for 

Gdo.sSro.sMn03 at two different magnetic fields [(a) 50 Oe and (b) 200 Oc} are 

presented in figure 3.8. 
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Figure 3,8 Temperature variations ofmagnetisatioll ofGdosSru.5MnQ)at (a) 50 Qe 

Gdo.sSro.sMnQ3 at different temperatures (b) 200 Qe. 

As temperature decreases from room temperature the magnetisation 

increases showing a transition from paramagnetic to ferrOmab'11etic. But at very 

low temperatures the sample shows an irreversible thennomagnetisation process. 

Under a magnetic field of 50 Oe the splitting between ZFC and FC magnetisation 

is observed at 125 K and when the field is increased to 200 Oe, the splitting 

becomes narrower and the splitting temperature (TifT) shifts to 70 K. This splitting 

is one of the characteristics of spin glass like behaviour and the shift in the 

splitting temperature with different magnetic fields is a consequence of the 

balance between the competing magnetic and thennal energies. These results 

suggest that this compound is in a spin glass like state at temperatures lower than 
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TilT' This spin glass like behaviour was already reported in Gdo.sSro.sMn03 by 

Garcia-Landa et al. [7]. 

Figure 3.9 shows the field dependence of magnetisation up to 3 T of 

Gdo.5Sro.5Mn03 at different temperatures. It is found that at temperatures lower 

than TifT (at 10 K and 40 K); the low tleld region of magnetisation becomes a 

nonlinear function of field and also displays hysterisis. This feature is also 

characteristic of a mab'11etic ordering and is consistent with that of the results of 

Terai et al. [28] in Gdo.sSro.5Mn03' From temperature dependent mab'11etisation 

curves (figure 3.10) for the other two compositions (Gdo6Sr04Mn03 and 

GdO.7SroJMn03) it is evident that a paramagnetic to spin glass like transition 

occurs for Gd\.xSr,MnOI (x=O.3, x=O.4 and x=0.5) at low temperatures. The 

magnetic transition at low temperature causes metal insulator transition via double 

exchange mechanism. 
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Figure 3.9 Hysteresis curves of GdosSro.sMn03 at different temperatures 
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3.4 MR studies of GSMO 

Magneto-resistance studies for the samples Gdl _xSrxMn03 (,,=0.3, x=O.4 

and x=O.5) were done by taking resistivity measurements with a standard four 

probe technique, using Kiethley source meter and sensiti ve voltmeter. A detailed 

description of the MR experimental set up was given in chapler 2. The resistivity 

measurements were carried out in zero magnetic field and in applied fields of 1 T, 

ST and 8 T. The resistivity variations with applied field are shown in the figure 

3.11. The external field causes a reduction of the resistivity in the entire 

temperature range for all the compositions indicating the colossal 

magnetoresistance (CMR) property of the manganite samples. TIle metal insulator 

(M-I) transition is obtained with the appl ication of high magnetic fi led (ST) for the 

sample Gdo.7SrO.3MnOJ. For the other two compositions the M-I transition could 

not be obtained even for 8T field. This is because of their increased resistivity at 

low temperatures (> 106 .n Cm) is out of the range oflhe measuring MR set up and 

therefore undergone cutoff at low temperatures. The comparative reduction in 

resistivity fo r the sample Gdo.7S ro.JMnOl is due to the closeness of Mn4+lMn3"+ 
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ratio to the optimum value for double exchange mechanism. Because of the 

reduced resistivity, a metal insulator transition (MIT) by the application of 8T 

field could be observed in the case of Gdo.7Sro.3Mn03. Thus charge ordered 

manganites show MIT only with the application of very high magnetic field. 

MR of the GSMO samples was calculated using the equation (1.1). The 

MR measurements of all the GSMO samples had been undertaken in the 

temperature range 80K-300 K and the variation of MR with temperature is shown 

in the figure 3.12. 
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From the figure it is clear that all the samples show a linear increase of 

MR% with decrease in temperature. The observance of MR% peak near the 

transition temperature was prohibited by the limitation of the measuring device 

beyond 106 
.Q Cm. The figure 3.13 shows the variation of MR with applied 

magnetic field. With applied field the MR% increases for all the compositions, 

due to the large suppression of magnetic tluctuation caused by the high magnetic 

field. The MR% is more in the case of GSMO with x=O.3. This is due to the 

f' M 4'/M 3', h . closeness 0 11 n ratIO to t e optimum value for double exchange 

mechanism. 

3.5 Conclusion 

GSMO samples Gdl-xSrxMn03 [x=O.3, x=OA and x=O.5] were prepared using 

wet solid state reaction method. The particles were found to have 

orthorhombically distorted perovskite structure. In the absence of magnetic field 

no metal insulator transition is exhibited by all the GSMO samples, which is a 

common feature in the case of low bandwidth manganites. But a slope change near 

40 K is an indication of metal insulator transition associated with magnetic 

transition. The resistivity value increases with Sr doping. This can be explained by 

double exchange mechanism. The temperature variation of magnetisation 

indicates that there is a transition from paramagnetic state to magnetically ordered 

state like spin glass state near 40K. The coincidence of two transition temperatures 

near 40 K is an indication of hopping due to double exchange mechanism in low 

band width manganites. The conduction mechanism in the paramagnetic phase of 

the sample is variable range hopping (VRH) at low temperature followed by small 

polaron hopping (SPH) at high temperature. Magneto resistance studies reveal that 

the low bandwidth manganite exhibits colossal magnetoresistance property. The 

MR percentage increases with increase of applied field and decrease of 

temperature. 
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Chapter 4 

Studies on the Magnetoelectric Transport 
Properties of Sodium Doped Lanthanum 
Manganites 

4.1 Introduction 

Manganites arc technologically important materials because of their 

colossal magneto-resistance property [1 J. High value of magneto resistance 

produced by applying small magnetic field in or near room temperature makes 

them valuable in applications. From a fundamental point of view the interplay of 

various factors that influence the electrical transport properties assume 

significance. A variety of parameters like charge ordering, orbital coupling, 

magnetic ordering and lattice degrees of freedom have profound influence on the 

electrical and magnetic properties of these materials [2,3]. 

The large colossal magneto resistance (CMR) was first reported in hole

doped manganese oxide perovskites. Other compounds such as double 

perovskites, manganese oxide pyrochlores and europium hexaborides, among 

others, also exhibit the same striking property of manganites. In these compounds, 

a Mn3+ IMn4f double exchange interaction reduces the transfer energy of the Mn 

3d holes through a ferromagnetic alignment of neighbouring Mn spins resulting in 

a CMR near the Curie temperature (Tc). However, further investigations revealed 

that the double exchange alone cannot quantitatively account for the observed 

CMR effect, and the strong electron-phonon interaction arising out of Jahn-Teller 

splitting may also have to be taken into account [2, 3]. The strong Jahn-Teller 

effect due to Mn3
+ leads to the fom1ation of polarons. This strongly int1uences the 

transport properties. Other parameters that influence the magneto-resistance 

properties of manganitcs are chemical composition, radius of A site cation , 

amount of hole doping (x) and random disorder of the A site. The magnetic 



phases and electronic properties of these manganites vary with the doping level 

(x). Upon increasing x, the concentration of Mn4+ increases, giving rise to a 

mixture of Mn3+ and Mn4+ which forms ferromagnetism for doping levels lying in 

the range 0.2 to 0.4, as a result of double-exchange interaction between Mn3
+ and 

MnH ions [1). 

Usually alkaline earth metals are doped in manganites to obtain mixed 

valency in those compounds which is a necessary condition for hopping by double 

exchange mechanism. The optimum value of Mn4+/Mn31 ratio for double exchange 

mechanism is 0.5, which can be obtained by doping of alkaline earth metal by 1/3. 

But low doping of alkali metal can produce optimum value of Mn4+/Mn3
+ ratio due 

to difference in oxidation state. Each alkali mctal ion can produce MnS
" ion and an 

electron from Mn3!- goes to Mn5
', change it into Mn4

' and itself changes to Mn4
+ 

ion. Thus alkali metal doping (x) can produce 2x number of Mn41 and reduce x 

number of Mn' I and the optimum value can be obtained by amount of doping 

x=1/6. Among alkali metals sodium has similar ionic radius of lanthanum and 

hencc Na doping will produce only little lattice distortion. The charge ordering has 

a prominent role in the magneto-resistance property of manganites. For alkaline 

earth metals, composition x=0.5 produces charge ordering. But in the case of 

alkali metal only x=0.25 doping can produce charge ordered state. From the 

magneto resistance point of view, the doping values x<0.25 arc important. The dc 

conductivity and magnetisation studies of the manganites can reveal the exact 

mechanism behind the transport properties in the felTomagnetic and paramagnetic 

phases. This chapter deals with the evaluation of dc conductivity, magnetisation 

and magneto-resistance properties of intermediate bandwidth sodium doped 

lanthanum manganite. 

4.2 Sample preparation and structural characterization of LNMO samples 

Lal_xNa,MnOJ (x = 0.05, 0.1, 0_15, 0.2 and 0.25) samples were prepared 

using citrate gel method_ Stoichiometric mixtures or La203, Na2C03 and 
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Cliapter4 

Mn(N03)2 were dissolved in dilute nitric acid and suitable amounts of ethylene 

glycol and citric acid were added. Then the mixture was slowly heated for several 

hours until a gel was fonned. It was heated at 800 e and the resulting black powder 

was pressed into pellets and sintered at 11000 e for 12 hours [4 J. X -ray powder 

diffraction was carried out using eu Ka radiation. The XRD pattern of all 

compositions of LNMO sample is shown in figure 4.1 (a). Indexed XRD pattern of 

LaO.75Nao.2SMnO} is depicted in figure 4.1 (b). 

The X-ray powder diffraction pattern (figure 4.1) shows that the sample is 

homogeneous and single phasic with rhombohedraIly distorted perovskite 

structure [5J. From atomic absorption spectroscopy (AAS) and Energy Dispersive 

Spectroscopy (EDS), the stochi~metry of the elements in the sample was 

evaluated and those values are in good agreement with theoretical values. For 

different compositions of the LNMO, the particle size estimated by employing 

Debye - Scherrer equation is lying in the range 20 nm - 40 nm. The transmission 

electron micrographs (TEM) of the samples (x = 0.l5 and 0.25) are shown in 

figures 4.2 and 4.4 respectively. Using TEM image of the sample 

La075Na()25MnO}, sizes of the particles were manually determined. Particles larger 

than the size of 50 nm are virtually absent and most of the particles are lying in the 

range of 10 run to 30 nm. The particle size distribution of LaO.7SNa02SMnO} is 

depicted figure 4.5. The average particle size was determined by using a Gaussian 

fit to the distribution histogram and was found to be 24 nm. This value is in good 

agreement with the size determined from the XRD analysis. The Selected Area 

Electron Diffraction (SAED) pattern of the particles of LaO.8SNao.ISMn03 shows 

well fonned unifonn circular rings (figure 4.3) which indicates the nano 

crystalline nature of the compound with perovskite structure. The SAED planes 

were identified and it indicates fomlation of crystal structure in agreement with 

those obtained from XRD pattem. The scanning electron microscopy studies were 

carried out using a Field emission scanning electron microscope (FESEM) .ISM 

6335 FESEM at 50 kV. The SEM micrographs for the other three compositions 
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(x=0.95, 0.9 and 0.8) are shown as figures 4.6(a) to 4.6(c). From the micrographs 

it is clear that the particles are in the nano regime, even though the sizes of the 

particles are slightly larger than the TEM picture for the other two compositions, 

w,ith near perfect spherical shape. 
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Figure 4.1 (a) X-ray diffraction pattern of Lal_xNaxMn03 
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Figure 4.1 (b) XRD pattern ofLao.7sNao2sMn03 
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Figure 4.2 Transmi.losion Electron Microgrdph o r Lao,.N30 I, MnO) 
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Figure 4.6 SEM images or La l.,Na,Mn03 [(a) :..=0.05. (b) x=O. 1 and (c) .-.: =-0.21 

4.3 D. C Conductivity and Magnetisation Studies of LNMO sample 

4.3.1 D. C Conductivity studies 

D. C Conductivity s tudies of LNMO sample were carried Oll t using standard four 

probe technique. A detailed description of resisti vity measurement set up was 

given in chapter 2.The figure 4.7 shows a plot orlhe temperature dependence of 

the resistivity of the La ,.,Na,MnOJ samples (x""O.05, 0.1. 0. 15. 0 .2 and 0.25 ) taken 

in LCro magnetic tield. The res isti, ity cunes were obtainet.l by slo,\ Iy increasing 

101 



tfie temperature from 1.5 K to 300 K. For composition x = 0.05, around 206 K the 

sample exhibits a transition from a metallic- like state (where the resistivity shows 

a positive temperature coefficient) to an insulator-like state (where the resistivity 

decreases with temperature). The resistivity shows a maximum at that transition 

temperature (T r-.l-d. The metal insulator transition temperatures were found to be 

260 K, 300 K. 280 K and 70 K for the other compositions corresponding to x = 

0.1, x = 0.15, x = 0.2 and x = 0.25 respectively. The metal insulator transition can 

be understood by considering the double exchange interaction in manganites, 

which is f;1\ored by the ferromagnetic to paramagnetic transition (which is 

explained in detail in the section 4.3.2). After an initial increase, the values of T ~.l-I 

decreases \vith increasing doping concentration. The observed initial increase can 

be explained by considering the fact that for every addition of ;\!a- ions, double the 

number of Mn-l gets created and contributed to the hopping process. Thus e\en 

for a small amount of Na dopant concentration, cnough number of holes are 

created in the c" band and will contribute to conductivity therehy increasing T ~!_I. 

T \1 I is maximum for the composition x=O.15 which can be attributed to the 

closeness of Mn 4 .Mn'- ratio (0.428) to the optimum value, 0.5 as in the case of 

Lac \Cal ,1\1nO,. Heyond the composition x=0.15 the increased 1\ln-l- 'Mn 1 ratio 

\\cakens double exchange mcchanism and enhances super exchange. resulting into 

the decrease of T \1_1 values. The vcry low value of T ~l-I for the composition x = 

0.25 i~ due to the charge ordering mechanism i 6 J. For this composition. 

Mn-l ,':\1n' ratio is I and hence t{)rInS a charge ordered state whieh causes a broad 

metal insulator transition near 70 K. 
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4.3.2 Magnetisation studies 

The magnetisation studies of LNMO sample were carried out using 

vibration sample magnetometer (model EG & G Par 4500), in the temperature 

range 300K - 400K for compositions x=O.05 to x=0.2 and 20K to 300K for charge 

ordered composition x=0.25. The temperature variations of magnetisation for the 

LNMO samples are shown in figure 4.8. 
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Figure 4.8 Temperature Variation of magnetisation for the samptes (a) La!_xNa,Mn03 [(a) 

x=O_05, 0.1,0.15, and 0.2] and (b) FO.2S 

From the figure 4.8, it is clear that all the samples except x=O.25 show a 

paramagnetic to ferromagnetictransition with decrease of temperature. For the 

charge ordered composition x = 0.25, there is a transition from paramagnetic state 

to spin glass like state or near 60K. The variations of the Curie temperature (T c) 

and metal insulator transition temperature (T M-I) with composition are shown in 

figure 4.9. As doping ofNa increases from 0.05, both Te and T M-I increase, attain 

maxima at composition x = 0.15 and then decrease. From the observed similarity 

in the variation of T c and T M-I with composition, we can conclude that double 

exchange is the mechanism responsible for the observed variation of Te with Na 

doping. Each Na doping produces two Mn4f ions and hence as Na doping 

increases, the Mn4+/Mn3
+ ratio increases which favours ferromal,,'1letism and double 

exchange interaction. The optimum value of the ratio t()r maximum double 

exchange interaction is very near to x 0= 0.15 and hence Te and 'I'M-I attain 
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maximum value at Na doping x = 0.15. As doping level increased beyond that 

value the resulting Mn4+IMn3
+ ratio favors super exchange interaction and as a 

result T c and T M-I get decreased. From figure 4.8 it is seen that the two critical 

temperatures (T c and T M-I) do not coincide. T (' is found to be greater than T M-I and 

the difference is due to the grain size effect [7, 8]. Within the grains there are 

ferromagnetic clusters (consisting of both Mn 41 and Mn31) with Mn''''' regions in 

between the grains. In the Mn"" region the interaction is anti ferromagnetic super 

exchange. Thus the total resistivity is due to the sum of contributions from 

ferromagnetic clusters and the antiferromagnetic regions. As grain size get 

decreased the former contribution become less predominant and hence metal 

insulator transition takes place at a lower temperature compared to Te. 
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Figure 4.9 Variation of T c and T M-I with Na doping 

4.3.3 Conduction mechanism in paramagnetic region 

In the paramagnetic regime mainly three types of mechanism have been 

found to be ruling the conduction process in manganites. They are thermal 

activation or band gap model, variable range hopping model (V RH) and small 

polaron hopping model (SPH). In order to find which mechanism is responsible 

for the conduction in the paramagnetic phase of the manganites, different graphs 

using the different equations are to be plotted, above the metal insulator transition 

temperature. Band gap model is widely employed in most of the semiconductors 
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and insulators. If the thennal energy is sufficient to overcome the energy gap 

(band gap) the electron becomes free to conduct. For the band gap model [9-11], 

the equation for resistivity is given by 

(4.1) 

where T is the absolute temperature, Po is the value of resistivity at infinite 

temperature, EA is the activation energy and kH is the Boltzmann's constant. 
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The logarithmic variations of resistivity with reciprocal of temperature for 

all the LNMO samples are shown in the figure 4.10. From the figure it is clear that 

the linear relation exists only for the high temperature region and hence we can 

exclude the band gap model. 

Then we can consider the nearest neighbour small polaron hopping (SPH) 

mechanism [12-16]. In the case of small polarons (deeply trapped electrons), the 

thermal energy is not sut1icient to overcome the deep potential well and to hop out 

of its site. Then multi phonon assisted hopping is the only possibility [17]. 

According to SPH model, the expression for resistivity is 

(4.2) 

where T is absolute temperature and EA is activation energy and A is a constant. 

Hence in the case of material obeying SPH model, the graph betwecn (piT) and 

liT should be a straight line. 

The variation of reciprocal of temperature with of log (piT) for all the 

LNMO (except x = 0.15, which shows metal insulator transition near room 

temperature) samples is depicted in the figure 4.11. For the compositions (x = 

0.05, 0.1 and 0.2), the graphs are straight lines and for the composition x = 0.25, 

there is deviation from the straight line behaviour, especially at the low 

temperature region. So it can be concluded that SPH model alone can account for 

the conduction process in the case of Na doped manganites except for the 

composition x=O.25, which is a charge ordered state. 

Now we have to check whether the VRH model can be applied to account 

tor the observed conduction process. According to the variable range hopping 

(VRH) model [18-25] if the electron is not deeply trapped, it can hop from onc sitc 

to another with phonon assistance. At low temperature the thermal energy is not 

enough to allow electrons to hop to their nearest neighbours, but is possible to hop 
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further to find a site with a smaller potential difference. Since the hopping range is 

variable, it is callcd variable range hopping. According to VRH model the 

resistivity is given by 

p = Po exp(To / T)1/4 (4.3) 

where To is a constant. The figure 4.12 depicts the rll4 variation of logarithmic 

resistivity for all the LNMO samplcs in the insulating region. From the figure we 

can see that linear behaviour is exhibited by the composition x = 0.25, which is the 
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charge ordered state. Thus the conclusion is that in the charge ordered state the 

resistivity data follows the variable range hopping conduction. This is in 

agreement with earlier reports [26-29]. 

.J.75t1 

".65 (a) (h) 

-J.7~~ .. ..... . H." .. . 
·j.7foU . . 

.- ".55 S e -J.ltl5 

U -1.511 
\..i 

a a 
-J.7711 

= .S .... 4045 a. 
~ ~ -J.175 . . 
a. 
",,4040 "" .Si .Si -1.7HO . 

,I 
. . ·us . 

-J.7"5 :_1 
uo 

·3.7911 
O.2JU o.Z4:; 11.2:'O n.2.-\~ o,:u.1) (I.U.S 0.270 U,2m 11.2-11 n.2"-4 11.2-16 O.H'I 11.2::;0 

T'i'(K"'"') T'''(K· ... ') 

.. U8 
(c) 2.5 

·4.49 
...... 

2.0 

·4.50 

E -1.51 E 1.5 
(.) (J 

c C ·4.52 .5 .5 1.0 

0. 
~ - ..... .53 a. a. O.S en en 

..2 .~.5" ..2 . . 0.0 
-1.55 . . 
·4.56 -0.5 

0.240 O.HI (1242 O.l",} 0.244 0.245 n.24ti 0,247 0.24 0.25 0.26 0.27 0.28 0.29 O.JO 0 .. \. 

1·1/'(K·''') T,1f4(K'114. 

Figure 4.12 Variation of log p. with Tl/4 for the samples Lal_xNaxMn03 [(a) x=O.05, (b) 

x=O.I, (c) x= 0.2 and (d) x=0.25] 

4.3.4 Conduction mechanism in ferromagnetic region 

In general the low temperature resistivity data of manganite samples were 

analyzed using a polynomial expansion in temperature T as given in equation 

( 4.4). 

P = P + P TL + P r 4.5 o 2 4.5 (4.4) 
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SInce resistivity is essentially constant for temperatures less than 10K for all 

samples, the resistivity data both with and without an applied field require a 

temperature independent resistivity term (Po). This temperature independent tenn 

in the resistivity can be ascribed to scattering processes such as impurity, defect , 

grain boundary and domain wall scattering. This limiting resistivity is largely 

independent of A-site atoms. The second term (P2 T2) is due to electron- electron 

scattering and the last tenn (p4sT45
) is due to the electron - magnon scattering in 

the double exchange theory [30J. But wc could not perfectly fit the resistivity data 

in the ferromagnetic region with the equation (4.4) in the case of the LNMO 

samples (x=0.05, 0.1, 0.15 and 0.2). Kalyana Lakshmi et al. introduced a TlI2 tenn 

in the resistivity equation in the ferromagnetic phase of Na doped manganite and 

successfully obtained a perfect fitting [6). By introducing a TI!2 tCn11 in equation 

(4.4) the resistivity data exhibit a perfect fit with the equation. The equation is 

P == p + P T l /2 + P T2 + P T 4 .5 o 1/2 2 4.5 (4.5) 

Figure 4.13 represents the resistivity data fitting in the case of 

LNMO sample. The fitting parameters are given in the table 1. The 

additional tenn (pI!2TII2) is due to the weak localization effect as a result of 

interference of complementary waves and enhanced electron - electron 

interaction [31, 32]. The fitting parameters decreases with increase in Na 

concentration except for the composition x = 0.2. The decrease of fitting 

parameters is in accordance with the variation of resistivity with 

composition. 
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x Po Po.> P2 P45 
(QCm) (QCmK- 1/2

) (Q CmK-2) (Q CmK-912
) 

0.05 77.53142 -0.54343 0.00323 -2.2705E-9 

0.1 0.0108 -0.00006 5.3434E-7 -2.2134E-13 

0.15 0.00272 -0.00001 I.3617E-7 -3.8086E-14 

0.2 0.00345 -0.00003 2.2557E-7 -5.171IE-14 

Table 1. Fitting parameters in the temperature variation of Lal.xNaxMnOJ [ (a) x=0.05, (b) 

x=O. L (c) x= 0.15 and (d) xc O.2] according to the equation (8) 
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4.4 Magneto-Resistance (MR) studies ofLNMO 

MR studies for the samples Lal_xNaxMn03 (x = 0.05, 0.1, 0.15, 0.2 and 

0.25) were carried out by taking resistivity in zero magnetic field and in applied 

fields of 1 T, 5T and 8 T, using a standard four probe technique in the temperature 

range l.5K - 300K. The resistivity variations are shown in the figure 4.14. The 

external field causes a reduction in the resistivity in the entire temperature range 

for all the compositions indicating the colossal magnetorcsistance (CMR) property 

of the manganite samples. The MR measurements of all the samples have been 

undertaken and the variation of MR with temperature (using magnetic field of 8T) 

is shown in the figure 4.15_ From the figure it is ckar that all the samples show a 

linear increase of MR percentage with decrease in temperature. This behaviour 

can be explained on the basis of two different mechanisms; one intrinsic and 

another extrinsic (6]. For micron size manganites the MR percentage is very large 

near metal insulator transition temperature. Such a behaviour can be ascribed to 

the intrinsic magneto-resistance (the CMR effect). It is due to the suppression of 

magnetic fluctuation caused by external magnetic field. This takes place within the 

volume of the grains and hence called intrinsic. Below the metal insulator 

transition temperature the magneto-resistance vanishes in the case of a single 

crystalline material (33). For polycrystalIine samples there is a reduction in MR 

below the transition temperature. But in our LNMO samples MR increases with 

decrease of temperature. This contribution is arising from the spin assisted 

tunneling across the grain boundaries in the material. This is the extrinsic 

magnetoresistance which is much pronounced in the case of nano sized 

manganites [6]. This observed grain boundary magneto-resistance is due to the 

fact that nano size (~20 um) of our LNMO sample. The extrinsic 

magnetoresistance becomes dominant below the Curie temperature and increases 

with decrease of temperature. 
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From figure 4.15 it is clear that all the LNMO samples except

composition x~0.25 show MR percentage between 15% and 50%. But the

composition x~0.25 shows a very good value of MR about 93% at around 70K.

Below that temperature the value remains 'constant for a wide temperature range.

This observed fact points towards the role of charge ordering in the case of

colossal magneto-resistance. The figure 4.16 shows the variations of MR with

applied magnetic field at different temperatures. With applied field, MR increases

for all the compositions, due to the large suppression of magnetic fluctuation

caused by the high magnetic field. In all the graphs there is a kink near 0.2T (HO')

especially in the case of low temperatures. Above and below that critical

temperature the variation of MR is a linear function of applied magnetic field.

This indicates the coexistence of ferromagnetism with another phase which is

weakly conducting or dielectric [34]. Above HO' ferromagnetism contributes to

magnetoresistance and below HO' spin polarized tunneling or spin dependent

scattering in the weakly conducting phase contributes to MR. Therefore the value

of low field magnetorcsistance (LFMR) can be easily obtained by extrapolating
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the linear portion of the graph above H" to the MR axis. The value of LFMR thus

obtained for the LNMO samples was around 25% for the temperature 5K.
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4.5 Conclusion 

Nanocrystalline LNMO samples (Lal_xNaxMn03 [x=0.05, x=O.l, x= 0.15, 

x=0.2 and x=0.25]) were prepared using citrate gel method. The samples were 

found to have rhombohedrally distorted perovskite structure with particle size 

around 25 nm. All members of the LNMO series exhibit metal insulator transition. 

The transition temperature strongly depends on the amount of sodium doping. Due 

to the enhancement of antiferromagnetic interaction, charge ordering reduces the 

transition temperature. Magnetisation studies reveal that corresponding to the 

metal insulator transition, there is ferromagnetic to paramagnetic transition 

indicating the role of double exchange interaction. The transition temperatures (Te 

and T M-I) did not coincidence because of grain size effect. D C conductivity 

studies in the paramagnetic region reveals that SPH is responsible for conduction 

mechanism except in the charge ordered state, where VRH is more applicable. The 

dc conductivity fitting in the ferromagnetic region shows an additional T y, term, 

which may be due to weak localization of electron. MR studies reveal that charge 

ordered LNMO sample has maximum value of MR (93% at 70 K). Linear increase 

of MR with temperature indicates the spin assisted tunneling magneto-resistance 

which has a pronounced role in nano sized manganites. The spin assisted 

tunneling mechanism or spin dependent scattering cause the high value of low 

field magnetoresistance (LFMR) in the low temperature regime. 
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Chapter 5 

On the Multiferroic Behaviour of Gadolinium 
Based Manganites 

5.1 Introduction 

Ferroelectric and magnetic materials are a time-honored subject of study 

and have led to some of the most important technological advances [1-4]. 

Magnetism and ferroelectricity are involved with local spins and off-center 

structural distortions, respectively. These two seemingly unrelated phenomena can 

coexist in certain unusual materials, called "multiferroics". Multiferroics, 

sometimes called "magnetoelectrics", possess two or more switchable states such 

as polarisation, magnetisation or strain. Multiferroics are of particular interest 

recently both to understand the fundamental aspects of the novel mechanism that 

gives rise to this magnctic-ferroclectric coupling, as well as because of the 

intriguing possibility of using these coupled order parameters in novel device 

applications. The understanding of the physics of multiferroics will be crucial to 

design smarter multiferroic materials and control their functionality for practical 

applications, such as electric-field-controlled ferromagnetic resonance devices, 

actuators, transducers, and storage devices with either magnetically modulated 

piezoelectricity or electrically modulated piezomagnetism. The multiferroic nature 

of manganites Pro.6Cao.4MnO~, Ndo.sCao.sMn03 and PrO.7CaO.3Mn03 is recently 

reported and the effect is explained by using the mixing of site centered or bond 

centered charge ordering mechanisms [5-7]. There is a possibility of obtaining the 

terroelectric behavoiur for the Gd doped (comparable ionic radius with Pr and Nd) 

manganite. This chapter deals with the dielectric studies of Gd based manganites 

along with the a.c conductivity and capacitance-voltage (CV) studies. 



5.2 Dielectric permittivity studies of GSMO 

The dielectric pennittivity studies on the Gd based manganite sample 

were carried out by using a dielectric cell and an HP 4285 LCR meter in the 

frequency range 100 kHz- 8 MHz from 145K to 300K. High frequencies are used 

in the measurement to avoid strong contact contribution at the sample electrode 

interface, which dominate at low frequencies. The dielectric cell was standardized 

by using Teflon. The fabrication details of the dielectric cell are cited elsewhere 

[8]. In the dielectric cell, a capacitor is created by placing the pellet in between 

two copper discs of the same diameter of the pellet. The temperature was recorded 

with a Cryocan temperature controller with platinum resistance (PT -100) 

temperature sensor. The dielectric pennittivity is calculated using the following 

relation from the capacitance data obtained from the LCR meter. 

(5.1) 

where C is the capacitance of the sample, A is the surface area of the sample, Eo is 

the pennittivity of free space. The acquisition of data was automated by 

interfacing HP 4285A with a computer using a virtual instrumentation package 

LabVIEW. The variation of dielectric permittivity with frequency at different 

temperatures for the GSMO sample is given in figure 5.1. 

The dielectric permittivity decreases with increase of frequency in 

the case of all compositions of GSMO sample. The dielectric spectra reveal a 

quasi-Debyc relaxation, which can be explained satisfactorily with the help of a 

two-or tri layer Maxwell-Wagner capacitor [9]. Considering the compositional 

dependence on permittivity from figure 5.1, it is clear that there is an increase of 

dielectric constant with Sr concentration. It is due to the increase of hopping 

polarisation with increase of Sr doping. The temperature variation of dielectric 

constant at different fi'equencies is shown in figure 5.2. 

122 



1-10 (a) .. - -a-145K -..• 
~·o ___ . -O--215K 

IlO 

'-"~m' ~ -.-looK 

~ 
100 t- -:cc' t=. --:: •• -= .... 

5 80 
~ 

" ~ 611 
" oS . - - .. " .0 
~ a 
. ~ o • 

~ 20 .O~"--

5.0 5.5 6.0 1.0 

log f 

300 
(C) 

0 

250 0 145 K 00 .t-

~€ 
0 215K 

200 • 255 K 
C ... _. 31111 K 
l.. ... 

150 .- . .::. 
- " - " 

" ·C 
v 100 .. . - .. 
..!! 
" :5 Sf) -- -. 

5.0 5.5 

t· 
:~ 
'f 
~ 

" ::. 
.:: 
.: 
" " ;; 
Q 

o. 

6.0 

log f 

!OO~------------____________ --, 
(b) ., 

180 "" .• ., --... ......... 
'. .&~·'A --......... -. . .. ....... 166 

110 

100 
--·1-

80 

60 

lO . '. 

-'-14SK 
-'-215K 

0··- 255 K 
-0··- lOO K 

.". -'f-
T .•••• ~ 

III 

S.O S.5 6.0 7.0 

log f 

~ 

6.5 7.0 

Figure 5.1 Frequency variation of dielectric permittivity for GSMO sample Gdl.xSrxMnO, 

[(a) x=O.3, (b) x=OA and (c) x=O.5)] at selected temperatures. 

From the figure it is clear that as temperature increases dielectric constant 

also increases, attains a maximum value and then decreases. The dielectric peak is 

very close to Tea, which is an evidence of the link between electronic state and 

increase of dielectric response [9]. The anomaly in dielectric constant at the charge 

ordering temperature was earlier observed in Pr-Ca manganites [10, 11]. The peak 

height at the transition temperature was observed to decrease with increase in 

frequency and the dielectric constant peak get shifted to higher temperature with 

increase in frequency, which is indicative of the relaxational behaviour of the 
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material [12]. The word relaxor is used because there is only broad peak instead of 

sharp peak as in the case of conventional ferroelectric materials. 
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Figure 5.2 The variation of dielectric pennittivity with temperature for the samples 

Gdl .~Sr.MnOl [(a) x"'O.3, (b) x",O.4 and (c) x"'O.5)} al selected lemperatures. 

In the case of manganites the ferroelectric nature can be explained by 

using intermediate charge ordering state. Charge ordering is usually considered as 

an ordering of transition metal ions with different valencies (e.g. MnJ '!Mn4+ in 

manganites and Feh /Fe1
+ in ferrites). This charge ordering state is called Site

centered Charge Ordering (SeO). Recently another type of charge ordering IS 

discovered and is called Bond-centered Charge Ordering (BCO). This state is 
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actually an oxygen centered charge ordering state as oxygen ions are located on 

the TM·TM bonds in the typical perovskite crystal st ructure. With in suc h a 

dimmer spins are aligned ferromagnetically due to Zener double exchange 

mechanism. It is referred to as Zener polaron state. In SCO Mn ions have unequal 

valencies but in BCO they have the same va lency. The superposition of these two 

states resu lts into a ferroelectric intermediate state. The CE structure (SCO) has a 

center of inversion symmetry and consequently there are no electric dipole 

moments present in the ground state. This is also the case in the pure Zener 

polaron structure (BCO) as both the Mn ions in each dimmer are equivalent. But 

the intermed iate state has a magnetic structure in which the inversion symmetry is 

lost and the dimmer attains a dipole moment. Thus there is a net polarisation 

which leads 10 a ferro-electric ground state [6.13). The three states are depicted in 

figure 5.3. 

• • • -t-,-r ~ I,..... 

q=-_ ~t 
Figure S.J (a) Site centered Charge Order (SCO) (b) Bond centered Charge Order (BCO) 

or Zener Polaron state (c) Intermediate ferrocleclric state 

The frequency variation of dielectric loss tangent for the GSMO sample is 

depicted in Ihe figure 5.4 and the variation of dielectric loss tangent with 

temperature is shown in figure 5.5. As frequency increases dielectric loss tangent 

decreases. The high frequency decrease of dielectric loss tangent can be explained 
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by considering the RC equivalent circuit of a lossy dielectric material. In the 

parallel combination of resistor and capacitor, the decrease of capacitive reactance 
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Figure 5.4 Frequency \ariation of dielectric loss tangent filf GSMO sample Gdl.,Sr,MnO, 

Ha) x'~().3, (b) x=O.4 and (c) x=O.5)] at selected temperatures. 

at high frequency causes a decrease of charge now across the resistor. which In 

turn reduces the energy dissipation across the resistor. The temperature variation 

of dielectric loss tangent has the same behaviour as that of the dielectric 

permittivity except the shifting of the peak temperature towards 255K and 260K 

for Gdo 6SrOAMnO\ and Gdo 7Srq,MnO, respectively. This shin of dielectric loss 

peak is due to the t~ict that it usually appears at certain temperature where the 

dielectric constant varies quickly [l4 j. The quick decrease of dielectric 
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permittivity at 220K for Gdo.sSro.sMn03 resulted into the occurrence of dielectric 

loss peak at the same temperature. But in the case of Gdo.6Sro.4Mn03 and 

Gdo.7Sro.3Mn03 dielectric permittivity peak is very broad and a quick decrease 

occurs at comparatively higher temperatures. 
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Figure 5.5 Temperature variation of dielectric loss tangent for GSMO sample 

Gd,_,SrxMnO, [(a) x=O.3, (b) FO.4 and (c) x=O.5)] at selected frequencies. 

The dielectric loss of the material was measured by using the equation 

Efl = E'tano (5.2) 
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where tano is the dielectric loss tangent. The frequency and temperature variations 

of dielectric loss (imaginary permittivity) for the GSMO samples are shown in 

figure 5.6 and figure 5.7. The sample exhibits the same behaviour as in the case of 

loss tangent. 
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Figure 5.7 Temperature variation of dielectric loss for GSMO sample Gd'_xSrxMnO, [(a) 

x~O.3, (b) x=O.4 and (c) x=O.5») at selected frequencies. 

5.3 Capacitance Voltage (CV) measurements in GSMO 

In order to confirm the ferroeleetric property of GSMO sample, the 

capacitance versus voltage (CV) measurements were carried out using an HP 4192 

A impedance analyscr. The sample in the form of pellet was placed in bctween 

two copper plates in the dielectric cell and the capacitance values were measured 

by varying bias voltage from -8 V to +8 V in a step of I V. The variation of 

capacitance with applied bias voltage at room temperature is presented in figure 

5.8. The huttertly nature of the figure is an indicJtion of ferroelectricity in GSMO 
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sample [15]. The change in capacitance with applied bias voltage is pronounced in 

the case of Gdo.sSro.sMn03 which confinns the role of charge ordering in the 

multiferroic behaviour of the manganite sample. 
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J<'igure 5.8 Variation of capacitance with bias voltage ior GSMO sample Gd'_xSrxMn03 

((a) x=O.3, (b) x=O.4 and (c) FO.S)] at frequency IMHz_ 

5.4 A. C conductivity studies in GSMO 

Ac conductivity values of GSMO samples were obtained from the 

dielectric pennittivity (8') and dielectric loss tangent (tan 0) using the equation 

(5.3) 

where f is the tj'equency of <le applied field and co is permittivity of free spacc. 
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Figm'e 5.9 Frequency variation of ac conductivity for GSMO sample Gdl_,Sr,Mn03 [(a) 

x=-O.3, (b) x~O.4 and (c) x=O.5)] at selected temperatures. (d) frequency variation orae 

conductivity in the temperature range (l45K-160K) for the GSMO sample x=O.3. 

The variation of the ac conductivity with frequency at different temperatures for 

the samples Gd1_xSr,MnOJ (x=O.3, x=OA and FO.5) is plotted in a semi log plot 

(figure 5.9). In the case of GSMO with x=O.3 and x=OA, at lower frequencies, 

there is a small increase in ac conductivity for temperatures lower that the relaxor 

ferroelectric transition temperature and above that particular temperature the ac 

conductivity is frequency independent. But for higher frequencies the ac 

conductivity decreases with increase of frequency. For x=O.3, the appearance of 

frequency independent behaviour at low temperatures in the diagram is due to the 

large Y-axis scale value which can be confirmed from figure 5. 9 (d). But for 
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GSMO with x=O.5, as frequency increases the ac conductivity increases, attains a 

maximum and then decreases. The increase in ac conductivity is due to the 

hopping mechanism of bound charges back and forth between well defined bound 

states [16]. But at higher frequencies the hopping of charge carriers could not 

follow the applied field, resulting in the decrease of ac conductivity. From figure 

5.9 it is clear that the ac conductivity value decreases with increase of Sr doping. 

This behaviour may be due to the increase in number of Mn4+ ion sites at the 

expense of Mn)' site with increase of Sr doping. As a result the available Mn3+_ 

Mn4
' pairs for hopping decreases and hence the ac conductivity due to the 

jumping between bound states decreases. 

In general ac conductivity power law is given by 

(5 = (5(0) + Awn (5.4) 

where (J (0) is the frequcncy independent contribution from dc conductivity, A is 

constant, w is angular frequency of the applied field and n is the power law 

exponent [17,18]. From the equation it is clear that the variation of log (J with log 

w is a straight line and the slope of the straight line graph is the power law 

exponent 'n'. The log-log plot of ac conductivity with angular frequency of the 

applied electric field in the low frequency region (where ac conductivity increases 

with frequency) for all the three GSMO compositions are presented in figure 5.10. 

All the plots are straight lines and the slopes of the straight lines are 

calculated using linear fitting. The power law exponents thus obtained are plotted 

against temperature and the variation is presented in figure 5.11. The different 

mechanisms for ac conduction arc overlapping large polaron tUID1eling (OLPT) 

and correlated barrier hopping (CBH) [19J. The OLPT model predicts a minimum 

value of '11' followed by an increase. A decrease of n with increase of temperature 

is according to the correlated barrier hopping (CBH). For the compositions x=O.3 
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and x=OA, as temperature increases the power law exponent 'n' decreases and at 

around 210 K it becomes almost constant. 
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Figure 5.10 Log log plot of frequency variation of ac conductivity for GSMO sample 

Gd1.,Sr,Mn03 [(a) x=O.3, (b) x=OA and (c) x=O.S)] at selected temperatures. 

Thus for the above mentioned compositions the ac conduction mechanism is CBH 

below the ferroelectric transition temperature. Above the transition temperature 

the steady value of n indicates the frequency independent nature of ac 

conductivity. The frequency dependence of conductivity is a characteristic of 

hopping conduction. The decrease of n value with temperature indicates that as 

temperature increases hopping conduction decreases. Deepam Maurya et a1. 

reported a similar behaviour ill the case of ferroelectric Na doped potassium 
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titanate ceramics [20]. The temperature variation of power law exponent of the 

composition x:O.5 has different behaviour. With increase in temperature, the 

power law exponent 'n' decreases, attains a minimum and then increases. 

Therefore the possible ac conductivity mechanism is overlapping large polaron. 

This is due to the fact that large concentration of Sr can reduce the number of 

Mn3'_Mn4
+ pairs and consequently hopping gets reduced. In such case the spatial 

extend of polaron covers several inter atomic distances resulting into formation of 

overlapping large polaron [21]. 
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Figure 5.11 Temperature variation of power exponent of ac conductivity for GSMO 

sample Gdl_XSrAMnOJ (x=0.3, 0.4 and x=0.5) 

5.5 Conclusion 

The frequency and temperature dependence of the dielectric parameters of 

the Sr doped Gadolinium manganites were studied. The frequency dispersion of 

the dielectric parameters was explained using a two-or tri layer Maxwell-Wagner 

capacitor. The temperature variation of dielectric pem1ittivity shows a broad peak 

near the charge ordering temperature. This dielectric anomaly is due to the 

relaxational behaviour of the GSMO sample. The ferroelcctric behaviour is 

explained by inversion symmetry loss in the intem1ediate charge ordering state 
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between site centered charge ordering (SCO) and bond centered charge ordering 

(BCO). The ferroelectric behaviour of the GSMO samples was verified by 

capacitance voltage measurement, where butterfly curves appear. The increase in 

ac conductivity is attributed to the hopping mechanism of bound charges back and 

forth between well defined bound states. The decrease of ac conductivity value 

with Sr doping may be due to the increase in number of Mn4
' ion sites at the 

expense of Mn3+ sites with increase of Sr doping, which results in shortage of 

Mn3+_Mn4
' pairs. The frequency dependent term of ae conductivity was analyzed 

using power law and the power law exponents (n) were evaluated. Based on the 

variation of n with temperature, appropriate conduction mechanisms were 

proposed for different compositions. 
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Chapter 6 

Dielectric and Impedance Spectroscopic Studies 
of Sodium Doped Lanthanum Manganites 

6.1 Introduction 

Manganites attracted the attention of the scientific community because of 

multiferroic property exhibited by Ca doped rarc earth manganites. Charge 

ordering plays a crucial role in deciding the ferroelcctric property exhibited by 

compounds. Large band width manganites with divalent alkaline earth cation 

show charge ordering (equal amounts of MnH and Mn4! ions) at doping level x = 

0.5 and in the case of intermediate band width manganite with Na doping, for 

every amount of Na, twice the amount of Mn3
+ will be converted to Mn4I and 

hence even a small amount of Na doping results in a large number of charge 

carriers and consequently charge ordering takes place at x = 0.25. So manganites 

doped with Na are prospective ferroelectric materials. 

Most of the ferroelectrics exhibit dielectric relaxation and in some cases 

they display more than one relaxation. The study of those relaxation shed light 

into the diflerent polarisation mechanisms contributing to total polarisation of the 

material. Dispersion parameters of the dielectric material are important from the 

physics point of view. But evaluation of dispersion parameters is not straight 

forward and often involves indirect methods. The CoIe - Cole plot analysis is one 

such method to evaluate the dielectric parameters. In the case of nano sized 

compounds predominant contribution to dielectric permittivity is from space 

charge polarisation arising from grain boundary. Therefore the dielectric 

spectroscopic studies of nano sized Na doped mangnaites assume significance in 

the context of I1lultifcrroicity resulting from charge ordering. 



6.2 Dielectric studies of LNMO 

Dielectric permittivity measurements were conducted on LNMO samples 

Lal_xNaxMnO, (x=0.05, 0.1, 0.15 and 0.2) using an HP 4285 A impedance 

analyzer and a homemade dielectric cell under a vacuum of 10-' mbar and 

temperatW"es varying from 95 K to 300 K. The fabrication details of the dielectric 

cell are cited elsewhere [I]. Nano sized particles of LNMO samples were pressed 

into pellets of size 12 mm in diameter and approximately 2 mm in thickness. 

These pellets were sintered at temperature 1100° C for 12 hours to achieve 

maximum compactness. In the dielectric cell, a capacitor is created by placing the 

pellet in between two copper discs of the same diameter of the pellet and the 

capacitance and dielectric loss tangent were measured using the impedance 

analyser in the frequency range of 100 kHz to SMHz. The temperatW"e was 

recorded with a CIyocan temperature controller with platinum resistance (PT -100) 

temperature sensor. The dielectric permittivity of the material was calculated from 

the measured values of capacitance using the relation 

(6.1) 

where c' is the dielectric permittivity of the sample (real paJ1), C is the capacitance 

of the capacitor formed by inserting the sample between two metal plates, d is the 

thickness of the sample, A is the area of the sample and £0 is the permittivity of 

free space. The dielectric loss of the material was measured by using the equation 

£" = £'tanS (6.2) 

where tano is the dielectric loss tangent. 

The dielectric permittivity is a measure of the ability of a material to 

polarize under the application of an electric field. In nano sized manganites the 

main contribution of' polarisation is ti'om space charge polarisation which is the 
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sum of interfacial polarisation at the grain boundaries and hopping polarisation 

[2]. The variation of dielectric pennittivity with frequency at selected 

temperatures for the samples Lal.xNaxMn03 (x=0.05, 0.1, 0.15 and 0.2) is 

presented in figure 6.1, as a semi log plot in which logarithm of frequency is along 

the x- axis and dielectric permittivity is along the y-axis. 
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Figure 6.1 Frequency variation of dielectric permittivity for LNMO sample LaI.xNa,Mn03 

(x=0.05, 0,),0.15 and 0.20) at selected temperatures. 

It can be observed that as frequency increases, the permittivity value 

decreases, from an initial plateau value. This phenomenon can be understood on 

the basis of Koop's theory which considers the dielectric structure as an 

inhomogeneous medium of two layers of the Maxwell-Wagner type [3, 4]. In this 
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model, the dielectric structure is assumed to be consisting of well conducting 

grains which are separated by poorly conducting grain boundaries. At high 

frequencies the jumping frequency of electric charge carriers can not follow the 

alternation of applied field and polarisation gradually decreases with increase of 

frequency. 
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Figure 6.2 Frequency variation of dielectric loss tangent LNMO sample LaJ_xNaxMn03 (a) 

x=O.OS, (b) x=O.I, (c) x=O_IS and (d) x=O.2 at selected temperatures. 

Considering the compositional dependence on pennittivity from fib>ure 

6.1, it is clear that at high temperature, there is an increase of dielectric constant 

with Na concentration for the LNMO samples. This may be due to the increase of 

hopping polarisation with Na doping. 
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The frequency variation of dielectric loss tangent for the LNMO samples 

at different temperatures is shown in figure 6.2. From the figure it is clear that 

near 100 K and in the temperature range 200K - 300K, the dielectric loss tangent 

initially increases with frequency, attains a maximum and then decreases (i.e., a 

relaxation behaviour). The decrease of dielectric loss tangent at high frequencies 

can be explained by considering the RC equivalent circuit of a lossy dielectric 

material. In the parallel combination of resistor and capacitor, the decrease of 

capacitive reactance at high frequency causes a decrease of charge flow across the 

resistor, which in turn reduces the energy dissipation across the resistor. The loss 

peak is sharp near lOOK and broad in the temperature range 200K - 300K. 
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The variation of dielectric permittivity with temperature at selected 

frequencies for the samples LaI."Na"Mn03 (x=0.05, 0.1, 0.15, 0.2 and 0.25) is 

presented in figure 6.3. For the LNMO sample corresponding to the composition 

x=0.15, the dielectric study is extended to 365K in order to obtain a wide 

temperature window. All the LNMO samples show almost similar behaviour. 

There are two plateaus; one at lower temperature (near 100 K) and another at 

higher temperature (above 150K) with a step like increase cOID1ecting them. The 

decrease of dielectric permittivity with decrease of temperature can be understood 

from the faet that as temperature decreases the relaxing entities can no longer 

follow the applied ac field. The plateau formation is pronounced at low 
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frequencies. Plateau after a step like increase in the temperature variation of 

permittivity is a signature of relaxation process [5]. Corresponding to the two 

plateau regions in figure 6.3, we can notice two thermally activated processes 

which is depicted in the graph showing variation of dielectric loss tangent with 

temperature (figure 6.4). 

The low temperature relaxation is Max\\clI - Wagner type. due to the 

interfacial polarisation at grain boundaries [6 J. This phenomenon is common in 

heterogeneolls system where there is ::1 difference between the grain and grain 

boundary conductivities. As a result surface charges pile at the interface, giving a 

Debye like relaxation on application of electric field. The high temperature 

relaxation is due to charge carrier hopping between Mn l and Mn.) sites l7. 8]. 

The variation of dielectric loss tangent with frequency for all the LNMO samples, 

ncar the temperature corresponding to relaxation process. is shown in the figure 

6.5. From the tigure it is clear that as temperature increases the dielectric loss peak 

is shifted to higher frequencies, which is the correct signature of thermally 

activated relaxation. 

6.3 Cole - Cole plot studies of LNMO 

Dielectric spectroscopy «(,ole Co le plot analysis) is an indirect method used for 

the evaluation of dispersion parameters [9]. In Cole - Cole plot analysis imaginary 

value of dielectric permittivity is plotted against real permittivity and using non 

linear least square titting circular arcs can be completed above real permittivity 

axis. Dispersion parameters can be evaluated from the fitting parameters. Detailed 

description of the method was presented in chapter 2. As an initial step we had 

performed the dielectric spectroscopic studies of cobalt phthalocyanine telramcr 

and the dispersion parameters wcre obtained. Thc temperature variation of those 

dispersion parameters was reported [10]. In order to study the temperature 

variation of different dielectric parameters like optical dielectric constant. static 
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dielectric constant, relaxation time, spreading factor etc. in LNMO sample, Co le -

Co le plots were drawn at different temperatures from lOOK to 300K at a step of 20 

K and are represented in figures 6.6 (a) to 6.6 (d). The circular arcs are drawn 

from the measured real and imaginary dielectric permittivity using circle least 

square fitting [11]. The Co le - Cole plots thus obtained for the sample Lal_ 

xNaxMn03 (x=0.05, 0.1, 0.15, and 0.20) are shown in the figures 6.6 (a)-6.6 (d). 

From the figures it is clear that all graphs have the form of circular arcs with 

centre lying below the real axis, which is an indication of distribution of relaxation 

time [10]. Clear high frequency portions (left portions) of circular arc appear for 

the temperatures at around lOOK and in the temperature range 200K - 300K. 

Previously observed relaxation processes are also lying in the same temperature 

regimes. From figure 6.4, we can see that the dielectric loss peaks are observed at 

temperature ranges 100K-150K, corresponding to low temperature relaxation and 

200K - 300K, corresponding to high temperature relaxation. Also a linear rising 

tail is observed in the imaginary permittivity versus real graphs for the above 

mentioned temperatures. More over, if we extrapolate the circular arcs to the real 

dielectric axis, with out considering the tail, then we will arrive at the dielectric 

permittivity values corresponding to the two plateaus in the figure 6.3. The tail in 

the Cole - Cole plot can be tuned by varying the temperature and hence linked 

with electron conductivity. In disordered system the electrical response can be 

described by a power law in the 'Universal Dielectric Response' (UDR) [7, 8, 12] 

of the form, 

(6.3) 

where A and s are temperature dependent constants, j is the imaginary unit, (j) is 

angular frequency and co is permittivity of free space. The value of s is between 0 

and l. By UDR, equation (6.3) yields a straight line with frequency independent 

slope of tan [(s-I) re/2]. When s=O, the slope become infinity and the tail line 

becomes vertical (in other words tail disappears) and the equation (6.3) shows the 
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usual reciprocal behaviour. In the relaxation temperature range, Cale - Cale plot 

shows Ocbye like behaviour (equation 6.4). 

E' (6.4) 
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All the plots are semicircular arcs with centre lying below the real axis. 

That is an indication of broadening of relaxation. From Cote - Cole analysis 

dielectric parameters like static dielectric constant (cs), optical dielectric constant 

(c~), spreading factor (a), average relaxation time (to) and molecular relaxation 

time (t) of the LNMO sample were calculated [1OJ and are presented in table 1. 

From the table, it is clear that the temperature variations of dielectric parameters 

have similar behaviour in the case of all LNMO samples and hence the sample 

Lao'l,Nao 115MnO, is selected as a representative of the series for further discllssion. 

The variation of optical dielectric constant with temperature for the sample 

LaO.9SNao()5MnO} is shown in figure 6.7(a). The two plateau regions in the figure 

corresponds to the two thermally activated relaxation mechanism. This is in good 

agreement with the results obtained from the variation of dielectric permittivity 

with temperature studies (figure 6.3). The same conclusion is drawn from figure 

6.7(b) too, where the variation of static dielectric constant with temperature is 

depicted. 

From the variation of spreading factor (a) with temperature lfigure 

6.7(c)J, it is understood that as temperature increases from 100 K the spreading 

factor also increases up to 190K. Thereafter a sharp decrease occurs at 200 K and 

then it again increases. An increase in a is associated with the two relaxation 

mechanisms. The spreading factor is a measure of distribution of relaxation timc. 

The increase of a with temperature can be easily understood from the bistable 

model proposed by Frolich [13J, according to which there are two equilibrium 

positions for the dipole. Thcse positions arc detennined by the minima of the 

potential well and are separated by the potential hill. If the charged particle 

possesses enough energy to cross the potential hill, then there is dielectric 

relaxation v.hich is associated with a single relaxation time i 13 J. I-!O\vever a 

molecule in a solid might possess morc than two equilibrium positions 

corresponding to minima of potential energy which are separated by more than 
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Temperature (K) x e_ Es a to(*IO 7S) t(*10 7S) 
0.05 8.32 44.27 0.28 6.22 4.59 

100 0.1 8.53 49.22 0.32 8.50 6.16 
0.15 11 61.5 0.35 9.34 7.53 
0.2 10.56 87.28 0.25 9.04 7.45 

0.05 10.82 50.77 0.4 3.30 2.69 
120 0.1 7.87 45.33 0.33 6.82 4.96 

0.15 12.2 61 0.39 8.12 6.89 
0.2 13.57 87.3 0.27 7.46 6.42 

0.05 29.2 64.2 0.54 2.97 2.17 
0.1 9.21 50.08 0.37 4.17 3.45 

140 0.15 16.5 71 0.43 7.12 6.37 
0.2 32.6 114.8 0.35 6.84 4.99 

0.05 30.55 64.36 0.575 1.09 0.89 
160 0.1 31.02 64.06 0.44 2.98 2.16 

0.15 38.0 82 0.56 4.56 3.49 
0.2 64.73 102.2 0.50 4.67 4.1 I 

0.05 30.85 64.89 0.69 0.65 0.54 
180 0.1 35.22 62.55 0.52 1.35 1.16 

0.15 38.0 95 0.74 3.65 2.87 
0.2 64.79 100.8 0.54 3.86 3.11 

0.05 51.84 92.3 0.15 11.60 9.90 
200 0.1 36.62 63.53 0.76 4.97 4.18 

0.15 64 83 0.17 7.34 6.39 
0.2 63 99.66 0.58 7.18 6.41 

0.05 52.26 93.1 0.15 8.22 7.01 
220 0.1 34.75 66.74 0.21 4.67 3.61 

0.15 63 87 0.24 7.54 6.47 
0.2 72.56 107.08 0.19 3.6 3.44 

0.05 54.11 96.48 0.16 4.55 3.89 
240 0.1 35.47 80.32 0.27 2.94 2.43 

0.15 70 103 0.29 3.29 2.74 
0.2 71.41 81.92 0.23 2.81 2.43 

0.05 54.31 108.2 0.19 3.18 2.65 
260 0.1 62.1 135.45 0.29 1.76 1.44 

0.15 74 115 0.31 2.27 1.89 
0.2 99.22 263.0 0.25 1.46 1.05 

0.05 51.06 110.67 0.21 1.81 1.49 
280 0.1 62.19 134.24 0.32 1.14 0.92 

0.15 70 120 0.35 1.56 1.15 
0.2 100.22 294.58 0.32 1.16 0.99 

0.05 52.34 111.77 0.21 1.13 0.94 
300 0.1 62.61 130.13 0.33 1.06 0.87 

0.15 65 120 0.37 1.67 1.23 
0.2 99.12 458.2 0.35 1.02 0.84 

Table 1 Different dielectric parameters obtained from the Cole- Cole analysis of LNMO 
samples 
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one potential hill. A charged particle under activation, while crossing these hills 

gives rise to multipk relaxation times. In all LNMO samples spreading factor ha: 

non zero values and hence we can conclude that there are multiple equilibriun 

states for the two relaxation process in all LNMO samples. As tempera tun 

increases the charged particles gains more and more energy and as a result the: 

cross more potential hills, resulting in the distribution of relaxation times [10] 

Hence the spreading factor increases with increase of temperature. The shall 

decrease in a. between the two relaxation process might be due to the [ewe 
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number of equilibrium positions corresponding to relaxation at higher temperature 

than that at lower temperature. 

The temperature variation of average and molecular relaxation time is 

shown in figure 6.7(d). Since average relaxation time and molecular relaxation 

time are related by the equation (2.6), they exhibit similar behaviour. As 

temperature increases, both the relaxation time decrease from initial high values at 

temperatures lOOK and 200K. The fonner dccrease cOlTesponds to low 

temperature thennally activated relaxation process and latter one corresponds to 

high tcmperature thennal1y activated relaxation process. The decrease of 

relaxation time with increase of temperature is in accordance with the Debye 

theory of dipolar orientation [I 4~ IS]. The rise in temperature causes reduction in 

mean time of stay of ionic diploes which in turn causes the relaxation time to 

decrease [16, 17]. The large difference between relaxation time for the two 

thcnnaJly activated process may be due to the less number of equilibrium 

positions f(Jf the higher temperature relaxation process. 

Considering the compositional dependence, the optical dielectric constant 

and static dielectric constant increase with increase of Na doping, for almost all 

temperatures. This can be understood from the fact that hopping polarisation 

increases with increase of Na concentration. The other three dielectric parameters 

show an increase up to x=O.15 and then decreases in the case of x=O.2. Some 

variations are observed at temperatures between the two relaxation processes, 

because of the cross over from one Cole-Cole semicircular arc to the other. 

Above and below relaxation temperature the dielectric behaviour follows 

the UDR model. According to equation (6.3), the real and imaginary part of 

dielectric permittivity can be written as 

(6.5) 

and En = B(T)w S -
1 (6.6) 
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where B(T) and C(T) are temperature dependent constants [7J. At a constant 

temperature the graph between log e" and log m is a straight line and from the 

slope the parameter's' can be calculated. Using that's' value, another straight line 

graph can be obtained between e' and mS
.
I
. The y intercept of that graph will give 

the optical dielectric constant. The Jog-log graph between imaginary penniltivity 

and angular frequency for the sampJe Lal.xNaxMn03 (0.1 and O. 15) is depicted in 

the figure 6.8 (a) - (c). All the graphs show straight line behaviour favouring UDR 

model and from the sIopes,'s' values were evaluated. The graph between 

imaginary pennittivity and (OS' I for the same set of samples are shown in figure 6.8 

(d) - (t). By extrapolating the straight line graphs to the Y-axis the optical 

dielectric constants were obtained. The Eoo values thus obtained are nearly 7 for the 

sample LaO.9NaOo.JMn03 at around 100 K and 11 and 67 tor the sample 

LaO.8SNao.lSMnOJ at around 100 K and 240 K respectively and these values are in 

agreement with those obtained from the Cole - Cole plots (the values from Cole -

Cole plots are 7, 11.5 and 70 respectively). Thus we can conclude that the material 

under consideration follows the UDR model. 

6.4 Impedance spectroscopic studies ofLNMO 

The impedance spectroscopic measurements of the LNMO· sample were 

carried out by using the hp 4192A impedance analyzer, by measuring the real 

value of impedance (Z') and corresponding phase angle (tan 8) in a frequency 

range 100 Hz to 6MHz. The imaginary value of the impedance is measured using 

the equation (6.7). 

Z" = Z' * tan8 (6.7) 

The impedance spectrum was obtained by plotting real impedance (Z') 

against imaginary impedance (Z"). The semicircular arcs obtained were fitted 

using least square fitting. Thc impedance spectrum tor the sample La09Nao.IMn03 

is depicted in the figure 6.9. The impedance spectrum shows single semicircular 

arcs whose radii decrease with increase in temperature. The single semicircle at all 
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temperatures indicates the dominance of grain effect rather than the grain 

boundary and electrode effect [18]. From the intercepts at the right side of the 
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semicircular arc with the real axis, we can calculate the values of bulk resistance 

of the material (grain resistance). From the frequency at which Z" becomes 

maximum we can calculate the bulk capacitance using the equation (6.8). 

1 
2rrfmax = Rb Cb (6.8) 

The relaxation time can be calculated from impedance diagram (or from variation 

ofZ" with frequency) using the relation (6.9). 

1 
2rrfmax = -

r 
(6.9) 

The calculated values of Rh, Cb and 1 were given in table 2. From the table it is 

clear that as temperature increases the bulk resistance, bulk capacitance and 

relaxation time decreases. The decrease in Rb is due to the increase in hopping 

conductivity of the sample with increase in temperature. The decrease of 

relaxation time with temperature indicates the typical semiconductor behaviour of 

the material [19]. The activation energy for conduction for the material can be 

calculated using Arrhenius equation [equation (6.1 0)]. 

(6.10) 

where 'to is the pre exponential factor, kll is Boltzmann's constant, Ea is the 

activation energy and T is absolute temperature. The variation of relaxation time 

with 1000n' is shown in the figure 6.10. From the slope of the graph it is found 

that the activation energy is 0.173 eV. 

Temperature (K) Rb(K Q) Cb(pF) T(* 10 5 S) 

305 824.5 51.7 4.22 

315 621.8 51.1 3.22 

325 564.5 28.6 1.62 

335 426.8 27.6 1.18 

Table 2 The calculated values of Rh. Cb and T 
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6.5 Dielectric and impedance studies of charge ordered LNMO 

The charge ordered LNMO sample (Lao75Nao.25Mn03) is prepared using 

the citrate gel method. The dielectric pennittivity measurements were carried out 

on these samples, using the hp 4285 A impedance analyzer as explained in the 

section 6.2 of this chapter. The frequency variation of permittivity along with 

temperature variation is shown in figure 6.11. The frequency variation is exactly 

identical to that in the case of other non charge ordered LNMO samples. A broad 

dielectric maxima around 230 K as in the case of charge ordered GSMO samples 

can be seen here. The relaxor ferroelectric behavoiur is due to the charge ordering 

in this particular composition [20]. The frequency and temperature variation of 

loss tangent is presented in the figure 6. I 2. The frequency variation mimic the 

behaviour of charge ordered GSMO samples; but the temperature variation does 

not exhibit loss tangent peak. Due to the shifting of loss tangent peak from 

dielectric peak as observed in the case of GSMO, the peak could be outside the 

temperature region. The figure 6.13 represents the frequency and temperature 

variations of dielectric loss which shows the same behaviour as that of loss 

tangent. 
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Figure 6.11 (a) Frequency variation and (b) Temperature variation of dielectric 

pennittivity of LaO.75Na01SMnO\ 
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6.6 Conclusion 

The frequency and temperature dependence of the dielectric parameters of 

the nano sized Na doped Lanthanum manganites, prepared by the citrate gel 

technique, were studied. The frequcncy dispersion of dielectric parameters can be 

explained by using Maxwell-Wagner interfacial polarisation. The temperature 

dependence of dielectric parameters indicates the presence of two thennally 
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achvated relaxation mechanisms; low temperature relaxation attributed to 

interfacial polarisation between grain boundaries and high temperature relaxation 

due to hopping of charge carriers between Mn ions. The shifting of dielectric loss 

tangent peak to higher frequencies with increase of temperature confinns the two 

relaxation mechanisms. The dispersion parameters of the LNMO sample were 

evaluated by using dielectric spectroscopy. All the Cole - Cole plots are 

semicircular arcs with the centre lying below the real axis, which is an indication 

of distribution of relaxation times. The temperature variations of optical and static 

dielectric constants exhibit two plateau regions, corresponding to two thermally 

activated relaxation mechanisms. The variation of spreading factor with 

temperature reveals the existence multiple equilibrium states for the sample in the 

case of both thermally activated relaxation process. The temperature variations of 

both molecular and average relaxation time arc explained by Debye theory of 

dipolar orientation. The variation of dispersion parameters with doping is 

attributed to the hopping polarisation. The linear rising tail in the Cole - Cole plot 

is an indication that LNMO sample obeys 'Universal Dielectric Response' (UDR) 

model. Applying UDR model, in the frequency variation of dielectric penl1ittivity 

and dielectric loss, the optical dielectric constant values of the sample could be 

obtained which is in good agreement with those obtained by dielectric 

spectroscopy. The temperature variation of charge ordered LNMO samplc is a 

signature of multifclToism and it is an indication of rolc of charge ordering in the 

ferroelectric property of mangnaites. 
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Chapter 7 

On the Colossal Thermoelectric Power of Charge 
Ordered Manganites 

7.1 Introduction 

Thermoelectric effect is the generation of an electric field due to a thennal 

gradient, and the rate of change of thennoelectric voltage with temperature is 

called the thennoelectric power or Seebeck coefficient. Possible applications of 

thermoelectric materials are in eco-friendly refrigeration and in electrical power 

generation [I -4]. The efficiency of a thermoelectric conversion is detem1ined by 

the figure of merit Z which can be written in the fonn Z = Q2(j / K , where Q is 

the See beck coefficient, (j is the electrical conductivity and K is the thermal 

conductivity. Accordingly, large Seebeck coefficient, high electrical conductivity 

and low thennal conductivity are prerequisites for materials with potential for 

applications. Metals are poor thennoelectric materials because they possess small 

values of Seebeck coefficient. Insulators display large values of Seebeck 

coefficient, but are poor electrical conductors and are not in demand. However 

semiconductors with an electron density of ~ 1 019/cm3 are considered as ideal 

thennoelectric materials [3). 

Abraham lone in 1956 theoretically predicted that doped semiconductors 

could exhibit a much larger value of Seebeck coefficient. Eventually this led to the 

discovery of a large thenlloelectric power for binary semiconductors of the fonn 

Bi:(fe3 at room temperature [5, 6, 7]. Normal broad band semiconductors, rattling 

semiconductors with skutterudite crystal structure, correlated metals and 

semiconductors, Kondo insulators and semiconductor quantum wells were also 

found to be promising thennoelectric materials [3, 4, 8]. Large value of 

thermoelectric power of the order of 10 m V IK at ~ 20 K was exhibited by pure 

germanium single crystals [9, to]. 



A survey of literature reveals that SrTi03, a metal oxide with cubic 

perovskite structure, is a good thermoelectric material [2, 11, 12], while rare earth 

inter-metallic compounds, whose 4f levels are close to the Fermi energy and by 

virtue of their high density of states near the Fermi energy, scatter most of the 

conduction electrons, are also considered to be good thennoelectric materials. 

Therefore, materials, with large number of atoms per unit cell, large average 

atomic mass and large coordination number per unit atom, are likely to display 

large thermoelectric power [3]. It is seen from literature that the Seebeck 

coefficient of manganites is routinely investigated to explain the transport 

properties of manganites and not much attention is paid to the fact that such 

materials can be potential thermoelectric materials with colossal Seebeck 

coefficient. Maignan et al. [13] reported that perovskite manganite is a potential 

material for thermoelectric applications. High bandwidth manganites like La,. 

"SrxMn03, though they posses large value of electrical conductivity, display very 

small values of Seebeck coefficient. However, low and intem1ediate band width 

manganites can be materials with potential for displaying a large Seebeck 

coefficient. Charge ordering has a crucial role in the display of large 

thermoelectric power and hence measurements of thennoelectric power on charge 

ordered manganitcs Gdj_xSrxMn03 (x=0.3, x=O.4 and x=0.5) and Lao.7sNa02sMn03 

were conducted expecting huge value of Seebeck coefficient. The thermoelectric 

studies of other non charge ordered Na doped manganites Lal_xNaxMn03 

(x=O.05, 0.1, 0.15 and 0.2) were also conducted to verify the conduction 

mechanism in the insulating phase of these manganites. The results of those 

thermoelectric power studies are presented in this chapter. 

7.2 Thermoelectric power studies of GSMO and LNMO samples 

The thermoelectric power of GSMO [Gdj_xSrxMn03 (x=0.3, x=O.4 and 

x=O.5)) and LNMO samples [Lal_xNaxMn03 (x=0.05, 0.1, 0.15, 0.2 and 0.25)] 

were detemlined by employing a DC differential technique (which is described in 
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detail in chapter 2) in the temperature range of 5 K - 300 K using a home made set 

up at IUC-DAEF, Indore, India. 

7.2.1 Colossal thermoelectric power exhibited by charge ordered GSMO and 

LNMO manganites 

The temperature variation of thermoelectric power for the GSMO samples 

is presented in figure 7.1. The Seebeck coefficient is negative at room temperature 

and as the temperature decreases, this value decreases and then a cross over from 

negative to positive value occurs at around 70 K. The thermoelectric power sign 

crossover from negative to positive (as shown in the inset of fig. 2) can be 

understood if one considers the conduction mechanism in semiconductors. The 

Seebeck coefficient of a typical semiconductor can be written in the form 

(7.1) 

Here Ll is the activation energy which is positive for electrons and negative for 

holes. B is a constant which is related to the entropy of the carriers [14, 15]. Thus 

it is evident that at temperatures below 70 K, the predominant carriers are holes. It 

can also be seen that at very low temperatures there is a sharp increase in the 

them10electric power whose onset is at around 70K and a peak is observed at -

40K. At this temperature, Gdo.5Sro.5Mn03 exhibits a colossal thermoelectric power 

of 35 In V IK. For the other two compositions the colossal values are 30 m V IK and 

20 mV/K respectively for x=OA and x=0.3. After attaining the peak value it 

decreases with temperature. Coincidentally this is the largest value of 

thennoelcctric power ever reported for these class of materials at this temperature. 

Colossal thermoelectric power was previously reported for strongly correlated 

semiconducting FeSb2 single crystals and reduced Ti02 single crystals (8, 16]. 
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Figure 7.1 Temperature Variation of See beck coefficient for the sample Gdl_xSrxMn03 

[(a) FO.3, (b) FO.4 and (c) x=O_5)]. Inset shows the zero crossing over of Sec beck 

coefficient. 

The physical origin of such a phenomenon In manganites could be 

because of various factors. Of the many attributes leading to the exhibition of 

colossal thermoelectric power namely, phonon drag, magnon drag, charge 

ordering, spin glass cluster or spin fluctuation, could be contributing individually 

or collectively to this phenomenon. The main contributions of thenno electric 

power can be from phonon drag, diffusion of electrons and magnon drag. When 

there exists a temperature gradient, heat flows from a high temperature region to a 

low temperature region. Heat flow can be considered as a flow of phonons. 

During the transport they get scattered with electrons and transfer its momentum 

to the electrons. Thus the temperature gradient creates an electron drag and 

consequently a potential difTerence is produced. This is the phonon drag 

contribution to the thermo electric power. For pure substances the phonon drag 

contribution occurs at temperatures less than the Debye temperature. 

Due to difference in charge carrier concentrations in the metals of a 

thennocouple, there is diffusion of charge carriers from onc metal to another metal 

at the two junctions. But the difJerence in temperature ill a thermo couple at the 
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junctions results in different diffusion rates of charge carriers and consequently 

leads to thenno electric power. This is the diffusion contribution of thennopower. 

Magnons are quanta of spin waves and in a ferromagnetic material at absolute 

zero there is perfect alignment of spins. But as temperature increases the spins 

start to misalign. This is where a spin wave is fonned. Those spin waves are 

quantized and each quantum is called a magnon. At absolute zero the material can 

be considered as vacuum and at higher temperature it can be considered as a 

system of quasi particles called magnons. When a ferromagnetic material 

undergoes phase transition there will be magnon flow from higher temperature to 

lower temperature and some of them will get scattered by the electrons and thus 

magnon momentum is transferred to the electrons. This magnon drag leads to 

thenno electric power. It was reported that in the case of single crystal Ti02, 

phonon drag effect of holes contribute to the large positive thennoelectric power 

[16]. 

From temperature dependent magnetisation curves (figure 3.8) it is 

evident that a paramagnetic to spin glass like transition occurs for the sample 

under discussion at low temperatures. It is noteworthy that colossal thennoelectric 

power of ~35 mVIK was displayed at this temperature for the sample Gd 1_ 

xSrxMn03 (x=O.3, 0.4 and 0.5). However, studies by other researchers indicate that 

charge ordering takes place in Gdo.5Sro5Mn03 at temperatures < 90K [17, 18]. 

Recently, Rhyee et al. [19] reported a large figure of merit (~1.48) in In4SeH 

crystals where in charge density wave instability was attributed to the large 

anisotropy observed in electric and thermal transport properties. This result 

suggests that one cannot rule out the contributions of charge ordering to the 

colossal thennopower. The suggested mechanism is rather tentative and further 

studies are in progress so as to understand the underlying physics involved in the 

display of colossal thermoelectric power in these class of compounds. The low 

temperature thenno electric power peak can be explained from the electron 
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phonon interaction theory [9]. Considering the electron-phonon interaction of 

semiconductors the thermoelectric power may be derived as 

(7.2) 

where K!, K2 and K' are functions of distribution fUllction and electron and 

phonon mean free path and t; is the chemical potential. The first tenn is a constant 

and the temperature dependence of second tenn is very small. The third term can 

be evaluated as 

(7.3) 

where I pi, is the mean free path in phonon-phonon interaction and lerp is that in 

electron - phonon interaction. Thus the thermoelectric power is directly 

proportional to the ratio of mean free paths of phonon- phonon interaction and 

electron - phonon interaction. At around lOOK the phonon mean free path I ph is 

larger than the electron free pathleq> and when temperature lowers Iph rises more 

rapidly thanie(p. Thus K'/K J increases with decrease of temperature and hence 

thermoelectric power increases. But at very low temperature boundary scattering 

will become predominant and the phonon mean free path for this scattering is a 

constant of the order of crystallite size. On the other hand the electron mean free 

path increases with decrease of temperature. Thus at very low temperature, thenno 

electric power deceases with decrease of temperature. 

In the case of charge ordered intermediate bandwidth manganite 

La07SNao.2SMnO" the temperature variation of thermoelectric power is shown in 
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the figure 7.2. The Seebeck coefficient has positive value at room temperature. As 

temperature decreases the positive value increases, attains a maximum value and 

then decreases. After that it becomes negative. At low temperature there is a 

dramatic increase of negative value of thermo electric power and at 60K it 

becomes a colossal value of about 80mV/K, the highest Seebeck Coefficient ever 

reported. The crossing over from positive to negative is clear from the inset of 

figure 7.2 and can be explained using the equation 7.1. From the temperature 

variation of magnetisation in the case of LaO.7:;Nao.25MnO\ Uigure 4. 9( b) in section 

4.3.2J, it is clear that there is a magnetic transition from paramagnetic slate to spin 

glass like state. as in the case of charge ordered GSMO sample. at around 60K. 

The temperature coincidence of colossal value of Seebeck coefficient and 

magnetic transition points to the role of spin fluctuation caused by magnetic 

transition. 
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Figure 7.2 Temperature Variation of Sccbeck coefficient for the sample La\) "Na" >MnO\. 

Insct shows the zero crossing mcr of Sccbcck coefficient. 
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7.2.2 Thermoelectric power in non charge ordered LNMO 

The variation of thennoelectric power (Seebeck coefficient) of manganites 

La'_xNaxMn03 (x = 0.05, 0.1, 0.15 and 0.2) with temperature in the temperature 

range 5K - 300K is shown in figure 7.3. All the samples except x = 0.2, the 

thenno electric power value changes from negative to positive. In the case of 

sample with composition x = 0.2, the value remains positive through out the 

temperature range of investigation. The change in sign in the Seebeck coefficient 

indicates the coexistence of two types of carriers. The negative S at high 

temperature is due to electrons which are excited from the valence band (VB) into 

conduction band (CB). Because of the higher mobility of electrons with in the CB, 

S is negative. At low temperatures, the electrons in the VB are excited into the 

impurity band which generates hole like carriers, which are responsible for a 

positive thennoelectric power [20]. 

.. 0.05 

• 0.1 
• 0.15 
• 0.2 

Temperature (K) 

Figure 7.3 Variation of thermoelectric power with temperature for the samples 

La,_,NaxMn03 [x=0.05, x=O.I, x= 0.15 and (d) x= 0.2] 

From figure 7.3, it is clear that the value of thennoelectric power changes 

from negative value and finally becomes positive with increase in Na 

concentration. It is due to the fact that for every Na doping, double amount of 

holes are created in the eg band and thus causes narrowing of eg band and 
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distortion of Fenni surface. In addition to a peak in the higher temperature region 

all the samples exhibit another peak in the lower temperature region. The high 

temperature peak is a general one for all manganites, which is due to metal 

insulator transition [21]. The low temperature peak may be due to either phonon 

drag contribution or magnon drag contribution. 

7.2.2.1 Low temperature thermoelectric behaviour 

The general relation for thermoelectric power of transitional metal oxides 
is of the form [22] 

(7.4) 

where So is a constant which accounts the low temperature variation of thermo 

electric power, the second term (S3/2 T 312
) is due to the magnon scattering process 

and the third term (S4 r) is attributed to the spin wave fluctuations in the 

ferromagnetic phase. In the case of manganites La l_xNaxMn03 (x = 0.05, 0.1, 0.15 

and 0.2), the low temperature data could not be fitted well with the above 

equation. Considering the diffusion and phonon drag contribution we can use a 

more general equation for thermopower of the form [23], 

(7.5) 

where SIT term is due to diffusion and S3T3 term is due to phonon drag. But we 

could not fit the low temperature data perfectly with the above equation, 

especially the low temperature peak and above 170K (figure 7.4). From the 

section 4.3.4, the low temperature resistivity data fitting need a TII2 term. Hence 

we assume the contribution of thermo power from a TII2 term and then the 

corresponding equation is given as equation (7.6). Surprisingly the thermoelectric 

power data perfectly fit with this equation. The fitting is shown in the figure 7.5. 

The TII2 tenn contribution to thermoelectric power may be due to weak 

localisation. 
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The corresponding fitting parameters are given in the table. 1. A general decrease 

in the fitting parameters indicates the decrease of different contributions to low 

temperature thennoelectric power ofLNMO manganites. 

So S!l2 SI S312 S3 S4 
x 

(J.lV/K) (J.lV/K312
) (~IV/K2) (!.NIK sI2) ().lV/K4) (~IV/K5) 

0.05 -6.12243 5.25193 -1.25213 0.08702 -0.00001 2.7633£-8 

0.1 -5.25262 4.37895 -1.0155 0.07095 -0.00001 2.1755£-8 

0.15 -5.32701 4.63524 -1.04533 0.07307 -0.00001 2.078£-8 

0.2 -5.01945 3.85564 -0.73768 0.0452 -4.4613E-6 5.6772E-9 

Table 1. The best fit parameters from TEP data of La,NaxMn03 (x = 0.05, 0.1,0.15 and 

0.2) 
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Figure 7.4 Temperature variation ofthemlOelcctric power for the sample LahNa,MnO, 
(x ~ 0.05,0.1,0.15 and 0.2) below 180K. The solid line represents the fitting with 

equation (7.5). 
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Figure 7.5 Temperature variation ofthermoeIectric power for the sample Lal.xNaxMn03 
(x = 0.05, 0.1,0.15 and 0.2) below 180K. The solid line represents the fitting with 

equation (7.6). 

7.2.2.2 High temperature behaviour 

In the high temperature regime, thermo electric power can be expressed 

by the Mott's well known equation based on Polaron hopping. 

s = k8/e[~ + a'] 
k8T 

(7.7) 

where 'Es' is the activation energy obtained from the TEP data, 'kn' is 

Boltzmarm's constant, 'e' is electronic charge, 'T' is absolute temperature and a' 

is a constant of proportionality between the heat transfer and the kinetic energy of 

an electron. 0.'<1 suggests hopping due to small polarons and 0.'>2 suggests the 

existence oflarge polarons [24]. The equation (7.7) is a straight line equation with 

slope Es/e and y intercept kg> a'/e. Figure 7.6 give the graph between Seebeck 

coefficient'S' versus liT curve for all the samples. Solid line gives the best fit of 

the experimental data with equation (7.7). From the slope of S versus lIT curves, 

activation energy Es for all the samples were obtained. The constant 0.' was 

obtained from the intercept of the plotted curves. All the parameters obtained from 

fitting the experimental data with equation (7.7) an.: given in table 2. From the 
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estimated values of a'from equation (7.7), we found that a'<1 for all 

compositions. This supports the fact that small polaron hopping is the mechanism 

for conduction in this system. Matt's equation for the resistivity is given by 

(7.8) 

where p is resistivity, T absolute temperature Pa is constant, El' is activation 

energy and kn is Boltzman's constant. Taking logarithm the above equation 

becomes 

(7.9) 

It is a straight line equation whose slope is Ep/ks and y intercept is log (Pu). The 

activation energy (El') was obtained from the graphs plotting between log (piT) 

and liT as shown in figures 4.12. They are also given in table 2. The calculated 

values show that both the activation energies (El' and Es) gradually increase with 

increasing sodium content. The huge difference in the values of the two activation 

energies (El' and E5), as originally pointed out by Mott and Davis, is due to the 

thennally activated behaviour of the hopping transport at high temperature [25]. 

According to Polaron model, activation energy obtained t1'om resistivity value (E,,) 

is the energy required for creation of carriers and activating them hopping. 

Activation energy from thennopower (E8) is that needed for activating the 

hopping process. The difference between the activation energies, measured from 

resistivity and TEP studies is called polaron hopping energy WII = Ep - Es. The 

calculated values of the polaron hopping energy are also included in table 2. Due 

to the colossal value of thennoelectric power fitting with thennoelectric equation 

and activation energy calculation are impossible for the charge ordered 

manganites. 
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Figure 7.6 Variation of thermoelectric power with reciprocal of temperature for the 

samples Lal.xNa,Mn03 [(a) x"'-0.05, (b) x=O.I, (c) x= 0.15 (d) x=O.2 and x=O.25] 
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An increase of all the parameters Ep, Es, and W H with increasing 

composition x can be understood from the following explanation. Increasing Na 

concentration sufficiently increases the number of charge carriers (holes) in the eg 

band take part in conduction and thereby nan'owing the eg band. Thus as Na 

concentration increases more energy is needed to release a charge carrier. This 

effectively increases the activation and hopping energy. According to Mott and 

Davis [26], the hopping energy WH is related to the polaron radius (rp) as 

WH = e 2 /4£(2. -~) (7.10) 
Tp R 

where £ is the dielectric constant and R is the average inter site distance related to 

r" [rp== (nI6)1i3 R12]. From the table it is clear that polaron hopping energy increases 

with increase in Na concentration, and from equation 7. I 0 we can see that 

polaronic radius is inversely proportional to Polaron hopping energy. Hence it can 

be concluded that polaronic radius decreases with increase ofNa concentration. 

x Mn4'/Mn5
+ Ep(meV) Es(m eV) Wf! (m eV) a' 

0.05 0.11 29.9 1.78 28.12 -0.095 

O. I 0.25 37.17 2.11 35.06 -0.124 

0.15 0.43 * 2.49 * -0.135 

0.2 0.67 40.24 3.20 37.04 -0.142 

0.25 1 50.7 5.66 45.04 -0.29 

Table 2 Thermoelectric power fitting parameters in the high temperature region for the 

samples Lal.xNa,MnO, [(a) x=O.05, (b) x=O.l, (c) x= 0.15 (d) x=0.2 and x"'0.25] 

* Resistivity data in the paramagnetic phase is unavailable 
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7.3 Conclusion 

The thermoelectric powers of the charge ordered GSMO and LNMO 

samples and non charge ordered LNMO were measured. The charge ordered 

manganites exhibited colossal values ofthennoelectric power at low temperatures. 

The colossal positive Scebeck coefficient is around 35mV/K near 40K in the case 

of GSMO sample. This is the one of the highest values reported at this 

temperature. But for charge ordered LNMO sample the colossal Seebeck 

coefficient is negative and its value at 60K is around 80mV/K, the highest ever 

reported value. We could not propose the exact mechanism for such a colossal 

value of Seebeck coefficient. The thennoelcctric peak temperature coincides with 

the temperature corresponding to the transition from paramagnetic state to 

magnetically ordered state. Hence spin fluctuation associated with magnetic 

transition could be one of the reasons. Since colossal value of thermoelectric 

power is exhibited by charge ordered manganites, we could not ruled out charge 

ordering as the cause of colossal thermoelectric power. The fitting of low 

temperature thermoelectric power data of the non charge ordered LNMO 

manganite need an additional T 1i2 term (weak localisation contribution) as in the 

case of its resistivity data fitting. High temperature thermoelectric power studies 

of non charge ordered LNMO manganite indicated that small polaron hopping as 

the conduction mechanism rather than large polaron. 
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ChapterS 

Conclusion 

Development of novel and new materials for various applications has been 

the hall mark of material science. Any study in material science necessitates 

synthesis of phase pure compounds in the required stoichiometry. Characterisation 

is another integral part of any study in material science and this often leads to 

taking refuge in modem analytical instruments and some times, in developing in

house technique for characterization of samples. This investigation on Gd based 

manganites and Na doped manganites is also such an attempt where in samples are 

synthesized in the purest form without compromising on purity and are 

characterized at appropriate stages of preparation using various analatycal 

techniques. 

Manganites are very interesting class of materials and they crystallize in 

the perovskite structure and hence attracted the attention of the scientific 

community since they are capable of exhibiting various properties simultaneously 

like ferromagnetisll1, ferroelectricity, magnetoresistance etc. Most of the 

propelties are detennined by a variety of factors namely double exchange, Jahn 

Teller distortion, orbital ordering, charge ordering etc. Among them charge 

ordering plays a crucial role in the transport and ferroelectric properties of 

manganites. Low and intermediate bandwidth manganites exhibit charge ordering 

and hence Gd based low bandwidth and Na doped intermediate bandwidth 

manganites were selected for the present study. Na doped sample possess further 

advantages like charge ordering at low doping levels. Special attention was paid to 

carry out dielectric and thennoelectric power measurements because of the hints 

from existing literature regarding role of charge order in multiferroicity and large 

thermoelectric power. In ordcr to understand the nano size effect in 



magnetoresistance properties, nano sized Na doped manganites were prepared 

using citrate gel method. 

Gd containing manganites belonging to the senes Gdl.xSrxMn03 was 

prepared by wet solid state reaction method. All the compositions corresponding 

to (x=0.3, 0.4 and 0.5) was synthesised which was found single phasic in nature 

and without any detectable impuritics. A citratc gel method was employed for the 

preparation of nano sized Lal.xNa,Mn03 (FO.05, O. I, 0.15, 0.2 and 0.25). This 

method yielded phase pure compounds with sizes ranging from 20 nm to 40nm. 

Both these synthesis tcchniques can be adopteu for the preparation of other 

manganites samples containing various rare earth ions of micron size and nano 

SIze. 

A complete automated system using a graphical programming package 

called LabVIEW was developed for the evaluation of dielectric permittivity, 

impedance and ac conductivity. This set up was modified and completely 

automated using LabVIEW and C-programming for the evaluation of dispersion 

parameters using dielectric spectroscopy. The same set up was modified to carry 

out impedance spectroscopy where in grain impedance and grain capacitance 

could be estimated. Thc development of a complete automated systcm for 

dielectric spectroscopy and impedance spectroscopy using an LCR meter and 

LabVIEW can be considered as a major contribution of this investigation from an 

instrumental teclmique perspective. 

Low temperature magnetoresistance studies of Iow and intermediate 

bandwidth manganites assume significance from a theoretical perspective. The D. 

C conductivity studies of the sample sheds light into the conduction mechanisms 

and help to establish the role of double exchange interaction in the hopping 

process. Moreover a comparison, vis a vis the conduction process, betwecn low 

bandwidth and intennediate bandwidth manganite is possible. It may be 

established that a metal to insulator transition takes place in both low and 
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intennediate bandwidth manganites. But in low bandwidth manganites~the 

transition is not so explicit as in the case of high bandwidth manganites. High 

magnetic field of about 8T was needed for the explicit metal insulator transition in 

the charge ordered manganites. This high magnetic field is used for the melting of 

charge ordered state. Thus the role of charge ordering in the double exchange 

mechanism was established. 

From D. C Conductivity studies it was possible to establish the exact 

conduction mechanism for GSMO samples both in the paramagnetic and 

ferromagnetic regions. While in the the paramagnetic region, in the low 

temperature regime, variable range hopping (VRH) aided the conduction process 

and in the high temperature regime small polaron hopping (SPH) is the most 

probable conduction mechanism. However in the terromagnetic region double 

exchange is found to be the predominant conduction process. It was found that 

these samples exhibit a metal to insulator transition at around 40K, where it was 

also possible to observe a spin glass like transition at around the same 

temperature. In the case of GSMO series, composition corresponding to x=0.7 

exhibited 80% magnetoresistanee at 120K. This is a significant result, considering 

the tact that these materials can be tailored for enhancing the transition 

temperature as well as the magnetoresistance percentage. In the case of LNMO 

sample it was found that as the amount of sodium was varied, the metal insulator 

transition gradually shifted from low temperature to room temperature. In the case 

of LNMO the composition corresponding to x=O.25 exhibited a large MR ~ 93% 

at around 70K. 

A study of dielectric and ac conductivity over a wide range of frequencies 

revealed interesting observations. The dielectric studies of GSMO samples 

established the multiferroic nature of the sample under study. The presence of a 

broad dielectric peak in the temperature versus dielectric constant graph is 

indication of relaxor ferroelectric behaviour. The ferroelectricity is due to the 

charge ordering characteristic of the m<lnganites which was explained by inversion 
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symmetry of an intennediate state between site centered charge ordering and bond 

centered charge ordering. The ferroelectric behavior was confinned in the 

capacitance-voltage (C-V) measurements carried out on these samples. The 

butterfly nature of C-V curve was an indication of the ferroelectric nature. The 

frequency dispersion of dielectric parameters was explained by using Maxwell -

Wagner capacitor model. The frequency dependent tenn of ae conductivity was 

analyzed using power law and the temperature variation of ac power law exponent 

established the different ac conduction mechanisms in the GSMO manganites. 

The temperature dependence of dielectric parameters of non charge 

ordered LNMO samples indicated the presence of two thennally activated 

relaxation mechanisms. The low temperature relaxation was attributed to 

interfacial polarization between grain boundaries and high temperature relaxation 

is due to hopping of charges between manganese ions. The dispersion parameters 

like optical dielectric constant, static dielectric constant, spreading factor and 

relaxation time were evaluated using dielectric spectroscopy. All the Co le - Cole 

plots were semicircular arcs with ccnters lying below the real axis, which is an 

indication of distribution of relaxation time. The linear rising tail in the Cole -

Cole plot indicated that the LNMO samples obey Universal Dielectric Response 

(UDR) model. Applying UDR model in the frequency variations of dielectric 

penniuivity and dielectric loss, the values of optical dielectric constant were 

elucidated and were in good agreement with those obtained by dielectric 

spectroscopy. The temperature variation of dielectric parameters of the charge 

ordered LNMO samples strongly con finned the role of charge ordering in the 

ferroelectric property of manganites. 

The thennoe1cctric measurements carried out on both GSMO and LNMO 

samples was the most exciting part of this investigation. The charge ordered 

GSMO manganites exhibited a positive colossal value of thennoelectric power of 

about 35mV/K at around 40K. Colossal thermoelectric power was previously 

reported for strongly correlated semiconductor feSb2 single crystals and reduced 

184 



Ti02 single crystals at around lOK. The observance of colossal thennoelectric 

power at comparatively higher temperature is important from both a theoretical 

and experimental point of view. The charge ordered LNMO sample exhibited a 

negative colossal value of thermoelectric power of about 80m V /K at 60K. To best 

of our knowledge this is the highest ever reported value of thermoelectric power 

for these class of materials. We could not propose an exact mechanism for the 

observed colossal thermoelectric power phenomenon. Since the thermoelectric 

power peak coincides with the magnetic transition temperature, the spin 

t1uctuation associated with the magnetic transition may be one of the reasons. 

Since colossal value of Seebeck coefficient is exhibited by charge ordered 

manganite compounds, the role of charge ordering in the exhibition of colossal 

thermoelectric power could not be ruled out. 

The thermoelectric power studies are usually used in manganites to find 

out the conduction mechanism. The high temperature thermoelectric power studies 

of non charge ordered LNMO sample reveal the existence of small polarons in the 

conduction process. Data generated from low temperature thermoelectric power 

measurements were fitted using an existing model. The presence of a 1'1/2 term in 

the equation for Seebeck coefficient, as in the case of low temperature resistivity 

fitting, could be attributed to weak localization of electrons in the low temperature 

regIme. 

The high point of the thesis is the discovery of multiferroism in GSMO 

samples. This is being reported for the first time. Another important finding of the 

thesis is the exhibition of colossal them10electric power in the case of charge 

ordered LNMO and GSMO samples. It must be noted here that to best of our 

knowledge highest reported thennoelectric power is 80mV/K exhibited by the 

LNMO sample (x=O.2S). 

This investigation is also without any lacunac. A crystal clear explanation 

f()r thc colossal themlOelectric power could not be provided. This requires fUl1hcr 
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investigations using various analytical tools. The evaluation of multiferroic nature 

of GSMO samples was limited to the measurement of pennittivity versus 

temperature and capacitance versus applied voltage. More measurements using 

ferroelectric loop tracer is required and a thorough study on the muItiferroic 

properties of charge ordered compounds is warranted and is a futuristic 

proposition. Further, studies employing AC magnetic susceptibility is necessary to 

establish the spin glass nature of these samples. Such a study together with 

SQUID measurements will unravel the ununderstood physics occurring at these 

temperatures and on these compositions. 

The display of colossal thennoelectric power by both low and 

intennediate bandwidth compounds is rather intriguing and investigations are to 

be extended to other similar compounds. From an application point of view, 

especially for power generation, using colossal them10electric materials, the figure 

of merit has to be enhanced and for this both electrical conductivity and thennal 

conductivity have to be appropriately tuned. By a judicious choice of the 

composition this can be achieved. Perhaps, hybrid nano structures of manganites 

could well be potential thennoelectric materials for room temperature 

applications. This can be prospective research topic from an application point of 

view as well as from a fundamental perspective. 

Mutliferroism exhibited by charge ordcred manganites IS another 

promising fInding and much more need to be established with respect to non 

centre of symmetry considerations, Jahn Teller distortion and charge ordering etc. 

Sometime back, manganites were considered potential material for autocatalyst 

and then came superconductivity based on manganite and new manganites have 

again occupied the centre of attraction on potential multiferroic materials and also 

for thennoelectric power generation. Perhaps in the coming years one can witness 

breakthrough in technology using manganites especially for greener environment 

and earn carbon credits. 
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