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ABSTRACT 

STRUCTURAL AND MAGNETO-ELECTRICAL CHARACTERIZATION 

OF CATHODES BASED ON RARE-EARTH MANGANITES FOR SOLID 

OXIDE FUEL CELLS 

PHD THESIS 

SEVGİ KARADAVUT 

BOLU ABANT IZZET BAYSAL UNIVERSITY  

INSTITUTE OF GRADUATE STUDIES 

DEPARTMENT OF PHYSICS 

(SUPERVISOR: ASSOC. PROF. DR. SEVGİ POLAT ALTINTAŞ) 

      

BOLU, FEBRUARY 2022 

 

The subject of the thesis is highly spin-polarized rare earth element-based 

manganese perovskite structures. Lanthanum-strontium-manganese-oxide 

(LSMO) ceramics possess unique magnetic and electrical properties which have 

received lots of attention from researchers and producers of new materials. In 

addition to the effects of colossal magnetoresistance, magnetic refrigeration, 

magnetic memory, and magnetic hyperthermia applied in various fields of modern 

technology, they also possess parameters that make it possible to consider them as 

frequently used cathode materials for solid oxide fuel cells. In this dissertation, 

two series of manganite ceramics both produced by B-site substitution are 

explored. In the first series, 10 % of Mn ions are replaced with various transition 

metals as Cu, Co, Fe, and Ti in the La0.8Sr0.2MnO3 system and examined the 

structural, magnetic, and electrical-transport features. In the second series, the 

influence of iron content on the structural, microstructural, magnetic, and 

electrical-transport features of the ceramic perovskite manganites of the 

La0.8Sr0.2Mn1-xFexO3 (x=0.0, 0.05, 0.1, and 0.2) system was investigated. A 

detailed analysis of the conduction mechanism behind the metal-insulator 

transition is also discussed. Analyzing structural and magneto-electrical features 

in these systems and obtaining enhancing physical properties bu B-site 

substitution offers a possibility to use them in technology. 

 

KEYWORDS: Solid oxide fuel cell, manganites, magnetization, perovskite 

structure, temperature coefficient of resistance. 
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 ÖZET 

KATI OKSİT YAKIT PİLLERİ İÇİN NADİR TOPRAK ELEMENTİ 

BAZLI KATOTLARIN YAPISAL VE MANYETO-ELEKTRİKSEL 

KARAKTERİZASYONU 

DOKTORA TEZİ 

SEVGİ KARADAVUT 

BOLU ABANT İZZET BAYSAL ÜNİVERSİTESİ 

LİSANSÜSTÜ EĞİTİM ENSTİTÜSÜ 

FİZİK ANABİLİM DALI 

KATIHAL FİZİĞİ BİLİM DALI  

(TEZ DANIŞMANI: DOÇ. DR. SEVGİ POLAT ALTINTAŞ) 

 

BOLU, ŞUBAT - 2022 
 

Tezin konusu oldukça spin polarize nadir toprak elementi bazlı manganez 

perovskit yapılardır. Lantanyum-stronsiyum-manganez-oksit (LSMO) seramikleri, 

yeni malzeme araştırmacıları ve üreticilerinden büyük ilgi gören benzersiz 

manyetik ve elektriksel özelliklere sahiptir. Modern teknolojinin çeşitli 

alanlarında uygulanan devasa manyeto direnç, manyetik soğutma, manyetik bellek 

ve manyetik hiperterminin etkilerine ek olarak, katı oksit yakıt hücreleri için 

sıklıkla kullanılan katot malzemeleri olarak değerlendirilmelerini mümkün kılan 

parametrelere de sahiptirler. Bu tezde, her ikisi de B bölgesi yer değiştirmesi ile 

üretilen iki seri manganit seramiği araştırıldı. İlk seride, La0.8Sr0.2MnO3 

sisteminde Mn iyonlarının %10'u Cu, Co, Fe ve Ti gibi çeşitli geçiş metalleri ile 

değiştirildi ve yapısal, manyetik ve elektriksel taşınım özellikleri incelendi. İkinci 

seride, La0.8Sr0.2Mn1-xFexO3 (x=0.0, 0.05, 0.1 ve 0.2) seramik perovskit manganit 

sisteminde demir içeriğinin yapısal, mikroyapısal, manyetik ve elektriksel taşınım 

özellikleri üzerindeki etkisi araştırıldı. Ayrıca metal-yalıtkan geçişinin arkasındaki 

iletim mekanizmasının ayrıntılı bir analizi tartışıldı. Yapısal ve manyeto-

elektriksel özelliklerin araştırılması ve B-bölgesi yer değiştirilmesiyle iyileştirilen 

fiziksel özelliklerin bulunması bu malzemelerin teknolojide kullanılmasına olanak 

sağlamaktadır. 

ANAHTAR KELİMELER: Katı oksit yakıt pili, manganitler, manyetizasyon, 

perovskit yapı, direnç sıcaklık katsayısı  
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1.  INTRODUCTION 

Ceramic manganites possess unique magnetic and electrical properties 

which have received lots of attention from the researchers and developers of new 

materials, recently (1) (2) (3) (4) (5). In addition to the effects of colossal 

magnetoresistance, magnetic refrigeration, magnetic memory and magnetic 

hyperthermia (6) (7) (8) (9) applied in various fields of modern technology, they 

also possess parameters that make it possible to consider them as promising 

cathode materials for solid oxide fuel cells (10) (11). 

La1-xSrxMnO3 (LSMO) is a kind of perovskites having an ABO3 crystal 

structure which is derived from the combination of LaMnO3 and SrMnO3 (i.e. A: 

La and Sr, B: Mn). In such a combination, the La3+ ion can be replaced by Sr2+. 

The replacement may give rise to the formation of electron acceptors and the 

valence of the manganese ions to change from 3+ to 4+ (12) (13) (14). Due to 

such doping effects, the manganites show phase transitions with respect to the 

temperature. One of them is the magnetic phase transition from ferromagnetic to 

paramagnetic phase at the Curie temperature TC, while the other is the metal-

insulator phase transition occurs generally at temperatures close to TC (12) (13) 

(14). The physical features exhibited by CMR manganites are mainly originated 

from chemical substitution. It is found that the orderings of the cation and dopants 

have decisive effects of such properties (15) (16) (17) (18) (19). The chemical 

substitution, having random spatial locations, leads to the manganite system to 

generate certain disorders. In LSMO system, a number of studies have revealed 

the effect of the substitution particularly in the range x=0.1–0.3 due to having 

important applications in solid oxide fuel cells (10) (11). A particular interest 

requires to be devoted to the samples with x=0.2 due to the existence of having 

ferromagnetic to paramagnetic phase transition close to room temperature (Tc~325 

K) (20) (21).  

CMR in manganites is mainly originated from the Jahn-Teller type 

distortions and DE interaction between Mn3+ and Mn4+. So, investigating the 

effect of manganese-site substitution is very curicial to understand the origin 

interactions. For this purpose, many studies have studied the substitution of B-site 

by transition metals as Cu (22) (23) (24) (25) (26) (27) (28) (29) (30), Co (31) 
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(32) (33) (34) (35) (36), Fe (37) (38) (39) (40) (41) (42) (43) (44) (45) (46), Ti 

(47) (48) (49) (47) (50) (51) (52) (53) (54) (55) (56) (57), etc. The common 

findings in these studies are the substitution of manganese with transition metals 

in the lanthanum-based manganites systems results a lowering in Curie 

temperature, TC, an increment in the resistance, and for higher doping regimes, 

getting insulating phase and/or cluster-glass-like state (~T<50 K). As per the best 

of our knowledge, there is no detailed study that reports the optimum amount of 

transition metal substitution on the B-site that enhances magnetoresistivity 

properties of the La0.8Sr0.2MnO3 ceramic system. 

 The dissertatition consists of five main chapters. The first chapter is 

introduction of the thesis which gives the general information of the solid oxide 

fuel cell (SOFC) and includes the overwiev. Also, each chapter is briefly 

summarized. The second chapter is theoretical part which involves history and the 

basic theoretical background of perovskite manganites as the detailed presentation 

of the chemical, electronic, structural, and magnetic composition. The various 

magnetic couplings, exchange interactions and properties as well as main models 

(metal-insulator transition, magnetoresistance, etc.) is explained in detail. The 

third chapter which is materials and methods, is described experimental set up, 

preparation of the samples and all measurements techniques. The fourth chapter 

named result and discussion, divided into two groups due to having two series of 

samples. The structural, electrical, and magnetic transport properties and 

conduction mechanism of the two series of samples are analyzed one by one in 

this part. Finally, the highlights of main results and suggestions of the thesis are 

given in the last chapter.  

1.1 Solid Oxide Fuel Cells (SOFC) 

Solid oxide fuel cell (SOFC) technology has a wide range of power generation 

execution areas (58). The importance of SOFC arises from its high yield and clean 

production of electricity from a diversity of fuels. It has developed as an energy 

conversion device to obtain a high yield of over 70% with remodeling (59). This 

technology has been extensively studied because it has so low emissions to the 

atmosphere and fuel flexibility like hydrogen, natural and coal gas, etc. (60). At 

present, the attractiveness of SOFC is getting rise up due to a broad discussion 
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about increasing climate change day by day and the end of the energy resources 

(61). SOFC ensures a lot of benefits over traditional energy conversion systems 

containing high efficiency, modularity, reliability, fuel adaptability, and very low 

levels of SOx and NOx emissions (62) (63).  

SOFCs are electrochemical equipment that fabricates electricity by converting 

from the chemical energy of a fuel to oxidant into electrical energy directly (64). 

SOFCs are much more yield and environmentally harmless than conventional 

electric power generation operations because they fabricate electricity through an 

electrochemical reaction and not through a combustion operation.  

Every SOFC has two electrodes that one is positive and the other one is 

negative, called as anode and cathode respectively (65). The main structure of a 

SOFC includes a solid electrolyte (usually a ceramic) that is located between 

anode and cathode (66). As for how it works, fuel is sent to the anode, and 

oxidant, typically air, is given to the cathode (67). These reactions that produce 

electricity occur at the electrodes. The electrodes have solid porous structures 

(68). So, it allows the fuel and air to diffuse to the electrolyte and the outputs of 

the electrochemical reaction on the anode part to diffuse away from the 

electrolyte. The electrolyte transmits the oxygen ions occurred by the 

electrochemical reduction of molecular oxygen from the cathode part to the anode 

part of the SOFC. Fuel penetrates through the anode to the anode/electrolyte 

interface. The oxygen ions are reacted by the fuel catalytically. Each cell is 

connected in electrical series to increase power and voltage. They can be stacked 

to obtain an optimal stack magnitude. A series of stacks can be ordered within an 

enclosure to compose a SOFC module. Single or multiple modules may be banded 

together and integrated with subsystems to send out air and fuel, to recycle heat, 

and to convert the fabricated electricity from direct current (DC) to alternating 

current (AC), to obtain a SOFC power system. Fig. 1.1 shows the schematic 

diagram of a fuel cell.  
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Figure 1.1 Schematical chart representing the general working principles of a fuel 

cell.
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2. THEORETICAL INFORMATION 

2.1 Overview 

  Transition metal oxides (TMO’s) generate one of the most attractive types 

of inorganic solid displaying stimulating physical properties such as magnetic and 

optical resultant, structural, electrical transport due to the intense electron 

correlation in the systems. TMO’s have some remarkable phenomena such as high 

Curie temperature (TC), metal-insulator transition temperature (TMI), kinds of 

magnetoresistance (MR) such as colossal magnetoresistance (CMR). These 

intrinsic complexes of those materials can cause the varieties of features and 

performances (69) (70). Metal oxides display an extensive range of properties in 

respect of functionalities, e.g., from semiconducting-insulator to conductor or 

superconductor, from antiferromagnetic-paramagnetic to ferromagnetic; from 

dielectric to ferroelectric, etc. due to having a multi-interactive coupling of the 

orbital, spin, charge, and lattice.  

The manganese oxides that have the perovskite lattice structure, are broadly 

called ‘manganites’ are the most significant interacting systems (71). 

Perovskite manganite oxides are greatly matchless systems in materials so-called 

“strongly electron-correlated system” (72). Manganites possess a wide diversity of 

phases with orbital ordering, unusual spin, lattice, and charge. Perovskite-

structured manganese oxide by the general formula of A1−xBxMnO3 (where A is 

usually a lanthanide rare earth element and B is usually a divalent alkaline earth 

metal ion) compounds have raised great interest since its discovery due to their 

complex CMR and magneto-electrical features (73). These materials exhibit an 

interesting correlation by changing temperature, pressure, substituting, doping or 

applied magnetic field, etc. (74). Several major studies have proved that 

electromagnetic behavior manganites depend on the mixed valance state 

Mn3+/Mn4+ play a considerable role in the electronic configuration. So, any 

perturbations on the valence of Mn ions cause the material from insulating to 

metallic and paramagnetic to ferromagnetic states  (75). It is usually known that 

the physical features of the hole-doped-mixed valence manganites are directed by 

the close interaction among orbital degrees of freedom, lattice, spin, charge, and 

nanoscale inhomogeneities among competing phases (76).  
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2.2  History 

Over the last few decades, among all oxide materials, manganites have 

emerged as one of the most engaging investigation fields for condensed matter 

physicists and material scientists. The mixed-valence manganese oxide 

perovskites also known as manganites discovered by Hary Jonker and J. H. van 

Santen in 1950 (77). They crystallized the first mixed-valence manganites and 

explained the preparation process, crystal structure, and magnetic features of the 

(La1-xCax)MnO3 (LCMO) series, and rendered a major report of the electrical 

resistivity (78). Then, analogue significant results were derived for the (La1-

xSrx)MnO3 (LSMO) and (La1-xBax)MnO3 series with the range of solid solution 

was limited to x<0.7 or x<0.5 respectively. In 1951, Zener declared the 

interaction between electrons in the d-shells in ferromagnetic manganites. Hence, 

the idea of double exchange, which is believed to be the principal mechanism in 

these materials, was introduced. In 1954, MR and all transport properties were 

clarified by Volger and he remarked that the magnetoresistance of 

(La0.8Sr0.2)MnO3 is negative with a peak near the Curie temperature (79). In 1955, 

Wollan and Koehler executed a wide neutron diffraction researches on (La1-

xCax)MnO3 and, they clearly indicated the presence of ferromagnetic (FM) and 

antiferromagnetic (AFM) regions and the simultaneous occurrence of FM and AF 

regions in the LCMO system occasionally (80). In 1969 and 1970, prominent 

researches of flux-grown single crystals of (La1-xPbx)MnO3 with 0.2<x<0.44 was 

performed by Searle and Wang (81) (82), Morrish et al. (83), and Leung et al. 

(84). They exposed the metallic conductivity below TC and an enormous negative 

MR effect of about 20% at 1 T in the vicinity of TC. Moreover, Goodenough and 

Longo expressed the theoretical predictions for the origin of the magnetic 

ordering and predicted an orbital and charge-ordered state in 1970 (85). In the 

1990s, the relevance in the mixed-valence manganites continued by the 

fabrication of high-quality thin films with large MR by von Helmholtz et al. (86) 

and Chahara et al. (87). They interpreted the magnetoresistance in 

La0.67Ba0.33MnO3, which was about 60%. Then, the researches increased with the 

papers by McCormack et al. in 1994 (88). In the same year, Jin et al. printed that 

optimized films show particular magnetoresistance effects near TC. They obtained 

a huge magnitude of magnetoresistance exceeding 99.92% at 77 K for a film made 
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of La0.67Ca0.33MnO3 and it was named colossal magnetoresistance (CMR) (89). In 

1998, inclusive research about metal-insulator transitions was printed by Imada et 

al (90). Then in 1999, Coey et al. analyzed broadly various parts of manganite 

physics, such as analyzing the electronic transport behavior, electronic ground 

states, the external impacts like pressure and temperature (91). In 2001, Salamon 

& Jaime pointed out the double exchange mechanism especially and the missing 

elements that cause a ginormous regeneration of curiosity in related materials (92) 

(93). In 2003, Dragotta and his group explained a detailed report about the phase 

separation in CMR and CMR systems (94). In 2006, Tokura (95) (96) and in 2008, 

Siwach et al. (97) were published papers about metal-insulator transition (MI) at 

temperature TMI, paramagnetic-ferromagnetic (PM-FM) transition at Curie 

temperature (TC), CMR, antiferromagnetism (AFM) at Néel temperature (TN), 

charge ordering/orbital ordering (CO/OO) at TCO. 

Although researchers find out and utilize manganites proceed, much of 

nowadays’ effort focuses on the mesoscopic formation and phase separation. In 

the past a few decades, a diversity of techniques on manganites have been 

improved on a length scale range of microns down to angstroms. This 

substantiality and exciting area are still being tried to explain and these 

compounds are the major example of the interaction between theory, experiment, 

and execution which are the heart of Condensed Matter and Materials Physics. 

2.3  Perovskite Crystal Structure  

  The ideal manganese perovskite materials that display a cubic symmetry, 

are formalized by the general chemical form of A1-xBxX3. In general, A is usually 

an alkali earth element (Ca, Ba, Sr, etc.) or a rare-earth element (La, Pr, Sm, Gd, 

etc.) and B could be 3d, 4d, and 5d transitional metal elements (Mn, Ti, Co, Fe, 

etc.) and X is an anion such as (O, F, Cl). In this thesis, La1-xSrxMnO3  is chosen as 

the pristine sample which crystallizes in the cubic perovskite form as modeled in 

Figure 2.1 (98). The B-type ions (Mn3+/Mn4+) take place in the vacancy at the 

centers of the octahedral cages generated by O atoms meanwhile the A-type ions 

(Sr2+, Ca2+, Pr3+, La3+, etc.) settle at the corners of the unit cell. Thus, the B-type 

ions fill at the center, the O-type ions sit at the face center (99). The A-type ions 

seat at the corners of the cube in the center-symmetrical cubic perovskite systems.  
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Figure 2.1. Crystal structure of A1-xBxMnO3 manganese perovskite system. (a) 

The model of ABO3 type perovskite oxides in 3-D cubic system (b) The model of 

a single unit cell of perovskite-manganite with C-type O2- anions and B-type 

Mn3+/4+ cations, in the existence of A-type cation. 

 

As shown in Fig. 2.1, the geometric structure can be depicted using a cubic 

unit cell with A-site ions located at the corners (0, 0, 0) and B-ions sitting at the 

body center (½, ½, ½). The oxygen ions settle at the face center (½, ½, 0). So, the 

structure of the octahedron forms around the B ions. It is a fact that the crystal 

structure correlates with the elements in a compound. Furthermore, the A, B, and 

O atoms have 12, 6, and 6 coordination numbers respectively. 

Another essential point to understand manganites’ structure and behavior is 

the ‘tolerance factor, t. The crystal symmetry which is characterized by a 

perovskite compound depends on the relative size of its constituent elements. 

And, it is defined by Goldschmidt’s tolerance factor as shown below (100) (101); 

𝑡 =
𝑟𝐴 +𝑟𝐵

√2 (𝑟𝐵+𝑟𝑋)
                                                   (1) 

where rA, rB, and rX are the effective ionic radii of rare earth elements, Mn ions, 

and oxygen, respectively. The tolerance factor t forecasts the stability of the 

perovskite phase approximately. The perovskite system form while the values of t 

are close to 1. Thus, the tolerance factor can be used to categorize the perovskite 

distortions roughly (102):  

 The top limit of the tolerance factor is approximately 1.04. 

 Cubic phase is expected for 0.9 ≤ t ≤ 0.97 

 The tetragonal or hexagonal phase is expected for 0.97 ≤ t 1.02 

 Orthorhombic phase is expected for 0.8 ≤ t ≤ 0.9 
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The lanthanum manganite family with the LaMnO3 formula has an 

orthorhombic structure with t=0.89. Substituting larger ions like Ba2+ or Sr2+ for 

La3+ causes to the transition of a cubic structure because of increasing t value. 

This kind of substitution incurs a rise in the volume of the unit cell which creates 

distortions in the structure. These distortions cause a variance of the electronic 

and magnetic properties in the system (77).  

In this thesis, La1−xSrxMnO3 (LSMO) is taken by the pristine sample. 

Substituting Cu2+, Co2+/3+/4+, Fe2+/3+/4+, and Ti4+ ions modify the tolerance factor 

which significantly affects the structural and magneto-electrical properties. One 

can find the ionic radii of considered ions in Table 2.1 which are used for 

calculation t. 

 

Table 2.1.Ionic radii in Cu2+, Co2+/3+/4+, Fe2+/3+ and Ti4+ -substituted lanthanum 

manganite perovskites. The A-site cation radii are presented for twelve-fold and 

nine-fold coordination numbers (separated by comma), while the B-site cation 

radii are presented for six-fold coordination numbers (103).  

A-site (Å) 

 

B-site (Å) O-site (Å) 

 

 

La3+    

 

Sr2+          

 

 

1.36, 1.216 

 

1.45, 1.31 

 

Mn4+   → 0.53 

Mn3+   → 0.64 

Cu2+    →0.73 

Co2+    →0.65 (HS), 0.745 (LS) 

Co3+    →0.545 (HS), 0.61 (LS) 

Co4+    →0.53 (HS) 

Fe2+    → 0.61 (LS), 0.78 (HS) 

Fe3+    →0.55 (LS), 0.645 (HS) 

Fe4+      →0.585  

Ti4+    → 0.605 

 

 

 

 

O2- → 1.4 

 

2.4 Crystal Structure of Lanthanum-Strontium-Manganese 

Oxides, La1-xSrxMnO3 

Manganese perovskite systems in the form of La1-xSrxMnO3 (LSMO) are 

major compounds since they exhibit unique magnetic and transport properties in 

the present times (86) (104) (105). LSMO family compounds which have an 

unusually high-powered correlation between the spin, charge, and orbital possess 

substantial properties ranging from insulating/nonmagnet (paramagnetic or 

antiferromagnetic) paramagnetic insulating or metallic, ferromagnetic metallic, 

ferromagnetic conducting states. 
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The cubic perovskite structure of La1-xSrxMnO3 formed with a corner shared 

octahedral in the unit cell with A and B cations (12-coordination) and 6 oxygen 

anions (6-coordination). Doping B cations lead to an operative change in 

ferromagnetic ordering and conductivity at the same time. The phase diagram by 

doping concentration versus temperature graph and also all phase regions (PMI, 

FMI, and FMM) are given in Fig. 2.2 (106).  

The primary sample LaMnO3 is an insulator for all temperatures however, it 

exhibits paramagnetic properties at high temperatures, whereas it shows 

antiferromagnetic properties at low temperatures. When the doping is raised yet, 

approximately x=0.1, it remains an insulator for low-temperature range however, 

all spins become aligned, and it is the ferromagnetic state. Subsequently, for low-

temperature state, it is a ferromagnetic metal at the x=0.33 concentration, and it is 

a paramagnetic insulator in the high temperature state (107).  

 

Figure 2.2. Phase diagram of LSMO compound with varying x-concentration. 

While LaMnO3 is an insulator at all temperatures, increasing the doping of 

strontium to x=0.33 incurs a metal-insulator transition at ~350K (107). The 

abbreviation in the figure can be seen on the Appendix page. 

 

The phase graph of the Sr-doped manganite La1-xSrxMnO3 is fairly complex 

because of displays multiplicity phases. The basic sample LaMnO3 is a 

predominantly correlated insulator exhibiting anti-ferromagnetic and orbital 

ordering. It is considered that both the Jahn-Teller effect and Coulomb repulsion 

support the insulating behavior. Sr doping finds out charge carriers and prevents 

the long-range Jahn-Teller distortion (108).  
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2.4 Interactions in Manganites  

The manganites which are mixed metal oxides containing manganese, 

include the main properties of charge ordering, colossal magnetoresistance and, 

metal-insulator transitions. These characteristic features are derived from intense 

electron-electron (e-e) interactions, electron-phonon (e-p) and magnetic 

interactions. Various significant interactions occur in these manganites among 

charge, orbital, spin, and lattice as Jahn-Teller Effect, Indirect (Super Exchange) 

Interaction, and Double Exchange Interaction. Such interactions and distortions 

take part in the electromagnetic properties, phase separation, charge ordering, half 

metallicity, and magnetoresistive properties of manganites (79).  

2.4.1 Double Exchange Mechanism  

Along with the discovery of the connection between ferromagnetism and 

electrical conductivity in manganites (77), Clarence Zener explained the double 

exchange mechanism in a series of papers (76) (12) (109). He proved that the 

existing magnetic exchange models failed to explain the situation in manganites 

and declared what is now known as the ‘double exchange’. This mechanism can 

be defined as an interaction that occurs between two unequal Mn3+/Mn4+ ions in 

mixed-valent perovskites through an oxygen atom.  

The neighbor manganese spin moments are related with to the kinetic 

exchange between the eg-electrons in the double exchange mechanism (110). In 

the main compound, LaMnO3 (superexchange, insulating antiferromagnet), the 

valence state of Mn ion is 3+. The Mn ion exceeds a mixed-valence state 

Mn3+/Mn4+ by doping a divalent element such as Pb2+, Ca2+, Ba2+, Sr2+. The eg 

electron of Mn3+ jumps to O p-orbital simultaneously thus, the electron fill in the 

empty O p-orbital. Then, the electron at the same spin which forms O p-orbital 

again jumps to the empty eg orbital of Mn4+. In other words, hole transfer between 

the adjacent Mn ions is as follows: the eg electron transfers from the Mn+3
 ion to 

the oxygen atom then, to the Mn+4 ion and vice versa (111). This interaction is 

known as the “double exchange mechanism” (112). The jumping of eg electrons 

from Mn3+ to Mn4+ is crucial to the conduction treatment and the ferromagnetic 

coupling in doped manganites (86).  
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Figure 2.3. (a) Diagram of the Double Exchange mechanism that consists of the 

two Mn ions and one O ion. (b) The dynamism of eg-electrons enhances if the 

localized spins are polarized (c) Intersite hopping parameter (113). 

 

The electron hopping probability alters depending on the cosine θ between 

two spins in adjacent eg orbitals. This leads to a larger mobile electron transfer at a 

lower θ. The external magnetic field can sequence the core spins from pristine 

disorder states to a higher-order state. Afterward, electron hopping occurs and a 

decrease in resistivity is seen. Namely, the arrangement of the manganese spins 

with external  applied magnetic field results in increasing conductivity.  

It is known that all individual ion or atom is constrained to align by a 

ferromagnetic Hund (Hund’s rule) coupling. The conduction electrons do not 

replace their spin when they travel from ion to ion. These electrons act in a 

jumping manner in the crystal while the net spins of the incompleted d shells are 

parallel. In short, the conduction electrons cause to fall their kinetic energy if the 

background of the d shell spins or the t2g spins of manganite is completely 

polarized. 

The occurrence of metal-insulator transition behavior of La1-xAxMnO3 

mixed-valence manganites is clarified by Double Exchange interaction which 

appears in consequence of intense exchange interaction between the itinerant eg 

electrons (or holes) and localized t2g spins through the Mn-O-Mn path. In such a 

case, these exchange interactions can be infinite only in the case of the parallel 

alignment of the t-core spins which lays in the same direction for both Mn3+ to 
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Mn4+ ion. Hence, the spin direction does not alter during the hopping case. 

Moreover, according to Hund’s rule, the antiarrangement of the unpaired electrons 

is not permitted. In reality, the t-core electrons are restricted. So, they can not 

participate in conduction whereas, eg electrons may be bordered or itinerant. 

Thereby, only eg electrons can participate in conduction during the hopping 

process. In this process, the eg electron transfer depends on relative angle, θ 

between Mn t-core spins. Their formalism has illustrated that teff = tcosθ/2, where 

teff is the effective jumping of an electron between two nearest-neighbors Mn ions, 

θ is the angle between t2g spins settled at the two Mn sites involved in the electron 

transfer. 

2.4.2 Jahn-Teller Effect 

A fundamental resource of complexity in manganites is the atomic structure. 

The incompleted shell of the Mn cation has a structured function in the electrical 

and magnetic properties of manganite like other transition metal oxides (114).  

Crystal-field splitting is liable for lifting the degeneracy of the 5-fold degenerated 

states. 3d energy levels of cations of transition metal complexes surrounded by 

oxygens generating octahedron are split into two levels: double degenerated eg 

level and triple degenerated t2g level. And also, the splitting energy of the crystal 

field is about 1 eV. In addition, the Jahn-Teller lattice distortion can lead to further 

degeneration of the t2g and eg orbitals to dxy, dxz, dyz, and 𝑑𝑥2−𝑦2 , 𝑑3𝑧2−𝑟2 

respectively. But, the ferromagnetic Hund’s rule coupling energy which is about 

2-3 eV, is higher than the crystal field splitting energy so, the high spin state is 

actualized. The crystal-field splitting of the five-fold degenerate 3d orbitals in Mn 

cations is illustrated in Fig. 2.4 (115) (96).  

 



14 

 

 

(b) 

Figure 2.4. (a) The splitting of eg and t2g energy levels because of Jahn-Teller 

distortion. Here, JH stands for Hund’s coupling between orbitals. (b) The five d 

orbitals of Mn4+ and Mn3+ in a crystal field of octahedral symmetry: eg orbitals 

(𝑑𝑥2−𝑦2, 𝑑3𝑧2−𝑟2) and three t2g orbitals (dxy, dxz, dyz). 
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As seen in Fig. 2.4 part (a), in d electron manifold, the ground state splits as 

3 electrons in the lower t2g levels and (1-x) electron in the higher eg level due to 

the crystal field. x stands for the Sr doping concentration in the compound of 

LSMO. While the eg levels are occupated separately, for example as is the case in 

Mn3+, this can lead to Jahn-Teller lattice distortion. For this reason, it splits the eg 

energy levels into two assigned by an energy EJT. 

In Fig. 2.4 part (b), angular wave functions of the eg and t2g orbitals are seen. 

The orbital degeneracy of the eg electrons occurs due to the motion of oxygen ions 

from their original positions for manganite materials. 21 modes of vibration for 

the motion of oxygen and Mn ions are known (116). But, only two modes of 

vibrations cause the splitting of the eg doublet. These two types of distortions 

which are represented by Q2 and Q3 are related to the Jahn Teller effect. The 

distortion Q3 is a tetragonal distortion that ensues an elongation or contraction of 

the MnO6 octahedron concerning the occupied 3𝑑3𝑧2−𝑟2 or 3𝑑𝑥2−𝑦2 orbital. The 

distortion Q2 is an orthorhombic distortion acquired by a significant superposition 

of the 3𝑑3𝑧2−𝑟2  or 3𝑑𝑥2−𝑦2  orbitals (117). The turnings of the octahedra are 

obtained in the deviation from 180º of the Mn-O-Mn tilting angle and, Jahn Teller 

lattice distortion in LaMnO3 is influenced by the Q2 distortion.  

The structure of the undoped compound of LaMnO3 is shown in Fig. 2.5. 

All manganese atoms are placed on the Mn3+ configuration with three electrons in 

the t2g band and one electron in the eg band (112). At this stage, electrons can not 

act between ions due to intense Coulomb repulsion between them and thus, 

LaMnO3 is a Mott insulator. After doping Sr concentration, La3+ ions replace with 

Sr2+ ions and thus, some manganese ions convert into Mn4+ to compensate. In this 

doped case, the eg band is empty, which allows the probabilty for electrons to 

travel from the Mn3+ and Mn4+ ions.  
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Figure 2.5. The exhibition of the oxygen ions surrounding the manganese ions in 

the perovskite structure of LaMnO3. The arrows point to one possible Jahn-Teller 

distortion. 

  

2.4.3 Indirect Exchange (Superexchange) Interaction 

Superexchange (SE) interaction is suggested by H. A. Kramer to explain the 

magnetic properties of transition metal oxides (118). SE interaction is described as 

an indirect exchange interaction between non-adjacent magnetic ions (Mn) with 

the same valance separated by a nonmagnetic ion (O).  Ferromagnetism in 

manganites oxides may be clarified by SE interaction besides DE interaction 

(119). The distance between magnetic ions is far away from the direct exchange 

interaction. Thus, SE interaction occurs between Mn ions from the same 2p 

oxygen orbital that has antiparallel spins concerning Pauli exclusion principle 

leading mostly to antiferromagnetism. That interaction occurs only t-core spins of 

the magnetic ion which has an anti-parallel alignment. In the state of MnO or 

ABO3, the ↑spin p-electron can hop to the left, cation A. Hence, the configuration 

of d-spins is either in parallel ↓↓ or anti-parallel ↓↑. In such a circumstance, the 

parallel configuration costs more energy and falls foul of the Pauli Exclusion 

principle so, the effective exchange is antiferromagnetic. Whereas, the geometry 

of the internal, e.g. 180º bond angle (M-O2−-M) usually creates the strongest 

strength of the anti-parallel coupling between metal ions M, plays a major role, 

and can even decide the sign of the interaction. One another instance is LaMnO3 

that involves only Mn3+ ions. The LaMnO3 has an A-type antiferromagnetic 

structure where ferromagnetic Mn3+-O-Mn3+ superexchange concludes within 
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parallel lattice planes and ensures a well-enough ordering of the movement of the 

filled eg orbitals, with adjacent planes coupled antiferromagnetically (120) (121).  

 
Figure 2.6. Superexchange Interaction. 

 

2.5 Magnetoresistance (MR) Phenomena  

Magnetoresistance (MR) is described as the change of resistance of 

compounds subjected to an external magnetic field. Another saying, it is the ratio 

of the change in resistivity of an external magnetic field. Although the resistivity 

of some materials only is subjected to temperature, the resistivity of some 

materials is subjected to the value of the applied magnetic field. The equation of 

the magnetoresistance can be written as; 

𝑀𝑅 =
𝜌(𝐻)−𝜌(0)

𝜌(0)
                                                 (2) 

where ρ(H) is resistivity in an applied magnetic field and ρ(0) is resistivity in zero 

applied magnetic field.  

 Magnetoresistance is classified into five groups: giant magneto-resistance 

(GMR) and colossal magneto-resistance (CMR), tunneling magnetoresistance 

(TMR), anisotropic magnetoresistance (AMR), and extraordinary 

magnetoresistance (EMR).  
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Giant magnetoresistance, one of the MR varieties, is a seminal value within 

a few percent the MR value exceeds the anisotropic magnetoresistance 

considerably (122). The meaning of giant magnetoresistance is a quantum 

mechanical phenomenon seen in multi-layered thin-film heterostructures. These 

heterostructures formed with alternating FM and NM-metallic phases. (122). The 

way of the magnetization process in the FM layer can enormously affect the 

resistivity of the system (123). For instance, the resistivity decreases 

comparatively with the parallel arrangement and comparatively increases with the 

anti-parallel arrangement. Thus, one can examine the direction of magnetization 

by the implementation of the magnetic field. Moreover, the GMR impact forms by 

electron scattering on the spin orientation. 

 Secondly, colossal magnetoresistance is a huge MR in manganites oxides 

which is greater than the GMR effect. Many theories which have been purposed to 

explain the CMR mechanism, have suggested the key role played by the 

Mn3+/Mn4+ mixed valance state in the CMR phenomenon (124). It occurs around 

TC and arises from the spin disorder suppression under the effect of high magnetic 

field values, which retard their technological implementation.  

 Another type of MR, tunneling magnetoresistance becomes in a magnetic 

tunnel junction (MTJ). It is a constituent including two ferromagnets is disparted 

by a thin insulator. In general, MTJ is originated by a thin insulator layer enough 

(⁓ nm) between two ferromagnetic layers (125). TMR effect is based on spin-

dependent tunneling. For example, only up-spin electrons can only tunnel into up-

spin states, and down-spin electrons can tunnel to down-spin states (126). Hence, 

there are two possible configurations: antiparallel and parallel. The carriers can 

only tunnel from one side to the other in the parallel configuration. Thus, the 

considered resistances are various for parallel and antiparallel magnetization 

arrangement of the electrodes. This is the foundation of tunneling 

magnetoresistance (TMR). The equation of TMR is: 

𝑇𝑀𝑅 =
𝛥𝑅

𝑅
=

𝑅𝐴𝑃

𝑅𝑃
                                                  (3) 
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RP and RAP denote the resistance when the magnetization of the two FM electrodes 

are parallel and antiparallel. In addition; manganites are used as a source of the 

ferromagnetic layer in magnetic TJ (127) (128) (129). 

 As for anisotropic magnetoresistance (AMR), is the main tendency in which 

the electrical resistivity is correlated with the corresponding angle between the 

magnetization direction and the electric current direction (130) (131). In other 

words, it occurs in ferromagnets in which the resistivity is connected to the angle 

between the current and magnetization direction. The AMR impact depends on the 

simultaneous motion of magnetization and spin-orbit interaction. Thus, the 

resistance of a region with M parallel to the applied current I is different from the 

resistance of a region with M perpendicular to I. The AMR effect has been 

researched comprehensively both experimentally (132) (133) (134) and 

theoretically (135) (136). In many materials, especially magnetic transition 

metals, the AMR ratio is often defined by (137): 

𝛥𝜌(𝜃)

𝜌
=

𝜌(𝜃)−𝜌⊥

𝜌⊥
                                               (4) 

with 𝜌⊥ = 𝜌(𝜋/2), where ρ(θ) is the resistivity for θ. 

 Extraordinary magnetoresistance (EMR) is defined as the altering in 

electrical resistance upon the implementation of an enormous magnetic field that 

can be greater than 1,000,000% at room temperature. Its magnitude is greater than 

other magnetoresistance impression such as GMR and CMR (138). It generates in 

hybrid structures which consist of semiconductors and metal. The current flows 

through the metal with no magnetic field (at low resistance). But, the current is 

strained to run through the semiconductor with the large magnetic field and, the 

system has much higher electrical resistance because of the Hall 

angle approaching 90° (139). Thus, the system geometry is affected greatly. The 

EMR effect has many possible benefits for applications of different geometries of 

EMR devices (140).  

2.6 Conduction Mechanisms 

A major behavior has been examined in Ln1-xAxMnO3 (where Ln is 

lanthanide and A is a divalent cation) by doping of divalent cations such as Ba+2, 

https://en.wikipedia.org/wiki/Spin%E2%80%93orbit_interaction
https://en.wikipedia.org/wiki/Giant_magnetoresistance
https://en.wikipedia.org/wiki/Colossal_magnetoresistance
https://en.wikipedia.org/wiki/Hall_effect
https://en.wikipedia.org/wiki/Hall_effect
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Sr+2, or Ca+2, etc. at the Ln site. The LnMnO3 compound which is an insulator has 

been investigated on the creation of Mn+4 state with the interaction Mn+4 and 

Mn+3 owing to the hoping of the electron from one part to another correlate with 

electronic transport in them. Two kinds of transition are displayed by the doped 

manganites. The first one is the electrical transition from 

insulating/semiconducting state to metallic state. The transition occurs at peak 

temperature TMI. The second one is the magnetic transition from paramagnetic 

state to ferromagnetic state, and it actualizes at Curie temperature TC. The 

transport and magneto-transport properties depend on doping, grain morphology, 

average ionic radius, heat treatment, size variance, etc. To research the resistivity 

in the semiconducting or insulating and metallic regions, there are significant 

models for high temperature and low-temperature regions.  

Electrical transport is probably the most remarkable physical feature of the 

manganites. Hopping conduction explained that is electrical conduction where the 

carriers transported with electrons hopping from one localized state to another. 

Electron transport through a localized state within the bandgap of a semiconductor 

is shown in Fig. 2.7.  

 

Figure 2.7. Electron transport between localized states (i) thermally supported 

tunneling (ii) tunneling which is independent temperature (iii) tunneling with the 

emission of a phonon and independent of temperature. 

 

According to Fig. 2.7, in the first case (i), electron scatters from lower 

energy state to higher energy state. That hopping which is thermally supported 

tunneling and depends on temperature requires thermal energy. Ehop is the energy 

difference in this movement. In the second case (ii), the electron jumps between 

equivalent energy states. This type of movement is a tunneling process, is 

independent of temperature. In the third case (iii), the electron jumps from a 
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higher energy state to a lower energy state. This type of process is a tunneling 

transport with the emission of phonons and is independent of temperature.  

Additionally, there are essential conditions to occur hopping. At first, there 

should be an overlapping of the wave function of the two localized states. The 

other one is that empty and occupied states must be present for the occurrence of 

hopping. This condition requires hopping which should take part between states 

close to the Fermi level. And, the last one is that energy is needed to jump from a 

localized state to another localized state with a higher energy level.  

2.6.1 High-Temperature Region 

In the high-temperature part at T˃TMI, LSMO is a semiconducting insulator. 

In this regime, there are four significant models to support experimental data. i) 

thermally activated hopping model (TAH) (141) ii) the nearest neighbors hopping 

model (NNH) (142) and iii) a variable range hopping (VRH) model (143) iv) small 

polaron hopping model (SPH) (144). 

2.6.1.1 Thermally Activated Carriers Model 

According to the considered model, the electrons are excited thermally 

across the band gap from the valance band to the conduction band. In this model, 

the resistivity is explained by the equation below; 

𝜌 = 𝜌0exp (
𝐸

𝑘𝐵𝑡
)                                               (5) 

where E is the activation energy, 𝜌0  is the residual resistivity and 𝑘𝐵  is the 

Boltzman constant (𝑘𝐵 = 8.617𝑥10−5 eV.K-1) 

This elementary model is connected with the resistivity given by the 

equation below; 

𝜌 =  (𝑛 𝑒 µ)−1                                                     (6) 

where 𝑛  is the carrier density on the conduction band, 𝑒  is the charge of the 

electron and µ is the carrier mobility. The dominating coefficient is generally the 

thermally activated form of 𝑛, and μ is accepted to be independent of temperature. 

If the charge-ordered phase and conduction mechanism in the insulating 
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paramagnetic result from the thermally activated carriers, the activation energy 

should be particular for each phases. Then, a transition from the paramagnetic to 

charge-ordered states emerges with an instantaneous change of gradient in the 

logarithm of resistance versus temperature. 

2.6.1.2 Nearest Neighbour Hopping Model  

It is recognized that eg electrons are correlated with lattice distortions (i.e. 

they create polarons) in the paramagnetic state. Electrical conduction goes on by 

polaron movement. The size of the lattice distortions for the considered model is 

alike to unit cell size. Also, the polarons travel between the nearest neighbor part. 

The resistivity is written as below; 

𝜌 = 𝐴𝑇𝑒𝑥𝑝(
𝐸

𝑘𝐵𝑇
)                                                  (7) 

where E is the required energy to move a polaron and  A is a constant. But, the 

intense electron-polaron coupling is explained that the movement of the charge 

carriers is slow as regards the lattice vibration. The movement of the lattice and 

the electrons cannot be distinguished. Moreover, research in a non-adiabatic limit 

is so complex (145). The resistivity is written as below; 

𝜌 = 𝐴𝑇3/2exp (−
𝐸

𝑘𝐵𝑇
)                                            (8) 

2.6.1.3 Variable Range Hopping (VRH) Model 

When the temperature is enough low, the possibility of the electron thermal 

activation between states which are close in space but far in energy gets smaller 

than that of electron jumping between some more far states whose energy levels 

happen to be too close to each other (146). The characteristic hopping distance dvr 

increases with declining temperature for the considered case. Hence, that kind of 

hopping is called the variable range hopping (VRH) model.   

The average distance between the nearest neighbor hopping dnn and variable 

range hopping dvr are seen below Fig. 2.8.  
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Figure 2.8. The distance of nearest neighbor hopping and variable range hopping. 

 

The resistivity is written in semiconducting or insulating regions by using 

variable range hopping (VRH) model for uncorrelated carriers as below (91) (143) 

(147); 

𝜌 = 𝜌0exp (
𝑇0

𝑇
)

1

(1+𝑑)                                            (9) 

where d is the dimensionality and for 3D systems (d=3)(3D-VRH model), thus it 

can be written as; 

𝜌 = 𝜌0exp (
𝑇0

𝑇
)

1

4                                             (10) 

where T0 is the Mott characteristic temperature and is related to the carrier 

localization length by the expression (148); 

𝑇0 =
18

𝑘𝐵𝑁(𝐸𝐹)𝑎3                                              (11) 

kB is the Boltzmann’s constant, a is the localization length and N(EF) is the density 

of states at the Fermi level. The value of the localization length should be 

comparable to Mn-O distances for the VRH model (143).  

Furthermore, for the two-dimensional conductance (2D-VRH), d=2, and the 

equation is given by (149); 

𝜌 = 𝜌0exp (
𝑇0

𝑇
)

1

3                                             (12) 

The VRH model is extensively fitted with the resistivity data for the range of  

TMI<T<θD/2. According to this model at this temperature range, carriers jump 
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from site to site with hopping energy Eh, passing a distance Rh, which are 

temperature-dependent parameters and can be calculated by the 𝐸ℎ(𝑇) =

1

4
𝑘𝐵𝑇3/4𝑇0

1/4
 and 𝑅ℎ(𝑇) =

3

8
𝐿(

𝑇0

𝑇
)1/4 equations (150).  

In doped manganites, the randomness in spins and fluctuations in 

Coulombic potential is originated due to rising in the size disorder with doping x 

level. Therefore, beyond the Mn-O distances, the carriers have some potential 

differences to jump at farther distances and so conduct through the variable range 

hopping.  

2.6.1.4 Small Polaron Hopping (SPH) Model 

The small polaron hopping model shows up to be most suitable for 

manganites with rare-earth ions of smaller ionic radii as the small polarons are 

originated due to the structural distortions due to the lower ionic radii. The 

existence of small polarons has a major mission in especial transport features of 

manganites (151).  

This model is very relevant at the T˃θD/2 temperature range where θD is the 

Debye temperature and θD/2 is the linearity deviation temperature with this model.  

The resistivity is written for adiabatic small polaron hopping (ASPH) 

conduction as below (149); 

𝜌 = 𝜌𝑎𝑇exp (
𝐸𝑎

𝑘𝐵𝑇
)                                           (13) 

Also, the value of 𝐸𝑎 was calculated by multiplying the Boltzmann constant with 

the experimental data of coefficient A which is obtained from the fitting data as 

seen below; 

𝐴 =  
𝐸𝑎

𝑘𝐵
           (14) 

Moreover, the resistivity is written for non-adiabatic small polaron hopping 

(NASPH) conduction as below (149); 

𝜌 = 𝜌𝑎𝑇
3

2⁄ exp (
𝐸𝑎

𝑘𝐵𝑇
)                                        (15) 



25 

where is 𝜌𝑎  is the residual resistivity, 𝑘𝐵  is Boltzmann constant, 𝐸𝑎  the ASPH 

activation energy for hopping conduction, and T is the absolute temperature (144) 

(152).  

2.6.2 Low-Temperature Region 

In the metallic region that is T<TMI, the source of resistivity and electron 

conduction mechanism have been explained by fitting the resistivity data to an 

overall polynomial equation as below; 

𝜌 = 𝜌0 − 𝜌0.5𝑇0.5 + 𝜌2𝑇2 + 𝜌4.5𝑇4.5 + 𝜌5𝑇5 + … + 𝜌𝑛𝑇𝑛              (16) 

where the term 𝜌0  represents resistivity due to grain/domain boundary effects 

(153) (154) (155). The second term 𝜌0.5𝑇0.5  occupies because of contributions 

from the correlated electron-electron (e-e) interactions scattering from static in-

homogeneity in 3D (156), the third term 𝜌2𝑇2 gives the electron-electron (e-e) 

scattering duration in ferromagnetic-metallic (FM) state (155), the fourth term is 

represented to the electron-magnon (e-m) scattering process in the ferromagnetic 

phase (155) and the last term 𝜌5𝑇5  indicates electron-phonon (e-p) interaction 

(155). Moreover, n is a higher-order term and may take values n=2.5, 3, 4.5, and 

7.5 so, 𝜌𝑛 is the corresponding resistivity coefficient (157) (158) (159) (93) (160). 

For instance, the value of n has been estimated to be 5 for electron-phonon 

scattering as it is 4.5 for electron-magnon scattering (161). In this equation, 𝜌0 is 

residual resistivity at T=0 and 𝜌2 is the resistivity created by an electron-electron 

scattering and 𝜌𝑛 is the electron-magnon or electron-phonon scattering coefficient 

(142).  

In this thesis, to understand the electrical conduction mechanism for below 

TMI (T<TMI) (both the presence and absence of magnetic field), the electrical 

resistivity data are usually fitted using the following equations: 

 Residual weak electron-electron scattering equation: 

𝜌 = 𝜌0 − 𝜌0.5𝑇0.5 + 𝜌2𝑇2                (17) 

 Residual weak electron-electron and electron-phonon scattering equation: 

𝜌 = 𝜌0 − 𝜌0.5𝑇0.5 + 𝜌2𝑇2 + 𝜌5𝑇5                     (18) 
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3. MATERIALS AND METHODS 

3.1 Preparation of the Samples  

In this thesis, the first series of manganites of the form La0.8Sr0.2Mn1-xBxO3±δ 

were prepared by the conventional solid state reaction method. The immensely 

purified powders (>99.9 %, from the Alfa Aesar) of La2O3, SrCO3, MnO2, and 

BxO: CoO, CuO, Fe2O3, and TiO2 (x=0.0 and 0.1) were weighted in 

stoichiometric proportion with a precision microbalance (Pic. 3.1).  

 

Picture 3.1. XR 205SM-DR Precisa balance. 

 

Table 3.1. The molecular weight of the powders used in this work. 

   COMPOUNDS           ATOMIC WEIGHT 

    La2O3     325.82 

     SrCO3     147.63 

     MnO2    86.94    

     CoO     74.93    

     CuO     79.54 

     Fe2O3     159.69 

     TiO2     79.90 
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The powders were mixed and ground by hand for 30 minutes one 

by one in an agate mortar. The heating process included four main steps. 

In the first step, the mixed powders were calcinated at 800 ºC for 10 h. In 

the second step, after mixing for 15 minutes, the calcinated powders were 

annealed at 900 ºC for 20 h. They were pressed at 3000 psi at room 

temperature for 5 minutes with a manual hydraulic press (Pic. 3.2) to form 

a pellet. 

 

Picture 3.2. TSEK TÜMAS manual hydraulic press. 

 

Then, the bulks were annealed at 1150 ºC for 24 h for the third time. In the last 

step, to obtain better crystallization, the bulks were crushed and ground till we got 

ultrafine powder.  The powders were consolidated into pellets of approximate 

dimensions 40 mm x 8 mm x 1.6 mm and sintered at 1250 ºC for 24 h. Each 

heating rate is 5 K per minute and each cooling rate is 3 K per minute. The 

calcination and sintering processes of the bulks were conducted using the 

programmable furnace (PROTHERM-Model PTF12/75/200) (Pic. 3.3). However, 

another furnace (PROTHERM-Model PLF 150/5) was used for the last sintering 

process to reach 1250 ºC. 
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Picture 3.3. PROTHERM (Model PTF 12/75/200) programmable furnace. 

 

The sample synthesis procedure was schematically depicted as shown 

below: 

 

 

 

 

 

 

Mixing + Crushing for 30 min 

La
2
O

3
 SrCO

3
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2
 

Fe2O3 

TiO2 

Grinding for 15 min. 

 

Calcination at 900̊ C for 20h 

 

Calcination at 800̊ C for 10h 

 

CuO 

 

CoO 

 

x= 0; pure x= 0; pure 

x= 0.05 Fe2O3 

 x= 0.1 Fe2O3 

 x= 0.2 Fe2O3 
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Figure 3.1. The sample synthesis procedure by the solid-state reaction method. 

 

The second series of manganites of the form La0.8Sr0.2Mn1-xFexO3 were 

prepared with different moles of x=0.0, 0.05, 0.1, and 0.2 by conventional solid-

state reaction method. Thus, the ideal sample preparation procedure, which 

obtained in the first serie, applied for the second series preparation. The fourth 

chapter of the thesis we present the impression of iron substitution on the 

structural, electrical and magnetic properties of the manganite perovskite system. 

3.2 Structural Analysis 

Powder X-Ray diffraction analysis, scanning electron microscopy (SEM) 

images, electron dispersive X-Ray (EDX) measurements, resistivity and 

magnetoresistance measurements were carried out the examine the structural 

characterization of the samples.  

3.2.1 X-Ray Diffractometer (XRD) Measurements 

Measurements of X-Ray diffractometer are one of the most important results 

to examine the structure of sample from the scattering pattern. X-ray diffraction 

method is utilised for phase identification and lattice parameter determination. 

The working mechanism depends on the interaction between high-energy beams 

of radiation or charged particles and a material. While an electromagnetic wave 

goes into a crystal, it is scattered by the electrons inside. A constructive 

interference occurs between the various scatters for significant angles of incident 

Regrinding for 15 min + Pelletizing at 200 bar 

 

Sintering at 1150̊ C for 24h 

Annealing at 120 

 Regrinding for 15 min + Pelletizing at 200 bar 

 

Sintering at 1250̊ C for 24h 

Annealing at 120 

 



30 

beam, however destructive interference eliminates the diffracted beam. By 

determining at which angles the constructive interference actualized it can 

obtained the geometrical ordering of the atoms inside the crystal (162) (163). X-

Ray diffraction method is related to the principle of Bragg’s law of diffraction as 

below: 

 2𝑑𝑠𝑖𝑛𝜃 = 𝑛𝜆                                                    (19) 

where d is the space between the crystalline lattice planes, θ is the angle between 

the incident X-ray beam and crystalline plane, λ is the wavelength of the incident 

X-ray beam and n is the order of diffraction. 

In this work, the phase identifications of the samples were investigated by 

XRD by using Rigaku MultiFlex 2kW diffractometer (Pic. 3.4) with CuKα 

radiation (λ=1.5418 Å) in the range of 20–80º at a scan speed of 3º/min and a step 

increment of 0.02º at room temperature. Phase purity and lattice parameters were 

obtained from the XRD diffraction. The Jana refinement analysis was applied to 

compare the experimental XRD results of the samples with the aid of JANA 

program to calculate the lattice parameters. 

 

 

Picture 3.4. Rigaku MultiFlex 2kW X-Ray Diffractometer. 
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Picture 3.5. A picture from Rigaku X-ray diffractometer system during the 

powder X-ray diffraction. 

 

3.2.2 Scanning Electron Microscopy (SEM) Measurements 

A scanning electron microscope takes photographs of samples by scanning 

the surface by an electron beam. While the incident electron beam interacts the 

atoms of the sample, a data signal about the composition and surface topography 

are derived. In this work, crystallinity, grain size, and grain connectivity of the 

samples were examined by Scanning Electron Microscopy (SEM) JEOL 6390-LV 

(Pic. 3.6), operated at an acceleration voltage of 20 kV.  

 

 

Picture 3.6. JEOL JSM-6390LV Scanning Electron Microscope. 
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3.2.3 Electron Dispersive X-Ray (EDX) Measurements 

Energy dispersive X-Ray (EDX) analysis is a major method to investigate 

the elemental examination or chemical identification of a material. As it is well 

known that if an atom is at ground state (or unexcited), the discrete energy levels 

are at rest. The incident electron beam (high-energy beam of charged particles) 

can evoke an electron in an inner shell of the atom and the electron is ejected from 

the shell. Thus, a hole forms in the inner shell. Then, an electron from an outer 

(higher-energy) shell fills the hole occurred. Hence, the energy gap due to the 

outer and the inner shell is emitted in the form of a photon. Energy dispersive 

spectrometer qualifies the number and energy of the photon released from the 

material and the elemental composition of the material is analysed. In this thesis, 

the elemental distributions and compositions in the samples were examined with 

the Oxford X-ray micro-probe analysis connected to SEM (EDX). IXRF 

SYSTEMS Model 550i Analyzer (Pic 3.7) was used to explore the photons 

emitted from the samples.  

 

 

Picture 3.7. IXRF Systems Model 550i Analyzer. 

 

3.2.4 Magnetic and Electrical Measurements 

The electrical features of the considered samples were researched by dc 

resistance versus temperature measurements using 5 mA dc current in the 

temperature range from 20 to 320 K in the Helium gas contact cryocooler from 

CRYO Industries (Pic. 3.8). This system utilizes helium gas as the refrigerant and 

is assembled to interface with many kinds of apparatus that require cryogenic 

temperatures. Moreover, the magnet is a close-cycle cryocooled Nb3Sn 
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superconducting magnet. The temperature was adjusted by using a cryogenic 

temperature controller from Cryogenic Control Systems (Model 32B), which has 

a stability of 3 mK at 320 K. The pressure inside the cryocooler was calibrated by 

using Varian Vacuum Pumping System Model 969-8227.  

Electrical resistance measurements give us many practical data about the 

electrical features of the sample. The experimental results of electrical resistance 

versus temperature provide information about the different temperature-dependent 

electronic phase transitions. Furthermore, it ensures us both an uncomplicatedly 

achievable and certain value of the transition temperature and opinion of the 

quality of the sample.  

 

Picture 3.8. Cryostat system for the resistivity measurements. 

 

A Keithley 2400 source meter and a Keithley 2700 multimeter (Pic. 3.9) 

were used for the standard four-probe measurements, which allow us to find the 

true specimen resistance without consisting of the contact resistance between the 

probes and the specimen (164) (165).  
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Picture 3.9. Keithley 2400 source meter and Keithley 2700 multimeter. 

 

Low contact resistance is preferred because of the small resistance of the 

samples. Therefore; the standard four-probe method was chosen to evaluate the 

value of resistance. In order to use this method, the samples were cut in a 

rectangular bar shape by a fret-saw. The silver paste was spread at the ends of the 

sample for current and midpoints for voltage contacts. Thin copper wires that 

have little resistance were connected with silver paint (Pic. 3.10) As shown in 

same picture, the current was passed through the outer probes (I+ & I-) and the 

resultant potential difference occurred between the two points was measured by 

using the inner probes (V+ & V-). The value of the resistance can be obtained with 

Ohm’s Law as below; 

V=I.R                                                      (20) 

where V is the voltage and I is the current passed.  
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Picture 3.10. Experimental set-up for the 4-point probe measurement. 

 

The net resistivity (ρ) of the sample is calculated by using dimension of the 

sample. With the aid of the current and voltage measured, the resistivity of the 

samples computed by the following equation; 

𝜌 =
𝑅.𝐴

𝑙
                                                        (21) 

where ρ denotes the resistivity of a material, R is the resistance, A =  𝑤 x 𝑡  is the 

cross-sectional area of the sample (w: width, t: thickness) and l is the shortest 

distance between the voltage probes. The samples were cooled down to 20 K by 

using Helium gas. Then, the temperature was increased by controlling a heater. 

While the temperature was going up slightly, resistance was measured at every 

value of the temperature. Hence, resistance versus temperature graphs were 

obtained. Moreover, these measurements were repeated at 1 Tesla for each 

samples.  
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Picture 3.11. Superconducting Coil Magnet System. 
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4. RESULT AND DISCUSSIONS  

The LSMO system serves an important platform to investigate several 

physical features. Thus, its unique features have been investigated considerably, 

recently (1) (17) (20) (21). However, the substitution at B-site in manganites are 

relatively less explored. This section deals with the results of transition metals 

doped La0.8Sr0.2Mn0.1O3 (LSMO) manganite systems which are prepared by using 

conventional solid-state reaction method. To analyze the structural, magnetic, and 

electrical-transport features of B-site substituted manganese perovskites, we 

replaced 10 % of Mn ions with different transition metals as Cu, Co, Fe and Ti. 

4.1 Transition Metal Effects in LSMO System  

In this part of the thesis, we have analysed the comparative investigation of 

10% transition metal (TM) substituting of the Mn-site in La0.8Sr0.2Mn0.1O3 (LSMO) 

system, i.e. La0.8Sr0.2Mn0.9Cu0.1O3, La0.8Sr0.2Mn0.9Co0.1O3, La0.8Sr0.2Mn0.9Fe0.1O3, 

La0.8Sr0.2Mn0.9Ti0.1O3. Hereafter, the samples are coded referred as S 0, Cu, Co, 

Fe, and Ti, respectively.  

4.1.1 X-Ray Diffraction (XRD) Refinement Analyses  

At first, the powder X-ray diffraction measurements with CuK⍺ radiation at 

room temperature are performed after each sintering process to obtain the ideal 

phase of the considered compounds. As seen in Fig. 4.1, the unreacted peaks such 

as manganese (III) oxide (Mn3O4), which is indicated by the (⁂) symbols, is 

detected at 900 ºC for all samples. It is observed that these unreacted peaks 

disappear as the temperature increases. And, it is verified by XRD results that 

there is single-phase formation of all samples. Moreover, the intensity of 

diffraction peaks for the LSMO perovskite phase increases when the sintering 

temperature increases from 900 ºC to 1250 ºC. It denotes that crystallinity of 

LSMO gets better (166). It is seen that the final temperature is decided at 1250 ºC 

because of having an excellent perovskite structure and no unreacted peaks.  
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Figure 4.1. X-ray diffraction pattern for La0.8Sr0.2Mn1-xBxO3±δ compounds with B: 

(a) S 0 x=0.0, (b) Cu (x=0.1), (c) Co (x=0.1), (d) Fe (x=0.1) and (e) Ti (x=0.1) 

after each heating process. 

 

The powder X-ray diffraction analysis was performed to investigate the 

structural analysis and phase characterization. In order to analogize the influence 

of substitution of transition metals on LSMO, XRD patterns of the pure sample (S 

0) and transition metal substituted sample were plotted one by one in the same 

graph. Also, the structural parameters obtained from the Jana refinements are 

tabulated in Table 4.1 It is seen that the lattice parameters slightly increase by 

substituting Cu, and as expected, the unit cell volume increase. When the main 

peaks, corresponding to planes of (2-10) and (104), were enlarged (see inset of 

Fig. 4.2), it is seen that they are shifted slightly towards to lower angle sides 

(detailed view of the angle between 32.98º and 32.64º is displayed). The angle 

shift case and increase in lattice parameters could be explained in such a way that 

Cu atoms go into the LSMO lattice to substitute for Mn atoms in B sites and they 

create a new compound of La0.8Sr0.2Mn1-xCuxO3 (LSMCO) phase (22). 

Furthermore, the larger ionic radius of Cu2+ (<rCu2+>)=0.73 Å confront with  that 

of Mn3+ and Mn4+ (<rMn3+> )=0.645 Å, (<rMn4+>)=0.53 Å cause the slight lattice 

expansion and the increase cell parameters (23).  
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Figure 4.2. X-ray diffraction pattern and layers of La0.8Sr0.2MnO3 and 

La0.8Sr0.2Mn0.9Cu0.1O3. Inset shows the strongest intensity shift with substitution. 

 

One can check from the inset of Fig. 4.3 that the strongest peak shift to the 

lower angles, cell parameter and unit cell volume increase which is clearly seen 

on Table 4.1. The reason of the change in the structural parameters should be 

explained by considering ionic radius and valence states of the B-site cations (31). 

Similar to manganese ions cobalt also possess different spin and valence states in 

ABO3 structure (167). The spin states of Co2+, Co3+, and Co4+ ions can be 

obtained in high-spin state (HS) or low-spin state (LS). For this reason, any 

perturbation raising from the valence and spin states of Mn and Co cations 

significantly change the lattice parameters and unit-cell volume. For instance, the 

ionic radius of Co2+ cation (<rCo2+>)= 0.65 Å in the HS is greater than the Mn3+ 

ion (<rMn3+> )=0.64 Å and so, they can be replaced by each other. Or, it is 

expected that Mn4+ ions whose ionic radius is (<rMn4+>)=0.53 Å, can be replaced 

by Co3+ ions whose ionic radius is (<rCo3+>)= 0.61 Å in the low spin state. In 

accordance with these possibilities, the increase in cell parameters and volume by 

substituting of Co is acceptable (31).  
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Figure 4.3. X-ray diffraction pattern and layers of La0.8Sr0.2MnO3 and 

La0.8Sr0.2Mn0.9Co0.1O3. Inset shows the strongest intensity shift with substitution. 

 

Based on the XRD study of S 0 and Fe (Fig. 4.4), it is observed that the 

peaks shift to the left (lower angle side) after the transition element of Fe is 

substituted in S 0. The change in the cell-volume can be also clearly seen from the 

XRD graph by enlarging the shift of the diffraction peaks (insets of Fig. 4.4). The 

shift in the lower angles at the strongest peak with the Fe amount is evidence of 

the increase in the structural parameters (103). LSMO, perovskite manganite 

substituted with Fe at site-B, can be affected by the mismatch of ionic radius 

between Fe ions and Mn ions. After refinement analysis, structural parameters of 

the considered samples are obtained and they are given in Table 4.1. It is noticed 

that there is an increase in the lattice constants and unit cell volume with 

substituting Fe. According to the literature, the charge concentration of Fe ions 

can be in the high-spin Fe2+, high-spin Fe3+, and Fe4+ states (103). The B-site 

cations for 6 coordination number, the ionic radius of Fe4+ ((<rFe4+>=0.585 Å) is 

larger than the ionic radius of Mn4+ ((<rMn4+>=0.53 Å). The high spin state ionic 

radius of Fe3+ ((<rFe3+>=0.645 Å) is the same with Mn3+ ((<rFe3+>=0.645 Å) and 

larger than Mn4+. Also, Fe2+ ((<rFe2+>=0.78 Å) is larger than both Mn3+ and 
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Mn4+ (103). In addition, for the charge neutrality, it is deduced that Fe4+ ions 

substitute Mn4+ ions and Fe3+ ions substitute Mn3+ ions. For our situation, it is 

estimated that the ionic state of Fe4+ is dominant in the perovskite ceramics and 

the overall iron substitution causes a change in the relative cation fractions of the 

mixed-valence states of the manganese ions, which leads to an increase in the 

number of Mn4+ cations, as a result, the structural parameters, as well as unit cell 

volume, is increased. 
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Figure 4.4. X-ray diffraction pattern and layers of La0.8Sr0.2MnO3 and 

La0.8Sr0.2Mn0.9Fe0.1O3. Inset shows the strongest intensity shift with substitution. 

 

As for XRD analysis of S 0 and Ti, it is clearly seen in Fig. 4.5 that the peak 

with the strongest intensity is shifted to the lower angles by substitution of Ti. The 

corresponding structural parameters derived by Jana refinement results of the 

powder XRD analysis are listed in Table 4.1. As seen in Table 4.1, there is an 

increase in lattice parameters with Ti substituting because of the larger ionic radii 

of Ti4+ ((<rTi4+>)=0.605 Å) ion as compared to that of Mn4+ ((<rMn4+>)=0.53 Å) 

ion (103) (168).  
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Figure 4.5. X-ray diffraction pattern and layers of La0.8Sr0.2MnO3 and 

La0.8Sr0.2Mn0.9Ti0.1O3. Inset shows the strongest intensity shift with substitution. 

 

In addition to all binary XRD analysis, XRD measurements for all samples 

are plotted in the same graph to observe the rate of shifting according to the 

reference sample of S 0. As seen in the Fig. 4.6, the degree of shifting increases in 

the following order of Cu, Co, Fe and Ti.   
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Figure 4.6. X-ray diffraction pattern and layers of La0.8Sr0.2MnO3, 

La0.8Sr0.2Mn0.9Cu0.1O3, La0.8Sr0.2Mn0.9Co0.1O3, La0.8Sr0.2Mn0.9Fe0.1O3 and 

La0.8Sr0.2Mn0.9Ti0.1O3 after the last annealing process at 1250 ºC. Inset shows the 

strongest intensity shift with substitution. 

 

Moreover, Jana refinement powder XRD patterns were done for all samples 

(Fig. 4.7). The crystal structure of the samples has fitted with the rhombohedral 

space group (R 3 c) (No:167). According to the data obtained with the Jana 

refinement (see Table 4.1), the lattice parameters slightly increased in the order of 

S0, Cu, Co, Fe, and Ti. Also, the cell volume slightly increases in the same order. 

There is an important point here that, the experimental XRD pattern and the fitted 

pattern match very well according to fitting quality factors (Goodness of Fit-GOF, 

Rp and Rwp). Refinement parameters are listed in Table 4.1. The peaks are 

considerably sharp and have a high intensity. So, this gives us that the considered 

compounds are clearly crystalline.  It is obtained that the ceramic samples have a 

single phase without impurities in each sample that has been substituted with 

transition metal which shows that there is no structural transition in the entire 

sample made with substitution. In other words, no secondary phases 

corresponding to the unreacted transition metal, any oxide of a transition metal, or 

manganese dioxide were detected from the XRD. 
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Figure 4.7. Results of Jana refinement of powder XRD spectra for La0.8Sr0.2Mn1-

xBxO3±δ compounds with B: (a) S 0 x=0.0, (b) Cu (x=0.1), (c) Co (x=0.1), (d) Fe 

(x=0.1) and (e) Ti (x=0.1) at room temperature. Black cross lines represent to 

experimental data and the red solid lines are calculated fits. Blue vertical bars 

correspond the Bragg reflections for the space group (R3c). The difference pattern 

between the experimental and calculated data is given at the bottom with the green 

line. 

 

Moreover, the average crystal size of the materials was calculated using 

Debby Sherer equation (169); 

𝑑𝑚𝑎𝑥 =
0.9𝜆

𝛽 cos 𝜃
                                               (22) 

where D is the crystallites size (nm), 𝜆 is the wavelength (nm), 𝛽 is the full width 

at half maxima (FWHM) and θ is the Bragg’s diffraction angle. The calculated 

values of 𝑑𝑚𝑎𝑥 for all samples are given in Table 4.1.  
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Table 4.1. The structural parameters for La0.8Sr0.2MnO3, La0.8Sr0.2Mn0.9Cu0.1O3, 

La0.8Sr0.2Mn0.9Co0.1O3, La0.8Sr0.2Mn0.9Fe0.1O3, La0.8Sr0.2Mn0.9Ti0.1O3 samples.  

Sample S0 Cu Co Fe Ti 

Space Group 

a (Å) 

c (Å) 

V (Å)3 

GOF 

Rp 

WRP 

D (nm)                            

Grain Size (µm) 

R-3c 

5.503 

13.318 

349.360 

0.93 

12.92 

17.89 

33.68  

2.45 

R-3c 

5.529 

13.365 

353.952 

0.62 

8.59 

11.38 

27.63 

4.77 

R-3c 

5.536 

13.381 

355.238 

0.64 

7.37 

10.28 

51.17 

2.67 

R-3c 

5.540 

13.398 

356.190 

0.61 

8.14 

11.12 

37.60 

3.27 

R-3c 

5.544 

13.416 

357.18 

0.63 

8.40 

11.46 

45.27 

2.21 

 

4.1.2 Scanning Electron Microscopy (SEM) Analyses 

The analysis of the microstructure of the ceramic compounds has a crucial 

importance since one has an idea about the microstructural aspects of the material 

such as grain structure, grain size distribution, voids, porosities, etc. In accordance 

with this purpose, the experimental data obtained with the use of scanning 

electron microscopy are presented in Fig. 4.8, 4.10, 4.12, 4.14 and 4.16 at the 

same magnification (x3000). All micrographs represent the typical results of the 

perovskite ceramics. Histograms of each SEM micrographs display the size 

distribution of the particles which are shown in the Fig. 4.9, 4.11, 4.13, 4.15 and 

4.17. The microscopic images obviously show that all the manganite ceramics are 

formed of polycrystalline microstructure and most of the grains are almost 

spherical in shape with nonuniform size distribution. Also, slight agglomeration 

with varying degrees is obtained with cobalt and titanium substituted samples. 

The average particle sizes are calculated by using Gaussian fitting method (170) 

which increases from 2.45 µm for S0 sample to the 4.77 µm for Cu sample, 2.67 

µm for Co sample, 3.27 µm for Fe sample except 2.21 µm for Ti sample. The 

decrease in grain size has been noticed with substituting Ti (171). Furthermore, as 

the particle size of all samples was compared to each other, it was observed that 

the Cu sample had so much larger particle size. 
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Figure 4.8. SEM view of the La0.8Sr0.2MnO3. 

 

As for particle size distribution graphs according to the SEM images; 
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Figure 4.9. Average particle size distribution graph of the La0.8Sr0.2MnO3. 

 

(S 0) 
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Figure 4.10. SEM view of the La0.8Sr0.2Mn0.9Cu0.1O3. 
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Figure 4.11. Average particle size distribution graph of the La0.8Sr0.2Mn0.9Cu0.1O3. 
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Figure 4.12. SEM view of the La0.8Sr0.2Mn0.9Co0.1O3. 
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Figure 4.13. Average particle size distribution graph of the La0.8Sr0.2Mn0.9Co0.1O3. 
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Figure 4.14. SEM view of the La0.8Sr0.2Mn0.9Fe0.1O3. 
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Figure 4.15. Average particle size distribution graph of the La0.8Sr0.2Mn0.9Fe0.1O3. 
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Figure 4.16. SEM view of the La0.8Sr0.2Mn0.9Ti0.1O3. 
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Figure 4.17. Average particle size distribution graph of the La0.8Sr0.2Mn0.9Ti0.1O3. 
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4.1.3 Electron Dispersive X-Ray (EDX) Analyses  

Energy dispersive X-ray (EDX) spectrum shown in Fig. 4.18 indicates the 

presence of elements in the examined samples close to their chemical 

composition. Our EDX spectra results approve the availability of the main 

elements La, Sr, Mn, O and substituted transition metals Cu, Co, Fe and Ti in the 

considered compounds. Moreover, no impurity is noticed in them and their 

associated quantitative analysis affirms the presence of constituents at almost 

desired stoichiometry, which are presented in Table 4.2 (24). 

 

(a) S 0 

https://www.sciencedirect.com/topics/physics-and-astronomy/spectroscopy
https://www.sciencedirect.com/topics/physics-and-astronomy/stoichiometry
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(c) Co 

(b) Cu 
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Figure 4.18. EDX image of distribution of the elements in La0.8Sr0.2Mn1-xBxO3±δ 

compounds with B: (a) S 0 x=0.0, (b) Cu (x=0.1), (c) Co (x=0.1), (d) Fe (x=0.1) 

and (e) Ti (x=0.1). 

 

(e) Ti 

(d) Fe  
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Table 4.2. Concentrations of the elements in La0.8Sr0.2Mn1-xBxO3±δ compounds 

with B: (a) S 0 x=0.0, (b) Cu (x=0.1), (c) Co (x=0.1), (d) Fe (x=0.1) and (e) Ti 

(x=0.1). 

 

Element 

 

Line 

                               Concentration (wt.%) 

Bx: S 0               Cu               Co               Fe             Ti               

O 

Mn 

Bx 

Sr 

La 

Kα                   20.945           22.982 

Kα            13.241            12.668 

Kα            0                     1.126 

Lα            11.651            11.474 

Lα            54.163            51.750 

20.422        20.259 

12.481        11.644              

1.614          2.629            

10.521        10.323 

54.962        55.145 

22.470         

11.701 

3.697                   

10.965         

51.168         

Total                           100                  100               100            100           100              

 

4.1.4 Magneto-Electrical Properties 

The magnetization of the unsubstituted LSMO sample as regards the 

temperature curve is plotted in Fig. 4.19. The measurement is done while 

warming the sample in the absence (zero-field-cooled, ZFC) and in the existence 

(field-cooled, FC) of H=150 Oe magnetic field. It is obvious from Fig. 4.19 (a) 

that the LSMO sample shows bifurcation between the ZFC and FC M-T 

measurements which is characteristic behavior for lanthanum-based manganites 

(172). We observed a sharp change in the magnetization that refers the 

transformation of ferromagnetic to paramagnetic state. This F-P transformation 

temperature is called as the Curie temperature, TC. All prepared manganite 

systems for this series undergo a F-P transition phase at the transition 

temperature. To find the value of Curie temperature TC, we applied a method: The 

obtaining of inflection point of the transition by using the numerical derivation as 

shown in the inset of Fig. 4.19. The minimum point of the derivative dM/dT gives 

the Curie temperature which are found 321 K for S 0, 294 K for Cu, 118 K for Co, 

279 K for Fe, 219 K for Ti and tabulated in Table 4.3. The corresponding 

parameters are calculated from the magnetization versus temperature plots (Fig. 

4.19) and tabulated in Table 4.3. The TM substitution caused to drop both the 

magnetization and Curie temperature (31). It is considered that TM substitution 

decreases the LSMO ferromagnetic ratio. Moreover, the DE mechanism is 
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contributed by Mn3+ and Mn4+ ions (77) (78). By TM substituting, Mn3+ ions were 

partially replaced by TM atoms which caused the weak DE interaction (76).  

In addition; the value of the full width at half maximum of the dM/dT peaks 

(see the inset of the Fig. 4.19) is known as transition widths ΔTC (31). These values 

show the sharp phase tansition as a function of temperature are listed in Table 4.3.  

 

Table 4.3. Magnetic and electrical-transport parameters evaluated from M(T), 

ρ(T), MR % and TCR % graphs for La0.8Sr0.2MnO3, La0.8Sr0.2Mn0.9Cu0.1O3, 

La0.8Sr0.2Mn0.9Co0.1O3, La0.8Sr0.2Mn0.9Fe0.1O3, and La0.8Sr0.2Mn0.9Ti0.1O3 

compounds. 

Parameters  S0 Cu Co Fe Ti 

TMI (K) 

TC (K) 

ΔTC 

MRmax % 

TCRmax % 

338 

321 

7.06 

15 

2.17 

 304 

294 

8.80 

23 

2.64 

97 

118 

12.86 

47 

5.10 

233 

279 

8.97 

48 

8.23 

209 

219 

14.68 

24 

0.90 
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Figure 4.19. Magnetization versus the temperature for La0.8Sr0.2Mn1-xBxO3±δ 

compounds with B: (a) S 0 x=0.0, (b) Cu (x=0.1), (c) Co (x=0.1), (d) Fe (x=0.1) 

and (e) Ti (x=0.1). The inset shows the F-P phase transition temperature, TC. 
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 The temperature (T)-dependent resistivity (ρ) graphs for La0.8Sr0.2Mn1-

xBxO3±δ compounds with BxO: x=0, CuO, CoO, Fe2O3, and TiO2 under magnetic 

fields H=0 and 1 T were plotted in Fig. 4.20. The effect of TM substitution on the 

electrical resistivity was investigated. The transition temperature TMI in which the 

ferromagnetic-metal to the paramagnetic-insulator phase transition of the samples 

are also shown in Fig. 4.20. The TMI values are found 338 K for S 0, 304 K for Cu, 

97 K for Co, 233 K for Fe, and 209 K for Ti. It is clear that all samples show the 

FM-PI phase transition. For T<TMI region, a metallic phase is observed since the 

resistance of the material increase with increasing temperature. After observing 

significant hump-corresponds to TMI values a decrease in resistance with 

increasing temperature is obtained which shows the insulating phase (TMI<T 

region). Moreover, the existence of a magnetic field decreases resistivity. This 

could be basically because of the magnetic-domain-based mechanism coupled 

with either spin scattering at grain boundaries (173) or spin-polarized inter-grain 

tunnelling (174). The observed decrease in resistivity with the presence of 

magnetic field can be due to the reduction in correlation length which favors 

hopping amplitude of charge carriers to move from Mn3+ and Mn4+(175). In 

comparison to the TMI value of S 0 one by one, the characteristic temperature 

decreased by substituting TM. It is expected that the substituting TM ions perturb 

the Mn3+-O-Mn4+ interaction which can minimize the available states for hopping. 

This perturbation reduced the interaction in the network and, this leads to a 

decrease in conductivity and the value of TMI (176) (177). 
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Figure 4.20. Temperature dependence of resistivity in zero field and under 

magnetic field 1 T for La0.8Sr0.2Mn1-xBxO3±δ compounds with B: (a) S 0 x=0.0, (b) 

Cu (x=0.1), (c) Co (x=0.1), (d) Fe (x=0.1) and (e) Ti (x=0.1). 

 

Furthermore; Fig. 4.22 shows temperature dependence of temperature 

coefficient resistance (TCR). The TCR value is highlighted as a major parameter 

for examining the sensitivity of uncooled infrared bolometers which is defined as; 

TCR(%) = [(
1

𝜌
) 𝑥 (

𝑑𝜌
𝑑𝑇

⁄ )]𝑥100%                            (23) 

where ρ is the sample resistivity and T is the temperature. Many significant factors 

can influence the peak value of TCR, including sintering time and temperature, 

ionic radius, preparation method, and resistivity of the samples (178). The high 

TCR values of LSMO can possibly effect their efficiency in photoelectric 

(uncooled bolometers or infrared detectors) at room-temperature. The peak values 

of TCR for all samples are given in Table 4.3. According to the results, the 

greatest TCR value is obtained with 8.23 % K-1 for Fe substituted sample. 
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Figure 4.21. Temperature coefficient of resistance (TCR) with respect to 

temperature curves of La0.8Sr0.2Mn1-xBxO3±δ compounds with B: (a) S 0 x=0.0, (b) 

Cu (x=0.1), (c) Co (x=0.1), (d) Fe (x=0.1) and (e) Ti (x=0.1). 

 

 The magnetoresistance (MR) ratio is defined as; 

𝑀𝑅 % =
(𝜌𝐻−𝜌0)

𝜌0
𝑥100                                          (24) 

where 𝜌0  and 𝜌𝐻  are the resistivity in zero and applied magnetic field of 1 T, 

respectively. The greatest MR % values are intended for the technological 

applications which illustrate a strong response of the sample resistivity to the 

applied magnetic field (179) (180). According to our results, the MR percentage is 

negative for all samples which indicates that the sample resistivity decreases with 

the external magnetic field. All MR percentage values were tabulated in Table 4.3. 

The largest MR percentage value of 48 % was calculated in the Fe substituted 

sample at about 230 K.  
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Figure 4.22. Magnetoresistance versus temperature curves of La0.8Sr0.2Mn1-

xBxO3±δ compounds with B: (a) S 0 x=0.0, (b) Cu (x=0.1), (c) Co (x=0.1), (d) Fe 

(x=0.1) and (e) Ti (x=0.1) computed with H=1 T applied magnetic field. 

 

4.1.5 Conduction Mechanism Analyses 

Electrical transport is one of the most important physical properties of 

manganites. In order to analyze the conduction system for all samples, so many 

fitting models are applied in the Origin Proggramme.  

First of all, the whole temperature range is analized in two sections to 

understand magneto-conductive transport. The range of the first section is  below 

TMI. It is called as ferromagnetic-metallic region (FM) and the range of second 

one is the paramagnetic insulating region (PI) above TMI. 

Many models have tried to find out the effect of transition metals on the 

electrical transport mechanism of LSMO compounds. In order to understand the 

electrical conduction mechanism at low-temperature region (T<TMI) (both the 

case of applied and unapplied magnetic field), the electrical resistivity data are 

fitted using the following equations: 

 Residual weak electron-electron scattering equation: 
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𝜌 = 𝜌0 − 𝜌0.5𝑇0.5 + 𝜌2𝑇2                (17) 

 Residual weak electron-electron and electron-phonon scattering equation: 

𝜌 = 𝜌0 − 𝜌0.5𝑇0.5 + 𝜌2𝑇2 + 𝜌5𝑇5             (18) 

where ρ0 is the residual resistivity due to domain or grain boundaries, 𝜌0.5𝑇0.5 is 

represented to the weak localization because of the electron-electron (e-e) 

interaction scattering from static in-homogeneity in 3D (181), the term of  𝜌2𝑇2 

gives the resistivity due to the electron-electron scattering duration in 

ferromagnetic-metallic (FM) state (182), the term of 𝜌5𝑇5  is shows to the 

electron-phonon (e-p) inteference in FM state (183). The well-fitted graphs are 

given in Fig. 4.23 and the obtained coefficients are given in Table 4.4. In order to 

deeply analysing of which models intervene in the conduction mechanism, the 

square values of lineer correlation coefficient (R2) are chosen for the well-defined 

fit. If R2 value is nearly ≈1, the chosen model is applicable.  

When our fitting data were compared, a decrease in the corresponding 

coefficients by applying 1 T magnetic field was noticed. That also shows us the 

decrease of the resistivity values. 

Several fitting models were used to examine the alteration of the electrical 

resistivity in the range of above TMI for manganites. In this thesis, the electrical 

resistivity data at high-temperature region (T˃TMI) (both the case of applied and 

unapplied magnetic field) was ideally explained by two different models: 

 Adiabatic Small Polaron Hopping (ASPH) (184)       

𝜌 = 𝜌𝑎𝑇exp (
𝐸𝑎

𝑘𝐵𝑇
)     (13) 

 

Also, the value of 𝐸𝑎 was calculated by multiplying the Boltzmann constant with 

the experimental data of coefficient A which is obtained from the fitting data as 

seen below; 

𝐴 =  
𝐸𝑎

𝑘𝐵
           (14) 

 Mott’s 3D-Variable Range Hopping (3D-VRH)      
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𝜌 = 𝜌0exp (
𝑇0

𝑇
)

1

4      (10) 

where 𝜌𝑎, 𝜌0 is residual resistivity, 𝑇0 characteristic temperature, 𝑘𝐵 is Boltzmann 

constant, 𝐸𝑎  is activation energy for hopping conduction, and T is absolute 

temperature. Furthermore, Mott characteristic temperature 𝑇0 can be expressed as; 

𝑇0 =
18

𝑘𝐵𝑁(𝐸𝐹)𝑎3      (11) 

where 𝑘𝐵 is the Boltzmann’s constant, 𝑁(𝐸𝐹) is the density of states and a is the 

localization length. By using the Eq. 26, the values of 𝑁(𝐸𝐹) were computed and 

given in Table 4.4. 

According to the literature (185) (35), Variable Range Hopping (VRH) 

model is used for TMI<T<θD/2; and Adiabatic Small Polaron Hopping (ASPH) is 

used for T>θD/2. Based on the values of R2 coefficient, both adiabatic ASPH and 

3D-VRH models are well-fitted for our results. Also, we calculated the Debye 

temperature for only the Co sample to determine the high-temperature range. The 

graph of ln(ρ /T) versus (1/T) gives us the Debye temperature (θD). It is seen in the 

inset of Fig. 4.23 (c). The high-temperature range starts at the value of  θD/2. Fig. 

4.23 shows the well-fitted curves and Table 4.5 gives the corresponing coefficient 

for high temperature region. 
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Figure 4.23. Temperature dependence of the electrical resistivity for 

La0.8Sr0.2Mn1-xBxO3±δ compounds with B: (a) S 0 x=0.0, (b) Cu (x=0.1), (c) Co 

(x=0.1), (d) Fe (x=0.1) and (e) Ti (x=0.1). The colorful lines indicate the best fit 

for theoretical models. 
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Table 4.4. Parameters used to fit the experimental data of La0.8Sr0.2Mn1-xBxO3±δ 

compounds with B: (a) S 0 x=0.0, (b) Cu (x=0.1), (c) Co (x=0.1), (d) Fe (x=0.1) 

and (e) Ti (x=0.1) for low T (T<TMI) using Eqs. (17) and (18). 

La0.8Sr0.2Mn1-xBxO3±δ 

 0 T 1 T 

S 0        ρ0   (Ω cm) 

ρ0.5  (Ω cm K-0.5) 

ρ2   (Ω cm K-2) 

R2 

0.3855 

8.2086×10-5 

1.5516×10-6 

0.999 

0.0289 

1.7481×10-5 

1.5657×10-6 

0.999 

Cu       ρ0   (Ω cm) 

ρ0.5  (Ω cm K-0.5) 

ρ2   (Ω cm K-2) 

R2 

0.0426 

14.100×10-4 

2.382×10-6 

0.999 

0.0292 

6.715×10-4 

2.012×10-6 

0.999 

Co        ρ0   (Ω cm) 

ρ0.5  (Ω cm K-0.5) 

ρ2   (Ω cm K-2) 

ρ5   (Ω cm K-5) 

R2 

193.659 

17.213 

0.051 

5.052×10-8 

0.997 

96.626 

3.928 

0.019 

3.036×10-8 

0.999 

Fe          ρ0   (Ω cm) 

ρ0.5  (Ω cm K-0.5) 

ρ2   (Ω cm K-2) 

ρ5   (Ω cm K-5) 

R2 

0.315 

0.122 

3.057×10-5 

1.351×10-12 

0.999 

0.266 

0.017 

3.207×10-5 

3.399×10-13 

0.999 

 

Ti       

ρ0   (Ω cm) 

ρ0.5  (Ω cm K-0.5) 

ρ2   (Ω cm K-2) 

R2 

32.997 

3.026 

4.536×10-4 

0.999 

19.759 

1.657 

2.528×10-4 

0.999 
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Table 4.5. Parameters used to fit the experimental data of La0.8Sr0.2Mn1-xBxO3±δ 

compounds with B: (a) S 0 x=0.0, (b) Cu (x=0.1), (c) Co (x=0.1), (d) Fe (x=0.1) 

and (e) Ti (x=0.1) for high T (T>TMI) using Eqs. (10), (11) and (13).  

                                          La0.8Sr0.2Mn1-xBxO3±δ   

 0 T 1 T 

 

 

 

Co    

ASPH 
 

θD/2 (K) 

ρa     (Ω cm) 

Ea   (meV) 

R2 

200.26 

2.191×10-5 

147.340 

0.998 

206.37 

2.854×10-5 

141.01 

0.997 

3D-VRH 
 

 

 

ρ0  (Ω cm) 

T0  (K) 

N(EF)  (eV-1 cm-3) 

R2 

2.357×10-8 

3.710×107 

1.967×1019 

0.996 

1.199×10-8 

4.020×107 

1.816×1019 

0.997 

 

Fe    

ASPH 
 

 

ρa     (Ω cm) 

Ea   (meV) 

R² 

2.661×10-6 

179.146 

0.999 

3.298×10-6 

173.707 

0.998 

 

Ti    

ASPH 
 

 

ρa     (Ω cm) 

Ea   (meV) 

R² 

3.051×10-5 

144.533 

0.995 

2.416×10-5 

150.481 

0.994 

 

4.2 Effect of Iron Substitution in LSMO System  

In this part, the influence of iron content on the structural, microstructural, 

magnetic, and electrical-transport features of the ceramic perovskite manganites 

of the form La0.8Sr0.2Mn1-xFexO3 (x=0.0, 0.05, 0.1, and 0.2) was examined. Iron 

and manganese possess almost the same ionic radii (0.645 Å and 0.64 Å for Fe3+ 

and Mn3+, respectively). Therefore, there is no expected structural deformation in 

the system due to the doping Fe at Mn site. Moreover, iron ions are (non-Jahn-

Teller) magnetic cations and they do not contribute to the double exchange (DE) 

interaction (37) (38) (44).  One should note here that CMR in manganites are 

originated from the Jahn-Teller effects and DE interaction. Therefore, iron 

substitution at Mn site serve an interesting subject for the understanding CMR 

mechanism in B-site doped manganites. Along this line, in the current work, we 

systematically present the structural and magneto-electrical characterization of the 

manganite ceramics with La0.8Sr0.2Mn1-xFexO3 (x=0.0, 0.05, 0.1, and 0.2).   

In particular, Ref. (40) has focused on electro-transport properties of the 

LSMO system with a tiny amount of iron substitution (up to 7%). In this study, the 

magnetic properties are not explored deeply. On the other hand, a large amount of 

iron substitution (up to 70%) in such systems have been performed in Ref. (43) 
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demonstrating insulating behavior. Refs. (186) (38) primarily focus on the hole-

doped manganites La1–xCaxMn1–yFeyO3 (with x=0.25 and 0.30) and investigate the 

role of iron doping on the magnetic and electrical features. The replacement of 

Fe3+ ions with Mn3+ ions are found not to participate any kind of ferromagnetic 

interaction in the Fe3+–Mn4+ double exchange. 

4.2.1 X-Ray Diffraction (XRD) Refinement Analyses 

Phase characterization and structural analysis were performed by X-ray 

diffraction (XRD) technique with CuK radiation at different temperatures to 

decide the most ideal temperature and find the qualified phase. As seen in Fig. 

4.24, it was observed that the final temperature was determined at 1250 ºC 

because of obtaining an excellent perovskite structure. And, no unreacted peaks 

(such as Mn3O4) were observed.  
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Figure 4.24. X-ray diffraction pattern for La0.8Sr0.2Mn1-xFexO3 compounds with 

(a) S 0 x=0,00 (b) x=0.05, (c) x=0.10 and (d) x=0.20 after each annealing 

process. 

 

The phase purity and crystal structure of the samples were researched by 

using X-ray diffraction (XRD) technique with CuK⍺ radiation at room temperature. 

Fig. 4.24 shows the experimental data obtained with the powder XRD 

measurements for all samples. We also make a zoom-in of the strongest 

diffraction peak - (210) and (104) planes - for higher visibility which is shown in 

the inset of the same figure. From the figure, it is found that the ceramic samples 

have a single phase without impurities in each sample that has been substituted 

with iron which shows that there is no structural transition in the entire sample 

made with substitution. In other words, no secondary phases corresponding to 

unreacted Fe, any oxide of Fe, or manganese dioxide were detected from the 

XRD. The change in the cell volume can be also directly seen from the XRD 

spectra by checking the shift of the diffraction peaks (see insets of Fig. 4.25). The 

shift in the lower angles at the strongest peak with the Fe amount is an indication 

of the increase in the structural parameters (103).  
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Figure 4.25. X-ray powder diffraction patterns for La0.8Sr0.2Mn1-xFexO3 with 

x=0.0, 0.05, 0.1, and 0.2 samples. The inset shows the magnified spectrum of the 

strongest diffraction peak which shifts with variation in the Fe content. 

 

The results of the powder XRD data were also fitted by the Jana refinement 

method using Jana 2006 program (25) to obtain the lattice parameters which is 

shown in Fig. 4.26. The refinement analysis confirmed the single-phase nature of 

the perovskite structure which is indexed in a rhombohedral-distorted structure 

with (R3c) space group for all ceramic samples (13, 36). The unit-cell parameters 

and refinement quality factors are tabulated in Table 4.6. The result of the 

refinement indicates that the experimental data and the calculated one match quite 

well, and all obtained peaks have been suitably indexed. This result confirms that 

both the pristine LSMO and iron substituted samples are monophasic and have 

been successfully synthesized. All refinement quality factors (Rp, WRP, and GOF) 

were used as a numerical standard for the quality of the refinement of 

experimental and fitted diffraction data. From the data obtained with the 

refinement, it is found that the lattice parameters (a = b, and c) and unit cell 

volume increase with the increase in iron content. Similar structural changes with 
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Fe substitution were also reported earlier (187). The lattice parameters were 

varied with substitution because of the B-site ionic radius (<rB>) mismatch 

between the Fe and Mn ions. Many works reported that the charge concentration 

of Fe ions can be in the high-spin Fe2+, high-spin Fe3+, and Fe4+ states (40) (188) 

(41). The B-site cations for 6 coordination number, Fe4+ ((<rFe4+>=0.585 Å) is 

larger than Mn4+ (((<rMn4+>=0.53 Å). The high spin state ionic radius of Fe3+ 

((<rFe3+>=0.645 Å) is the same with Mn3+ ((<rMn3+>=0.645 Å) and larger than 

Mn4+. Also, Fe2+ ((<rFe2+>=0.78 Å) is larger than both Mn3+  and Mn4+ (103). 

Moreover, for the charge neutrality, one may conclude that Fe4+ ions substitute 

Mn4+ ions and Fe3+ ions substitute Mn3+ ions. For our case, the ionic state of Fe4+ 

is thought to be dominant in the perovskite ceramics and the overall iron 

substitution causes a change in the relative cation fractions of the mixed-valence 

states of the manganese ions, which causes an increase the number of Mn4+ 

cations whereby the structural parameters on the nature of unit cell volume 

increase. The unit cell volume increase can be also justified from the diffraction 

peaks in the inset of Fig.4.25. The shift in the lower 2 values at the strongest 

peak with the Fe amount is an indication of the increase in the structural 

parameters (189). 
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Figure 4.26. Results of Jana refinement of powder XRD spectra of La0.8Sr0.2Mn1-

xFexO3 compounds with (a) S 0 x=0,00 (b) x=0.05, (c) x=0.10 and (d) x=0.20 at 

room temperature. Black cross lines correspond to experimental data and the red 

solid lines are calculated fits. Blue vertical bars represent the Bragg reflections for 
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the space group (R3c). The difference pattern between the experimental and 

calculated data is shown at the bottom with the green line. 

 

Furthermore, Debby Sherer equation is used to calculate the average crystal 

size. It is given below (169); 

𝑑𝑚𝑎𝑥 =
0.9𝜆

𝛽 cos 𝜃
                                               (22) 

where D is the crystallites size (nm), 𝜆 is the wavelength (nm), 𝛽 is the full width 

at half maxima (FWHM) and θ is the Bragg’s diffraction angle. The calculated 

values of 𝑑𝑚𝑎𝑥 for all samples are given in Table 4.7.  

 

Table 4.6. The structural parameters of for La0.8Sr0.2Mn1-xFexO3 compounds with 

(a) S 0 x=0,00 (b) x=0.05, (c) x=0.10 and (d) x=0.20. 

Sample S 0 Fe 0.05 Fe 0.1 Fe 0.2 

Space group 

a (Å) 

c (Å) 

V (Å)3 

GOF 

Rp 

WRP 

D (nm)                            

Grain Size (µm) 

R-3c 

5.503 

13.318 

349.360 

0.93 

12.92 

17.89 

33.68 

2.45 

R-3c 

5.540 

13.398 

356.190 

0.61 

8.14 

11.12 

41.18 

2.77     

R-3c 

5.544 

13.409 

356.972 

0.72 

10.72 

14.47 

37.60 

3.27 

R-3c 

5.513 

13.329 

350.870 

0.82 

11.98 

16.51 

39.51 

4.24 

 

4.2.2 Scanning Electron Microscopy (SEM) Analyses 

The experimental data obtained with the use of scanning electron 

microscopy images for S 0, Fe 0.05, Fe 0.1 and Fe 0.2 are presented in Fig. 4.27, 

4.29, 4.31 and 4.33, respectively at the same magnification (x3000). All 

micrographs represent the typical results of the perovskite ceramics. Histograms 

of each SEM micrographs display the size distribution of the particles which are 

shown in the insets. The microscopic images obviously show that all the 

manganite samples are formed of polycrystalline microstructure and most of the 

grains are almost spherical in shape with non-uniform size distribution. The 
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average particle size of the ceramic samples is obtained by using Gaussian fitting 

method (170) which increases from 2.45 μm for pristine sample to 4.24 μm for 20 

% iron substituted sample. The particle size distribution graphs of S 0, Fe 0.05, 

Fe 0.1 and Fe 0.2 are given in Fig. 4.28, 4.30, 4.32 and 4.34, respectively. In 

general case, the Fe4+ ions are larger than the Mn4+ ions. Hence, this can result to 

lattice expansion as the Fe content. 

 

Figure 4.27. SEM view of the La0.8Sr0.2MnO3. 

 

As for particle size distribution graphs according to the SEM images; 

(S 0) 
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Figure 4.28. Average particle size distribution graph of the La0.8Sr0.2MnO3. 

 

 

Figure 4.29. SEM view of the La0.8Sr0.2Mn0.9Fe0.05O3 

 

(Fe 0.05) 
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Figure 4.30. Average particle size distribution graph of the 

La0.8Sr0.2Mn0.9Fe0.05O3. 

 

 

Figure 4.31. SEM view of the La0.8Sr0.2Mn0.9Fe0.1O3 

 

(Fe 0.1) 
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Figure 4.32. Average particle size distribution graph of the La0.8Sr0.2Mn0.9Fe0.1O3. 

 

 

Figure 4.33. SEM view of the La0.8Sr0.2Mn0.9Fe0.2O3 

 

(Fe 0.2) 
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Figure 4.34. Average particle size distribution graph of the La0.8Sr0.2Mn0.9Fe0.2O3. 

 

4.2.3 Electron Dispersive X-Ray (EDX) Analyses 

The SEM images were accompanied by an electron dispersive X-ray (EDX) 

system that was applied for elemental analysis to provide the elemental 

composition of the perovskite samples (190). EDX analysis signified the presence 

of considered elements an active perovskite layer. The overall chemical 

homogeneity of the prepared sample was determined by EDX. And, 

the EDX results of compounds confirmed the presence of La, Sr, Fe, Mn and O 

elements in the compound. It was seen that there was no undesirable peak. This 

showed us that the material was prepared homogeneously (191). 

https://www.sciencedirect.com/topics/engineering/elemental-composition
https://www.sciencedirect.com/topics/engineering/elemental-composition
https://www.sciencedirect.com/topics/physics-and-astronomy/spectroscopy
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(a) S 0 

(b) Fe 0.05 
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Figure 4.35. EDX image of distribution of the elements for La0.8Sr0.2Mn1-xFexO3 

compounds with (a) S 0 x=0,00 (b) x=0.05, (c) x=0.10 and (d) x=0.20. 

 

 

(c) Fe 

0.1 

(d) Fe 0.2 
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Table 4.7. Concentrations of the elements in La0.8Sr0.2Mn1-xFexO3 compounds 

with (a) S 0 x=0,00 (b) x=0.05, (c) x=0.10 and (d) x=0.20. 

 

Element 

 

Line 

      Concentration (wt.%) 

 Bx: S 0         Fe 0.05         Fe 0.1          Fe 0.2 

O 

Mn 

Bx 

Sr 

La 

Kα                   20.945         20.526 

Kα            13.241          9.700 

Kα            0                   2.004 

Lα            11.651          12.044 

Lα            54.163          55.726 

   20.259         20.406             

   11.644         10.793 

   2.629           4.928 

   10.323         10.754 

   55.145         53.120 

Total                           100                 100              100             100 

 

4.2.4 Magneto-Transport Features 

 In Fig. 4.36, the magnetization versus temperature plot for all samples is 

shown which has been undertaken by an applied magnetic field of 150 Oe in the 

field-cooled (FC) mode. Samples with x=0.0, 0.05, and 0.1 exhibits a clear 

transition from ferromagnetic to paramagnetic state with increasing temperature. 

There are no detected anomalies that are attributed to impurity. This is also 

confirmed by XRD measurement analysis as mentioned in the structural features. 

The magnetic transition temperature, i.e., Curie temperature TC, has been obtained 

by differentiating the temperature-dependent magnetization curves and 

corresponds to minimum temperature in the dM/dT - T plots (insets of Fig. 4.36). 

Corresponding TC values as well as the transition widths ΔTC, which are the value 

of the full width at half maximum of the dM/dT peaks, are listed in Table 4.8. It is 

clearly seen from the table that the iron substitution leads to a decrease both in the 

system magnetization and in the Curie temperature. This feature is also in 

agreement with the studies reported previously on B-site substitution of Fe (78) 

(12). The ratio of Mn3+/Mn4+ change with replacing of Mn3+ with Fe3+. Likewise, 

replacing the network of Mn4+–O2—Mn3+ with Mn4+–O2–Fe3+ leads the 

mechanism of the charge transfer become disordered (192). As a result, the FM 

interaction is weakened and the Mn4+-O-Mn3+ bond angle is reduced, thus, the DE 

interaction is suppressed.  
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Table 4.8. Experimental parameters determined from M(T) and ρ(T) data for the 

samples of La0.8Sr0.2Mn1-xFexO3 with (a) S 0 x=0,00 (b) x=0.05, and (c) x=0.10. 

All the parameters are explained in the text. 

Parameters  S0           Fe 0.05             Fe 0.1 

TMI(K) 

TC (K) 

ΔTC  

MR % 

TCR % 

338              280 

327              320  

7.06             5.90  

14.96          21.75 

2.16             1.55 

  233          

  279   

  8.97 

 48.11 

  8.23     
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Figure 4.36. Temperature variation of magnetization for La0.8Sr0.2Mn1-xFexO3 

compounds with (a) S 0 x=0,00 (b) x=0.05 and (c) x=0.10. The computed dM/dT-

T curve to determine TC is shown in the inset. 

 

Moreover, it was investigated how the external magnetic field affects the 

resistivity for the samples with and without Fe substitution. Magneto-electrical 

transport features have been examined by the standard four-probe technique. In 
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Fig. 4.37, we depict the resistivity variation of temperature for the pristine and Fe-

substituted ceramic materials within a long temperature range of 20-350 K. When 

the measurement temperature is increased, ceramic samples with x=0.0, 0.05, and 

0.1 showed a significant hump where corresponds to ferromagnetic-metal to 

paramagnetic-insulator transition at the maximum resistivity temperature (TMI). 

However, no such transition is observed for the 20 % Fe substituted sample in the 

studied temperature scale which exhibits semiconducting nature, dρ/dt<0. For the 

pristine sample, LSMO, the metal–insulator transition temperature is observed at 

338 K corresponding well with earlier reports (40) (25) (170). It should also be 

noted here that, the insulator to the metal transition temperature, found by the 

peak resistivity temperature, is close to transition temperature found in 

temperature-dependent magnetization measurements. As the Fe content increased 

in the pristine sample, the transition temperature decreases monotonously with a 

general increase in the electrical resistivity. Iron substitution remarkably effect the 

electric transport features in CMR manganites which can be obviously seen by the 

significant shift of TMI from 338 K to 233 K for x=0.1 and also the ferromagnetic 

nature is destroyed with 20 % Fe substitution.  

These findings can be explained by the associated Jahn-Teller and DE 

mechanisms. For x=0.0 sample, 𝐿𝑎0.8
3+𝑆𝑟0.2

2+𝑀𝑛0.8
3+𝑀𝑛0.2

4+𝑂3
2− , all Mn3+ are Jahn-

Teller active ions (193) and the amount of Mn3+ ions are directly related with both 

Mn–O distortion and polaron binding energy (194) (195). Thus, one may 

understand that the charge carriers get strongly localized with increasing the Mn3+ 

ion content and as a result, the hopping energy is increased. The Jahn-Teller 

distortion is reduced in LSMO system by substituting inactive Jahn-Teller Fe3+ 

ions in LSMO system. Moreover, in pristine sample (x=0.0), the networks of Mn3+ 

and Mn4+ spins interact strongly with DE mechanism. Iron substitution suppress 

this network and leads an enhancement in the system resistivity. For x=0.2 

sample, such a resistivity behavior with Fe substitution elucidates that Fe 

substitution significantly suppresses the contributions arises from the DE 

conduction since iron ions do not contribute to DE interaction (196). 
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Figure 4.37. Temperature dependence of resistivity in zero field and under 

magnetic field 1 T for La0.8Sr0.2Mn1-xFexO3 compounds with (a) S 0 x=0,00 (b) 

x=0.05, (c) x=0.10 and (d) x=0.20. 
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The sharpness of metal-insulator transition temperature is given by the 

temperature coefficient of resistance (TCR). Fig. 4.38 shows the TCR values for 

considered ceramic compounds. The TCR is quantified by the equation: 

% 𝑇𝐶𝑅 =
1

𝜌
 
𝑑𝜌

𝑑𝑡
× 100 %                                         (24) 

where ρ and T are resistivity and temperature, respectively. For the pristine 

sample the TCR % value is ∼2.16 % K-1 and slightly decrease to ∼1.55% K-1 with 

5% Fe substituted sample. As x rise to 0.1, we obtain the maximum TCR value 

(∼8.23% K-1) for the corresponding series. Hence, the iron substitution at Mn-site 

leads a reduction of the charge exchange in the networks of Mn – O (196). 

Therefore, the increase in the system resistivity is obtained as mentioned above 

with lower polaron activation energy and higher TCR values. TCR value has a 

crucial role to enhance the sensitivity of uncooled infrared microbolometer. We 

can make a comparison attempt of the obtained TCR% values with those found 

recently. We can easily regard here that the TCR values obtained in the present 

study is remarkably higher than the previous reported values on A- and B-site 

doped manganites (197) (45) (198). Please note that high TCR % values are 

desirable for designing and building temperature sensing devices at room 

temperature. If we recall the SEM results of the 10% Fe substituted sample, it is 

the sample with highest grain size among the rest of the samples that show metal-

insulator transition. It is well known that the compounds having large grain size 

enhances the electrical-transport features of ceramic manganites, that results a 

sharpened metal-insulator phase transition. Therefore, the TCR % value is 

significantly influenced by the grain size and one should enhance this value by 

enhancing surface morphology of the samples. 
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Figure 4.38. Temperature-dependent TCR % curves of La0.8Sr0.2Mn1-xFexO3 

compounds with (a) S 0 x=0,00 (b) x=0.05 and (c) x=0.10. 

 

To deeply investigate the influence of magnetic field on magnetoresistance 

(MR), we calculated the MR% values and their temperature dependence are shown 

in the insets of Fig. 4.39. During the magnetization process, the resistivity of the 

sample can change substantially. The relative change with respect to the value 

under zero magnetic field can be characterized by the quantity so called MR%, 

and quantified by the following formula;  

𝑀𝑅 % =
(𝜌𝐻−𝜌0)

𝜌0
𝑥100                                         (25) 

where ρ0 and ρH are the resistivities at the applied magnetic field of zero and 1 T, 

respectively. The effect of temperature on magnetoresistance percentage values 

are plotted in the insets of Fig. 4.39. All the 𝑀𝑅 % vs T curves showed similar 

variation trend, and Fe content exhibits a significant impact on the magneto-

transport features of LSMO system. As increasing Fe content, the maximum MR% 

value remarkably increased, and corresponding maximum MR temperatures 

gradually decreased. Noticeably, the MR% value increased from 14.9% to 48.1% 

and maximum MR temperature decreased from 320 to 230 K (Table 4.8). 
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Figure 4.39. The temperature-dependent MR % values for La0.8Sr0.2Mn1-xFexO3 

compounds with (a) S 0 x=0,00 (b) x=0.05, (c) x=0.10 computed with H=1 T 

applied magnetic field. 

 

4.2.5 Conduction Mechanism Analysis  

For a better explanation of electrical behavior and recognize the nature of 

conduction mechanism above and below TMI regions, the resistivity data were 

analyzed with empirical equations and well-established models in each region. 

4.2.5.1 Low Temperature Metallic Region T<TMI 

To understand the origin of the transport properties and nature of different 

scattering mechanisms responsible for the conduction below TMI in the metallic 

region, the electrical resistivity has been investigated by taking into account 

several features, such as the weak localization, the electron-electron scattering and 

the electron-phonon interaction. The transport mechanism for Fe-substituting 

samples (x=0.00, 0.05, 0.10 and 0.2) can be understood by fitting the electrical 

resistivity data through by an expression including several mechanisms of the 

scattering according to the following equations, which is generally used to fit the 

electrical resistivity data in the case of manganites: 

                              (𝑇) 
0

− 
0.5

𝑇0.5 + 
2

𝑇2                                                 (17) 
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                              (𝑇) 
0

− 
0.5

𝑇0.5 + 
2

𝑇2 + 
5

𝑇5                                    (18) 

where ρ0 corresponds to the residual resistivity due to grain or domain boundaries  

(142) (199), term ρ0 plays an important role in the conduction process due to the 

contribution of the grains to the grain boundaries in resistivity (199). 
0.5

𝑇0.5 

weak localization effects of electrons (arises due to contributions from the 

correlated electron-electron (e-e) interactions (200). The term 
2

𝑇2 describes the 

resistivity associated with (e-e) scattering (201). Finally, the term 
5

𝑇5 in Eq. (2) 

is indicates electron-phonon interactions (e-p) (202). 

Fig. 4.40 (a) and (b) shows the fitting of the resistivity data with Eq. (21) for 

both x=0.00 and x=0.05 samples in the presence and absence of the magnetic 

field, while the x=0.10 sample was fitted according to the Eq. (22) as shown in 

Fig. 1. (c). In general, the quality of these fittings of data is evaluated by 

comparing the square of linear correlation coefficient (R2) obtained for each 

equation. Based on this, the R2 values obtained for each sample was high 

(≈99.9%) which shows that our resistivity data at 0 and 1 T fit well with the above 

equations used and confirms the applicability of the proposed scattering 

mechanisms in the metallic region. The corresponding fitting parameters are 

tabulated in Table 4.9. The observed parameters are found to decrease with 

applying 1 T magnetic field, except on 
0.5 and 

2 in x=0.20 sample. The 
0
 value 

decreases with the application of the magnetic field due to the increase in the size 

of the magnetic domains and the decrease in the size of the domain boundary. The 

decrease in the value of contributing parameters with applying 1 T magnetic field 

may be due to decrease in the electron spin fluctuations in the applied magnetic 

field (203). We find, from the fitting that the values of the residual resistivity are 

larger than those of the weak localization and electron-electron scattering in each 

sample ( 
0

> 
0.5

𝑇0.5 > 
2

𝑇2 ), thus indicating that grain boundaries and 

electron–electron interactions play an important role in the conduction process of 

our compound. 

4.2.5.2 High  Temperature Range T>TMI: Insulating Regime 

The conduction mechanism for manganites at high temperatures in 

insulating region T>TMI was mainly due to the thermally activated small polarons 
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(formation of polaron) (142) (204) (205). In the adiabatic regime, the nearest 

neighboring hopping of small polarons leads to mobility with a thermally 

activated form, in which charge-carrier motion is faster than lattice vibrations. 

In order to explain the ρ-T in T>TMI region for our samples, the conduction 

process was described by using adiabatic small polaron hopping model (ASPH) 

represented by the following expression (206): 

                                    (𝑇) = 𝜌𝑎𝑇 𝑒𝑥𝑝 (
𝐸𝑎

𝐾𝐵𝑇
)                                     (13)                                 

where 𝜌𝑎  is the residual resistivity or resistivity coefficient (𝜌𝑎 = 2𝐾𝐵/3𝑛𝑒²𝑎²), 𝐸𝑎 

represents the activation energy for hopping conduction and KB is Boltzmann’s 

constant. e is the electronic charge, n is the density of charge carriers, a is the site-

to-site hopping distance and  is the longitudinal optical phonon frequency. T is 

the absolute temperature. 

Fig. 4.40 (b), (c) and (d) at 0 and 1 T shows the results of fitting the 

resistivity data in insulating region for x=0.05, 0.10 and 0.2 samples, in which the 

straight lines are fits to the ASPH model. Our fitting gives the good R2, this 

confirms that the transport properties are dominated by the Small Polaron 

Hopping mechanism in the studied regions. The corresponding fitting parameters 

for this model are presented in Table 4.10. It can be seen from the Table 4.10 that 

the 𝜌𝑎  shows a complex correlation as a function of Fe-content, first decreasing in 

x=0.10 sample and then significant increase in x = 0.20 sample. While, we find 

that the activation energy increases with Fe-content for x=0.10, may be due to the 

fact that increase in Fe concentration lowers the possibility of conduction electron 

to hop to the neighboring sites (203) (207) (208). Whereas, we found the opposite 

with a greater increase in the Fe concentration (x=0.2), which results in a decrease 

in the activation energy. This decrease in 𝐸𝑎 may result from the localization of 

the 𝑒𝑔 carriers due to increase in the available number of sites where the electron 

can move (35). In addition to this, activation energy values of all the compounds 

of the present investigation decrease in the present of magnetic field and this 

consistent with the observed electrical resistivity properties. This reduction in 𝐸𝑎 

may be attributed to that the values of charge localization decreases with 

application of external magnetic field.  
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Figure 4.40.Temperature dependence of the electrical resistivity for La0.8Sr0.2Mn1-

xBxO3±δ compounds for La0.8Sr0.2Mn1-xFexO3 compounds with B: (a) x=0,00 (b) 

x=0.05, (c) x=0.10 and (d) x=0.20. The colorful lines indicate the best fit for 

theoretical models. 

 

Table 4.9. Parameters used to fit the experimental data of resistivity for 

La0.8Sr0.2Mn1-xBxO3±δ compounds for La0.8Sr0.2Mn1-xFexO3 compounds with B: (a) 

x=0,00 (b) x=0.05 and (c) x=0.10 for low T (T<TMI) using Eqs. (17) and (18). 

La0.8Sr0.2Mn1-xBxO3±δ 

 0 T 1 T 

S 0        ρ0   (Ω cm) 

ρ0.5  (Ω cm K-0.5) 

ρ2   (Ω cm K-2) 

R2 

0.0385 

8.2086x10-5 

1.5516x10-7 

0.999 

0.0289 

1.7481×10-5 

1.5657×10-6 

0.999 

Fe 0.05 ρ0   (Ω cm) 

ρ0.5  (Ω cm K-0.5)  

ρ2   (Ω cm K-2) 

R2 

0.3345 

0.0129   

1.0268x10-6    

0.999      

0.2426 

0.0073x10-4 

8.6330x10-6 

0.999 

Fe 0.1          ρ0   (Ω cm) 

ρ0.5  (Ω cm K-0.5) 

ρ2   (Ω cm K-2) 

ρ5   (Ω cm K-5) 

R2 

0.3149 

0.01223 

3.057×10-5 

1.3508×10-12 

0.999 

0.2664 

0.0174 

3.2069×10-5 

3.3991×10-13 

0.999 
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Table 4.10. Parameters used to fit the experimental data La0.8Sr0.2Mn1-xBxO3±δ 

compounds for La0.8Sr0.2Mn1-xFexO3 compounds with B: (a) x=0,00 (b) x=0.05 

and (c) x=0.10 for high T (T>TMI) using Eqs. (10), (13) and (14). 

                                          La0.8Sr0.2Mn1-xBxO3±δ   

 0 T 1 T 

 

Fe 0.05 

ASPH 

 

ρ0    (Ω cm) 

Ea   (meV) 

R² 

2.0193×10-5 

119.7088 

0.995 

3.8666×10-5 

101.8243 

0.999 

 

Fe 0.1   

ASPH 
 

 

ρa     (Ω cm) 

Ea   (meV) 

R² 

2.661×10-6 

179.146 

0.999 

3.2979×10-6 

173.707 

0.998 

 

Fe 0.2 

ASPH 

 

ρa     (Ω cm) 

Ea   (meV) 

R² 

0.03485 

75.438 

0.999 

* 

* 

* 
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5. CONCLUSIONS AND RECOMMENDATIONS 

In this thesis, we have examined two series of LSMO systems both produced 

by B-site substitution are examined. The first series includes the comparative 

investigation of 10% transition metal substituting of the Mn-site in 

La0.8Sr0.2Mn0.1O3 system, i.e. La0.8Sr0.2Mn0.9Cu0.1O3, La0.8Sr0.2Mn0.9Co0.1O3, 

La0.8Sr0.2Mn0.9Fe0.1O3, La0.8Sr0.2Mn0.9Ti0.1O3. The structural, magnetic, and 

electrical-transport features were examined. In the second series, the influence of 

iron content on the structural, microstructural, magnetic, and electrical-transport 

features of the ceramic perovskite manganites of the La0.8Sr0.2Mn1-xFexO3 (x=0.0, 

0.05, 0.1, and 0.2) system was investigated. 

In the first part, all ceramic manganites were produced using the standard 

solid-state reaction method. The crystal structure of the samples was fitted with 

the rhombohedral space group (R3c) (No:167) without detecting any impurity 

phase, as approved by Jana refinements. Moreover, the average particle sizes were 

calculated by using Gaussian fitting method which increases from 2.45 µm for S0 

sample to the 4.77 µm for Cu sample, 2.67 µm for Co sample, 3.27 µm for Fe 

sample except 2.21 µm for Ti sample. The transition temperature TMI in which the 

ferromagnetic-metal to the paramagnetic-insulator phase transition of the samples 

were found 338 K for S 0, 304 K for Cu, 97 K for Co, 233 K for Fe, and 209 K for 

Ti. The minimum point of the derivative dM/dT gives the Curie temperature 

which were found 321 K for S 0, 294 K for Cu, 118 K for Co, 279 K for Fe, 219 K 

for Ti. In regards to magnetization and electrical resistivity analysis showed that 

both TC and TMI values decrease with TM substitution which is attributed to the 

suppression of the DE interaction. Substituting inactive Jahn-Teller ions decrease 

the ratio of Mn3+/Mn4+ which results to reduce the FM coupling between Mn3+-

O2--Mn4+ bonds. In addition; the greatest TCR value is obtained with 8.23 % K-1 

for Fe substituted sample. And, the largest MR percentage value of 48 % was 

calculated in the Fe substituted sample at about 230 K. The greatest TCR and MR 

values obtained showed that we should study different moles of iron substitution 

in the second series. 
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In the second part of the thesis, all ceramic manganites were fabricated 

using the standard solid-state reaction method. XRD analysis gives that all 

samples crystallize in a rhombohedral structure with (R3c) (No:167) space group 

without detecting any impurity phase, as approved by Jana refinements. Besides, 

the XRD results denote a slight increase in the lattice parameters with the Fe 

substitution. According to the SEM images, we obtain the average grain sizes that 

decrease by the amount of Fe-content from 2.45 μm (x=0.0) to 4.24 μm (x=0.2). 

Also, magnetization and electrical resistivity study indicated that both TC and TMI 

values decrease with Fe substitution which is attributed to the suppression of the 

DE interaction. Substituting inactive Jahn-Teller Fe3+ ions decrease the ratio of 

Mn3+/Mn4+ which results to reduce the FM coupling between Mn3+-O2--Mn4+ 

bonds. The calculated low-field (1 T) MR is improved by substitution and reaches 

48.1 % for the 10 % iron substituted sample. Also, for the same sample, the TCR 

value reached 8.23% K−1. These findings suggest that the synthesized ceramic 

materials can be used for a wide range of applications, including temperature 

sensing devices. Moreover, to understand the main reason for the conduction 

mechanism, we analyzed the ρ-T data with empirical equations and well-known 

models above and below TMI. The results obtained in this dissertation will be used 

as a reference for future work, and the electrochemical analysis will be carried out 

to use them as cathode materials in intermediate and high temperature SOFC. 
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