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Chapter 1 

Introduction 

This chapter briefly surveys the crystallographic, magnetic and electrical properties of 

manganites and gives the objectives of the present investigation. 

1.1 Historical Background 

Rare-earth manganites with the perovskite-related structures form a very important 

family of oxides. The recent discovery of colossal magnetoresistance(CMR) [1, 2, 3, 4] 

in Mn oxides Lai_zAzMn03 (where A represents alkaline-earth metal ions) has gen-

erated extensive interest in these perovskites. These materials have been extensively 

studied for their colossal magnetoresistance (CMR) properties. Interest of the sci-

entific community is drawn towards the CMR materials not only for their potential 

technological applications in magnetic sensors, magnetic recording and solid state fuel 

cells, but also for the fascinating physics of the CMR properties. Current problems 

of microelectronics make it highly desirable to construct devices with large isotropic 
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negative magnetoresistance, functioning at room temperature. In particular, they are 

required for magnetic recording and reading heads, for reliable storage of information, 

etc. However, the main shortcoming of the manganites is the fact that they manifest 

the CMR only at sufficiently large field strengths. For applications, they should be 

highly field sensitive for small field strengths. This triggers the interest of the scien-

tific community to synthesize newer compounds and study their OMR properties to 

understand the physics involved in it. 

The essential correlation between the magnetization and resistivity in these com-

pounds was well explained by the double-exchange(DE) mechanism [5, 6, 7]. However, 

the precise nature of the ferromagnetic metal to the paramagnetic insulator transition 

is still not well understood. Recently, Millis et al. [8] argued that Jahn-Teller(JT) 

effects [9, 10] have to be included to explain the observed resistivity behavior and the 

magnetic transition temperature. It was then proposed [11, 12, 13] that the metal-

insulator transition(MIT) is a consequence of the large to small polaron transition, 

induced by the reduction of effective hopping integrals at temperatures near Tc. How-

ever, there are competing proposals [14, 15] that advocate that the DE mechanism 

alone can explain the magnetic properties and MIT in Mn oxides. Notably, Varma [15] 

argued that random hopping in the paramagnetic phase due to the DE mechanism is 

sufficient to localize electrons and induce a MIT at T c . Although there is mounting 

experimental evidence of lattice effects [16, 17, 18, 19] and small polaron dynamics 
• 

2 



above Tc  [20, 21], it is still not clear at present whether the small polaron formation 

for temperatures close to Tc is the driving force of the MIT or merely a consequence of 

the MIT from the DE mechanism itself. To investigate the origin of the MIT, a precise 

calculation of the localization effects in the DE model is needed. 

Actual study of the properties of manganites started about 50 years ago, soon 

after Jonker and van Santee [22, 23] discovered striking correlation between the Curie 

temperature(Tc), saturation magnetization(Ms), and electric resistivity (p) in samples 

of La1 _zAzMn03 , where A is Ca2+, Sr2+, and Ba2+, when measured as a function of x. 

Their polycrystalline samples of composition La0.7Sr0.3Mn03, showed maximum values 

172  ti 370 K and M 	90 G/g, corresponding to full polarization of all 3d electrons 

present in the sample, and electrical conductivity am" 	300 5cm -1 , comparable to 

single-crystal samples grown more recently by Tokura et al. [24]. 

Some of the most relevant conclusions reached by researchers in the 1950s are the 

following: (a) After studying the correlations between crystal structure and the Curie 

temperature and finding that different samples with the same lattice constant had 

different Curie temperatures they concluded that a picture of simple exchange inter-

action could not explain the ferromagnetic transition temperature in manganites [22]. 

We now know that the relevant parameter in determining Tc  is not only the distance 

between manganese ions, but the angle of the Mn-O-Mn bond as well. This is of-

ten characterized by the tolerance factor t = (rA +ro)/ \(r13 -1- r0 ). In AB03-type 
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perovskites, where rA, rB and rc are the radii of the cations A and B, and anion 0 

respectively. (b) They found that samples of composition x r.-.1 0.3 showed maximum 

Tc  and minimum electrical resistivity, and uncovered a linear relationship between the 

magnetoresistance and the magnetization of the specimens, concluding that magnetism 

and electrical conductivity were definitively correlated [25]. (c) They established that 

both divalent element content and oxygen stoichiometry determined the Mn4+ content 

in the samples. (d) Their alternating current measurements showed frequency depen-

dence and a magnetoresistance that decreased with the applied voltage. These results 

clearly pointed to an inhomogeneous phase, and they proposed a model of metallic 

grains surrounded by a high-resistance inter grain material. We believe today that 

inhomogeneity is intrinsic to the manganites and may play a very important role in 

their physics. 

However, extensive research work has been carried out, on macroscopic as well as 

microscopic levels, on CMR materials only in the last decade. It has opened new 

frontiers like charge/orbital ordering [26, 27] phase separation [28, 29, 30] and various 

types of site disorder [31, 32, 33, 34, 35, 36, 37, 38, 39, 40] in addition to the known 

CMR properties of these materials. In spite of the monumental wok carried out on 

these materials and after attaining reasonable understanding of the physics involved, 

there is still no agreement on the correct theoretical description of CMR properties, 

due to the complexities involved. 
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1.2 Crystal Structure and 
Rotation of Mn06 Octahedra 

The ideal ABO 3-type cubic perovskite structure in space group Pm3m is given in Fig. 

1.1. A represents a rare-earth ion and B represents an alkaline-earth ion. The atomic 

co-ordinates of cations A and B are (1/2, 1/2, 1/2) and (0, 0, 0) respectively. Anion 

0 occupies (0, 0, 1/2), (0, 1/2, 0), (1/2, 0, 0) positions. The arrangement of B0 6 

 octahedra is given in Fig. 1.2. 

It was pointed out by Goldschmidth [41] that the ABO3  type perovskite structure 

is stable only if the tolerance factor t = (rA+ro)/ \fi(rB+ro) is nearly equal to unity, 

where rA, rB and ro are the radii of the cations A, B, and anion 0 respectively. A cubic 

structure is found if t is unity, as in SrTiO 3 , for example. Deviation of t from unity gives 

distorted perovskite structure e.g. BaTiO 3  [41]. Deviation of t from unity indicates 

compressional or tensile stresses in various bonds. These structural stresses resulting 

from t < 1 in LaMn03  can be partially removed by cooperative rotation of Mn06 

octahedra around different cubic axes giving rise to rhombohedral and orthorhombic 

structures. At t < 1, Mn06  octahedra rotate about a certain crystallographic axis. 

This results in a reduced crystal symmetry. Rotation of Mn0 6  octahedra about [001] 

axis gives tetragonal symmetry I4/mcm, that about [111] axis gives rhombohedral 118C 

symmetry, that about [110] axis gives orthorhombic Pbnm or Pnma symmetry and that 

about [101] axis gives orthorhombic Imma symmetry [42]. • 
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Fig. 1.1: AB0 3-type Cubic Perovskite Structure 

The stoichiometric lanthanum manganite LaMn0 3  crystallizes in orthorhombic 

structure. 

The orthorhombic ABO 3  perovskite structure allows a wide variety of cation sub-

stitution at both A and B sites and also the introduction of cation and anion vacancies. 

The alkaline earth metal ions (Ca+ 2 , Ba+2 , Sr+2 , Pb+2  etc.) can be substituted for La, 

and 3d transition metal ions can be substituted for Mn in LaMn03. The cation substi-

tuted and non-stoichiometric LaMn0 3  can adopt monoclinic, tetragonal, orthorhombic, 

rhombohedral or cubic structures [34, 43]. The rhombohedral distortion is commonly 

found in most of the divalent ion doped rare-earth manganites at 33% of the dopant 

level. 
• 
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Fig. 1.2: Arrangement of B0 6  Octahedra 
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1.3 Magnetic Properties 

1.3.1 The Double Exchange 

The interdependence of magnetic and electrical properties of divalent ion-doped rare-

earth manganites was first explained by Zener using a double exchange model [51. 

When a divalent ion is doped at La-sites in LaMn0 3 , an equal number of Mn3+ ions 

are oxidized to Mn4+ ions to maintain the charge neutrality of La i  _ xAz Mn03 . This 

gives rise to pairs (commonly known as Zener pairs or Double Exchange pairs) of Mn 3+ 

and Mn4 + ions separated by 02_  ions. There is a possibility that the el  electrons in 

Mn3+ ions hops to the vacant e 9  level in the neighboring Mn ion via oxygen ion. 

However, due to the strong Hund's coupling between the e 9  and t29  electrons, the 

electrons can hop from a Mn 3+ ion to Mn4+ ion only if their spins are parallel, and 

can not move if the spins are not parallel. In other words, both spin as well as charge 

are preserved during the transfer of an e 9  electron from one site to another (Double 

Exchange). In the Double Exchange model, a material becomes metallic only when 

the neighboring spins are ferromagnetically coupled. When J >> b, where J is intra-

atomic exchange energy and b is transfer integral. The double exchange energy is given 

by, 

i. 
Ed 1CX b cos(

0
2

) 

where Oi;  is the angle between two Mn spins i and j. In an ideal cubic perovskite 

structure Mn e9  orbitals overlap with the oxygen 2p, orbitals whereas the Mn t29 • 
8 



orbitals can not make a a overlap with the oxygen 2p orbitals as they are orthogonal 

by symmetry. 

1.3.2 Sup erexchange 

Apart from the double exchange, 180° cation-anion-cation "superexchange" interac-

tion can be predicted by using the Goodenough-Kanamori-Anderson rules [42, 44, 

45]. According to these rules, the super exchange interaction in Mn 3 +(t29)-0(2p,)- 

Mn3+/4+ (t29 ) is antiferromagnetic. The Heisenberg exchange Hamiltonian for the su-

perexchange interaction is given by, 

H - E Jo s ; .s; 
 J.;  

where J ii  is the effective exchange integral between atoms i and j having total spins S i 

 and Si given by, J = where is the Coulomb repulsive energy and bii  is the 

transfer integral. The superexchange energy is given by equation, 

Es x (q/Uij) cos eij 

where Biz  is the angle between the ith  and j th spins. Competition between the antifer-

romagnetic interaction and the ferromagnetic double exchange interaction decides the 

magnetic phase of the mixed-valent manganites. However, in many systems, Mn 3+-0- 

Mn3+ superexchange is found to be ferromagnetic. 

• 
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1.3.3 Canted Spin Phase 

De Gennes further developed the theory [46] of double exchange and predicted the 

formation of a canted spin structure for low doping levels in mixed-valent manganites. 

This theory explains the experimental observations such as (a) a non zero spontaneous 

moment at low fields, (b) a lack of saturation of magnetization in high magnetic fields 

and (c) simultaneous occurrence of "ferromagnetic" and "antiferromagnetic" branches 

in the spin wave spectra. He considered an A-type layered antiferromagnetic lattice, 

in which all spins within each layer remain parallel, but where the angle between spins 

in successive layers takes a prescribed angle O. The Zener carriers are allowed to hop 

both within the layer and also from one layer to the other. 

1.3.4 Superparamagnetic and Spin Glass Phases 

The magnetic heterogeneity, either intrinsic or due to the substitution of transition 

metal ions or diamagnetic ions (TO+, Al 3+ etc) at the Mn site of the ferromagnetic 

Lai_ s AxMn03 , may introduce both disorder and magnetic frustration in the system. 

In such cases, isolated ferromagnetic clusters may appear and, if the clusters are non-

interacting, it will give rise to a superparamagnetic phase. If the ferromagnetic clusters 

interact among each other, and the clusters have opposite magnetization so that the 

net magnetization is zero, then that will give a cluster spin glass phase. It is a hard task 

to distinguish experimentally between an insulating spin glass and a superparamagnet 

• 
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[47). There is some experimental evidence of the spin glass phase in manganites [48, 49) 

though detailed experiments which can give conclusive evidence are lacking. 

1.3.5 Phase Separation 

Recently, another alternative model has been proposed for the magnetic state of the 

hole doped manganites at low doping levels[50), i.e. a microscopically inhomogeneous 

phase induced by non-uniformly distributed Mn 4+ ions. The Mn4+ excess regions have 

tendency to establish ferromagnetic ordering around themselves. These clusters are 

distributed either in an antiferromagnetic or in a canted spin host lattice. There is 

extensive theoretical review [51], by Nagaev on this issue, with the emphasis on the 

electronic aspects of the intrinsic phase separation in manganites and analogy with 

other magnetic semiconductors. According to this view, at relatively small carrier den-

sities (at low doping levels), the high-conducting ferromagnetic regions form separated 

droplets inside the insulating antiferromagnetic host. Since they are separated from 

each other by the insulating layer, the crystal as a whole is an insulator at T = 0. As 

the carrier density increases, the volume of the ferromagnetic phase also increases. At 

a critical carrier density n.,, the ferromagnetic droplets begin to make contacts with 

each other forming percolative conducting paths. Further increase in carrier density 

gives antiferromagnetic droplets embedded inside the ferromagnetic host. The entire 

crystal becomes ferromagnetic at still higher carrier density. 

There is some experimental evidence from the nuclear magnetic resonance (NMR) 
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of 55Mn for the phase separation in these materials [52]. In this experiment, the local 

hyperfine fields give lines associated with ferromagnetic and antiferromagnetic regions. 

The ferromagnetic lines shift in an applied field, while the antiferromagnetic lines do 

not. This was interpreted as evidence for coexistence of both local ferromagnetic and 

antiferromagnetic micro domains. There was no evidence for the uniform canted phase. 

However, recently in a theoretical study Yunoki et al. [53] have shown the possibility 

of such a phase separation. 

1.4 Jahn-Teller Distortion 

In year 1995, Millis et al. [8] obtained a solution for the double exchange Hamiltonian 

for La i_xSrx Mn03  with 0.2< x< 0.4. Their results showed that double exchange alone 

can not account for all the aspects of the experimental data and that in addition to 

the double-exchange mechanism, a strong electron-electron interaction arising from the 

Jahn-Teller(JT) splitting of Mn d level plays a crucial role in determining the electrical 

and magnetic properties of the mixed valent manganites. 

The double-exchange model alone is insufficient for describing large changes in 

the resistivity of CMR compounds at ferromagnetic to paramagnetic transitions. The 

electron-phonon coupling arising from the Jahn-Teller effect plays a major role in the 

transport properties of these materials. Dynamic JT interactions have been postulated 

to be a strong source of such electron lattice coupling in CMR materials. 
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In an octahedral interstice, orbital degeneracy of 3d electrons is lifted by the crystal 

field and the degenerate 3d levels split into higher energy e9  doublet and lower energy 

t29  triplet. Three of the four d-electrons of the Mn 3+ ion occupy the t29  level. The 

e9  level is occupied partially by the fourth electron, leaving a hole in the e9  level. 

• Orbital angular momentum of the e9  hole is quenched by the cubic ligand fields. This 

leads to local structural distortion called Jahn-Teller distortion around Mn 3+ ions and 

degeneracy of the e9  level is further lifted in such a system. In a solid with large 

percentage of JT ions like Mn 3+, static co-operative Jahn-Teller distortions reduce the 

energy of the system by lowering its crystal symmetry. The deformation of the Mn0 6 

 octahedron caused by JT effect splits the e9  band. The greater the distortion, the 

more localized are the charge carriers in the e9  band.Crystal field and JT splitting 

of the 3d orbitals are presented in Fig. 1.3 wherein the orbital states in Q2 and Q3 

modes of vibration are indicated. The JT distortion reduces with increasing divalent 

ion substitution at La-site in LaMn0 3 , as this decreases the Mn 3+ concentration. 

In a hole-doped manganite, when an e9  electron of Mn3+ ion hops to the neighboring 

Mn4+ site it drags the lattice distortion along with it as the Mn 4+ ion now becomes 

Mn3+ ion with the arrival of new electron. Such an electron with its accompanying 

local lattice distortion is known as a polaron. The electrical conductivity of the hole-

doped manganites in the insulating regime can be explained with the polaron hopping 

mechanism. Polarons can be "large" or "small". The large polaron case corresponds to 
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Fig. 1.3: Crystal field and JT splitting of Mn 3d orbitals for Q2 and Q3 modes of 
vibration. 
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a situation in which the lattice distortion induced around a charge carrier extend over 

distances larger than the lattice constant [54]. For the small polaron case, the lattice 

distortion extends over a distance comparable with the lattice constant. 

The lattice polaron formation in the local structure of La i_xCazMn03  (x = 0.12, 

0.21, 0.25) has been observed directly using pair-distribution function analysis of neu-

tron powder diffraction data [18]. The giant oxygen isotope shift has been observed in 

La( i _x)CaxMn03+y  samples implying that the shift arises from coupling of the charge 

carriers to JT lattice. There is further evidence of JT distortion from the powder neu-

tron studies of mixed valent manganites, where the basal plane collective distortion 

mode ( Q2 type ) is observed to be reduced as the temperature is decreased below the 

insulator-to-metal transition temperature Tr_ m  [17, 55]. Also, a theoretical study [56] 

of LaMnO 3  using density functional methods has found JT distortion necessary for the 

antiferromagnetic insulator state. 

1.5 Colossal Magnetoresistance(CMR) 

The hole-doped rare-earth manganites show a peak resistivity with temperature in 

the compositional range 0.2 < x < 0.4. It is generally considered that low temper-

ature side of the resistivity peak corresponds to the metallic conductivity, and the 

high temperature side to the semiconducting state. The temperature corresponding 

to this resistivity peak in mixed-valent manganites is commonly referred to as Metal- 
• 
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Insulator Transition(MIT) temperature, T !_ M. This temperature is close to ferro-

magnetic to paramagnetic transition temperature, Tc. At this temperature, under 

an applied magnetic field, these materials show a large drop in resistance, known as 

colossal magnetoresistance(CMR). The CMR is defined as, 

OR R(H)  — R(0)  
R(0) — 	R(0) 

Here R(H) and R(0) are the resistances of the material in presence and absence of 

an applied magnetic field, respectively. The main feature of the CMR is that it is 

maximum at the temperature where the resistivity shows the peak (in zero magnetic 

field), i.e. close to Tc . 

In the paramagnetic state without the external magnetic field, the direction of 

Mn spins is random and the e 9  electrons hardly hop to the vacant e9  state because 

of the strong Hund's coupling. By applying a strong enough magnetic field, the t29 

 spins become parallel and the e9  electrons can hop easily without violating the Hund's 

coupling. Therefore, the mobility of e 9  electrons increases resulting in the CMR effect 

[57]. However, this explanation is based on DE model alone and a lattice polaron 

mechanism which takes into account of JT lattice distortion also needs to be considered 

to obtain a quantitative explanation of the CMR effect [8]. 

For CMR materials in which A-site is doped by divalent ions, an analysis of the 

temperature and field dependence of the resistivity has led to a conclusion that resistiv-

ity depends only on the magnetization M, irrespective of whether a particular value of 
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M is achieved by the application of a magnetic field or variation of temperature. As a 

result, the following expression is proposed for CMR at relatively small magnetization 

values [14]. 

(51? 
	 = —C(x) 
R(0) 	11/11 

where Ms is the saturation magnetization and C(x) is constant which depends upon 

the doping content(x). 

The polycrystalline samples show a low field magnetoresistance at T << T c , the 

origin of which is a subject of debate. It is attributed either to the spin dependent 

scattering of spin polarized carriers at the domain walls (where the size of the domain 

is restricted by the grain size in polycrystalline materials) [58] or the spin polarized 

tunneling of the carriers across the high resistance regions [59]. This low field MR is 

absent in single crystals and single crystalline thin films. 

The transition temperatures (Tc and TI_M) and the value of CMR can be tuned 

in manganites by suitably substituting various ions at A and B sites. This is due to 

the fact that the exchange interactions are sensitive to the Mn-O-Mn bond angle and 

Mn-O bond lengths and these in turn depend on the ionic radii of A-site and B-site 

cation. The variation of Tc  with the weighted average radius of A-site cations<rA>, 

has been studied by several workers. They found that, for <rA> > 1.18, the material 

shows a ferromagnetic and metallic behavior [60, 61]. 

Colossal magnetoresistance has also been observed in T12Mn2O 7  with pyrocklore 
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structure [62, 63]. However, the origin of CMR in this material seems to be different 

from that in the perovskites. Subramanian et al. [63] suggested that instead of a single 

double exchange mechanism driving both the conduction and the magnetic ordering 

processes (as in the perovskite), there are two processes in the pyrochlore compound. 

The magnetic ordering seems to be driven by superexchange, as in other ferromagnetic 

pyrochlores insulators. The CMR in this compound is best described by reduction in 

the spin-fluctuation scattering between localized Mn 4+ moments and the charge carriers 

in the conduction band under magnetic field. 

Magnetoresistance of La i,SrzMn0 3 : a canonical example 

The La i_zSrzMn03  is the most canonical double-exchange system, since it shows 

the largest one-elecron bandwidth W and accordingly, is less significantly affected by 

the electron-lattice and Coulomb correlation effects. Nevertheless, the end member 

LaMnO3  is strongly affected by the collective Jahn-Teller effect as well as by the elec-

tron correlation effect due to the n = 1 filling of the e 9  band. The collective Jahn-

Teller distortion present in LaMnO 3  reflects the orbital ordering such as the alternating 

d3x2_r2 and d3 y2 _ r2  orbitals on the ab plane [64]. With the hole-doping by substitu-

tion of La with Sr, the ordered spins are canted toward the c-axis direction. In the 

pioneering paper by Wollan and Doehler for La i_xCaxMn03  [65], the spin state in 

such a lightly doped region is discussed in terms of the mixture of the ferromagnetic 

and antiferromagnetic domains. This was, however, reinterpreted in terms of tho DE 
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mechanism by de Gennes [46]. The extension of the wave function of the hole along the 

c-axis can mediate the DE-type ferromagnetic coupling, producing the spin canting. 

As the doping level (x) is increased, the spin canting angle is continuously increased 

to the nearly ferromagnetic spin structure at about x = 0.3.Another important con-

sequence of the hole-doping is that the static collective Jahn-Teller distortion present 

in LaMnO 3  is diminished with increase of the doping level, perhaps beyond x = 0.10. 

This is manifested by the structural transformation between two types of orthorhombic 

forms [66]. 

1.6 Charge Ordered State 

Mixed valent manganites are typically considered to be disordered compounds, where 

Mn3+ and Mn4+ cations are randomly distributed in the lattice. However, under certain 

chemical and temperature conditions, and especially when Mn 3+ and Mn4+ cations 

are present in equal amounts, these cations order coherently over long distances to 

form a charge-ordered (CO) lattice. The Jahn-Teller distortions associated with Mn 3+ 

cations also results in orbital ordering in these compounds, while Mn-spins order to 

form an antiferromagnet. It is typically found that the transition to a charge ordered 

antiferromagnetic state is preceded by a transition from a paramagnetic insulating 

to a ferromagnetic metallic state at higher temperatures. Additionally, it is found 

that the CO-state can readily be "melted" with application of magnetic field [67] and 
• 
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pressure [68], or exposure to x-ray photons [69] can destroy the CO state in favor of 

a ferromagnetic metal state. Charge-ordering in the manganites is interesting because 

double-exchange gives rise to metallicity along with ferromagnetism while the charge-

ordered state is associated with insulating and antiferromagnetic ( or paramagnetic) 

behavior. 

It was the early work of Wollan and Koehler [65] who first proposed the possibility 

of "ion ordering" in La0 . 5 Ca0. 5 Mn0 3, inferred from the magnetic structure of this com-

pound. In this material, a magnetic ordering of Mn-spins was observed. The ordering 

could be described in terms of a coherent stacking of magnetic sublattices with differ-

ent propagation vectors. These two different magnetic sublattices (C and E) were also 

observed at other compositions of the La i _x CaxMn03  system. Wollan and Koehler 

realized that the magnetic scattering intensities of this antiferromagnet were sensitive 

to the coherent ordering of Mn 3+ and Mn4+ cations. This observation, together with 

the insulating behavior of this compound at low temperatures, led Goodenough[42] to 

suggest that the two magnetic sublattices result from charge ordering of the Mn3+ 

and Mn4+ cations. 

Charge orderered phase is also reported for Pr0.5 Ca0 . 5  M nO3  [70] and Nd0 . 5 Sr0 . 5 Mn03 

 [71]. Both compounds exhibit the CE-antiferromagnetic structure. Jirak et at have 

reported a structural refinement of Pr 0 . 5Ca0 . 5 Mn0 3  that identifies distinct Mn 3+ and 

Mn4+ sites [70]. However, it is to be noted that not all A0.5A'0.5Mn03 compounds 
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exhibit charge ordering behavior. For example, Pr o . 5 Sr0 . 5Mn03  [71, 721 has a A-type 

antiferromagnetic insulating ground state. Pr0.7Ca0.3Mn03 has also been reported to 

exhibit the CE-type antiferromagnetic structure, suggesting a similar charge ordering 

as in La0 .5 Ca0 . 5 Mn03 . 

Charge-ordering in manganites is governed by the width of the e 9  band which is 

directly determined by the weighted average radius of the A-site cation radius < rA >, 

or the tolerance factor t. This follows from the fact that the distortion of the Mn-O-Mn 

bond angle affects the transfer integral of the e 9  conduction electrons (holes). 

Investigations on charge-ordering has established the intimate connection of the 

lattice distortion to CO. It is the lattice distortion associated with orbital ordering 

that appears to localize the charge and initiate charge-ordering. The scale of the 

energy involved with CO as measured by the charge-ordering gap is around 0.5-1 eV. 

This is similar to the unscreened nearest neighbor Coulomb repulsion. This is also 

close to the approximate energy required to create approximately 1% orthorhombic 

distortion. It is likely that both the energy scales along with magnetic exchange decide 

the energy scale of the charge ordering gap. 

1.7 Site Disorder 

Physical properties of manganites are very sensitive to the method of synthesis, the 

type of symmetry of a unit cell, A and B site cations' size effects, concentration of the 
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substitute, presence of ions of different valence at equivalent crystallographic sites, non 

stoichiometry etc. Site disorder induced by doping, divalent alkaline-earth ions and 

transition metal ions at A and B sites respectively, has been studied extensively. It has 

been shown that disorder in A-site can be quantified in terms of average A-site radius 

< r A  > and/or size mismatch in terms of Variance. 

Lately, there has been a greater focus on the effect of the synthesis procedures on 

CMR properties of these materials. It is well known that CMR materials exhibit signif-

icantly different properties when they are prepared with different synthesis procedures, 

starting from the same initial composition. Various defects like cation vacancies, oxygen 

non-stoichiometry and dopant ions occupying other sites, develop in the crystal struc-

ture due the synthesis procedure and the environment used to prepare these materials. 

However, the effect of synthesis procedure on the microscopic as well as macroscopic 

properties of these materials is quite complex and needs to be investigated further to 

understand the physics involved. 

Effect of oxygen non-stoichimetry on properties of CMR samples has also been stud-

ied in great detail [73, 74, 75, 76, 77]. For example, the defect chemistry of LaMn03±8 

is unique, both oxygen deficient and oxygen excess [78]. For LaMnO 3+a, the struc-

ture is GdFeO3-type for 0 < 5 < 0.10 and rhombohedral for 0.10 < 5 < 0.3 [79]. 

Although traditionally lanthanum manganite is considered as an anion excess com-

pound (LaMn03.4.8), detailed investigations by employing high-resolution electron mi- 
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croscopy and other cognate techniques have revealed the presence of metal vacancies 

(Lai-7 Mn1-703) instead of interstitial oxygen ions [43, 80]. LaMnO 3  perovskites has 

been shown to tolerate a considerable portion of vacancies in the A site (La site ) 

giving rise to compositions of the type La i_ 5Mn03  with the charge compensated by 

Mn4+ ion formation [81]. The Mn 4+ content in lanthanum manganites can be var-

ied by altering the firing temperature and atmosphere. Oxygen-rich samples exhibit 

ferromagnetic-metallic to paramagnetic-insulating transition due to the holes doped by 

cation vacancies for attaining the charge balance. However, in deliberately prepared 

cation deficient material like La 1 _x Mn03+6 , it has been argued that charge deficit due 

to vacancies on La sites would be preferably compensated by the formation of oxy-

gen vacancies, rather than by oxidation of Mn 3+ into Mn4+ ions. Recently, XRD and 

EXAFS studies [82] on vacancy doped La 1 _xMn034.6  have shown that for La/Mn ra-

tio below 0.9, there is phase segregration of La0.9Mn0 3  and parasitic Mn 304  and Tc 

remains almost constant as that of La0.9 Mn03 . 

Strontium doped LaMnO 3  series also exibits both oxygen rich as well as oxygen 

deficient non-stoichiometry. Trukhanov et al. [83] have studied oxygen deficient 

La 1 _x Srx Mn03_2 compounds wherein ferromagnetic indirect superexchange is con-

sidered to be the cause of the magnetism. There are several reports [77, 80, 84, 85] 

on La i_xSrx Mn034.6 compounds, wherein cation vacancies in oxygen rich materials are 

considered to be equally distributed on A and B sites, given by v = (46)  whereas 

• 
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Tofield and Scott [73] and Mitchell et al [86] have shown that the A-site vacancies 

are predominant. Junichiro Mizusaki et al. have discussed various models for cation 

deficiency in La i_zAzMn03  [87] such as A-site cation entering B site and B-site cation 

entering A-site. However, there appears to be very little literature about B-site vacan-

cies [88, 89] in these materials. Interestingly, Nakamura [90] has shown that a fraction 

of Mn ions enter into A-site cation vacancies in La i_ AMn03+8  and affects properties 

of the material substantially. 

From the work carried out on site-disordered materials, it is clear that there is 

no clear understanding and consensus on the microscopic picture of the site disorder. 

Various possibilities like percentage and location of vacancy sites and A/B-site cation 

entering B/A-site need to be probed further. Moreover, the site-disorder induced by 

dopant ions occupying heterovalent sites has not been studied so far. Such an disorder 

can have tremendous effect on the properties of these materials and is expected to give 

some interesting results. 

In spite of all the problems of various defects and irregularities, site-disordered 

compounds have already found wide application in the technology due to their high 

chemical stability. These compounds are employed as electrode materials in high-

temperature fuel cells and cathodes for CO 2  lasers [91]. 

• 
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1.8 Objectives of the Present Work 

• Synthesis technique plays a major role in deciding the properties of CMR mate-

rials. It is well known that site-disorder like that of cation vacancies or oxygen 

non-stoichiometry can be induced in CMR materials by controlling synthesis 

technique. Various other type of site-disorders, like A-site ion and B-site ion 

occupying each others' sites, are also reported. However, the nature of various 

types of site-disorders and their effect on CMR properties is yet not understood 

completely and remains unexplored. It becomes essential to carry out detailed, 

microscopic as well as macroscopic, investigations on site-disorder in CMR ma-

terials, in view of their imminent technical applications in the near future. 

In this regard, effect of doping nonmagnetic Ti ions at Mn site provides an excel-

lent opportunity. Studies on doping of nonmagnetic TO+ ions in La0. 67Sr0 .33Mn0 3 

 and other materials have shown that Ti4+ ions occupy Mn4+ sites alone, due to 

their isovalency and inevitably weakens DE interaction between Mn 3+-0-Mn4+ 

covalent structures. However, from size considerations of Ti 4+, Mn4+ and Mn3+ 

ions, there is a distinct possibility that TO+ ions can also occupy Mn 3+ sites. 

Such a substitution is expected to induce site-disorder in the sample and mod-

ify the CMR properties considerably. No such studies are reported so far on 

synthesis and properties of site-disordered materials, La0. 67ST0.33 Mn i_xTiz03 . It 
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is with this aim, we have prepared and investigated site-disordered samples of 

La0.67Sr0 .33Mn 1 _xTix03  for x = 0.00, 0.03, 0.05, 0.10 and 0.20 and analysed their 

transport and magnetic properties in terms of site-disorder and local stucture 

around manganese ion. The transport and magnetic properties of site-disordered 

sample with x = 0.10 are compared with those of the corresponding site-ordered 

sample. 

• Study of CMR materials becomes more complex at low temperatures owing to 

the rich magnetic, electronic and structural ground states exhibited by them. 

Although, the CMR properties have been extensively investigated, the physics 

behind the diverse low temperature ground states is still unclear. The search for 

a microscopic picture of the ground state in half-doped manganites remains a 

very active field. 

Samples of the series Sm 0 .5_xPrzSro .5 Mn03  exhibit significantly different low tem-

perature ground states as x changes from 0.0 to 0.5. In this series, end member 

Sm0 .5Sr0.5Mn03 exhibits paramagnetic-insulating (PMI) phase at room temper-

ature (RT) and ferromagnetic-metallic (FMM) phase below 95 K whereas other 

end member Pr 0 . 5Sr0.5Mn03  exhibits PMI phase at RT, FMM phase below 255 

K and orbitally ordered antiferromagnetic-insulating (AFI) phase below 140 K. 

However, at intermediate doping level of x = 0.3, Sm 0 .2Pr0 . 3 Sr0 .5Mn03  exhibits 

antiferromagnetic (CE type) charge ordered (CO) state below 155 K starting 
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from PMI phase at RT and FMM phase below 215 K down to 155 K. Presence 

of the diverse low temperature ground states and particularly the CO state at 

intermediate doping content evokes interest in this series. Microscopic structural 

investigations will be helpful to understand the macroscopic properties of these 

samples. EXAFS is one such probe that gives direct information of local structure 

around a metal ion of interest. It is to be noted that although local structural 

changes around Mn ion are responsible for the varied ground states, Mn K-edge 

EXAFS studies are not possible in these materials due to overlapping Pr and Sm 

L edge EXAFS with Mn K-edge EXAFS. The only way therefore is to obtain the 

information indirectly by studying rare-earth K-edge EXAFS. 

With this aim, we have undertaken a detailed EXAFS investigations of series 

Sm0. 5_xPrx Sr0. 5Mn03  (x = 0.00, 0.03 and 0.05) at various temperatures so as to 

cover the PMI, FMM and AFI states. The role of MnO 6  octahedra in attaining 

the varied low-temperature ground states, particularly the CO state in x = 0.03 

sample, is discussed with the help of Pr and Sm K-edge EXAFS. 
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1.9 Organisation of the Thesis 

Contents of the thesis are distributed in seven chapters as mentioned below. 

enumerate 

• Chapter I gives a general introduction to the CMR properties and their de-

pendence of various factors, with emphasis on the various models that are used 

for explaining CMR and allied properties. This chapter also includes sections on 

charge ordered materials and site-disorder in CMR materials. 

• Chapter II explains basic principles of various experimental techniques that 

have been used in this work and also provides some information about their 

experimental set-up. 

• Chapter III is devoted for investigating the effect of site-disorder on structural, 

magnetic and transport properties of La 0 .67Sr0 .33 Mn i_xTix03+6 samples. Prop-

erties of site-disordered samples are analysed in comparison with site-ordered 

samples. 

• Chapter IV presents the detailed the X-ray spectroscopic investigations on 

site — disordered La0 .67Sr0 .33Mn 1 _xTix03+6 with emphasis on XPS and EXAFS 

techniques. 
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• Chapter V is primarily devoted for local structure investigations of compounds 

of the composition Sm0.5_sPrxSr0.5Mn03 (x = 0.0, 0.3 and 0.5) using rare-earth 

K-edge EXAFS. This chapter explains the role of local structure in different 

phases exhibited by the samples in the temperature range 50 K to room temper-

ature. 

• Chapter VI summarises the work done in the present investigation and gives 

the possible avenues for future work. 
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Chapter 2 

Experimental Techniques 

2.1 Introduction 

In this Chapter we discuss the basic principles of the experimental techniques and 

the apparatus used to study the structural, transport and magnetic properties of 

various CMR materials. The experimental techniques include 

—X-ray diffraction (XRD) measurements, 

— Iodometric titrations, 

— Infra-Red (IR) spectroscopic measurements, 

—Four-probe resistivity measurements, 

—AC and DC magnetic susceptibility measurements, 

—Magnetoresistance (MR) measurements, 

—X-ray Photoelectron spectroscopic (XPS) measurements, 
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— X-ray Absorption Near Edge Structure (XANES) and Extended X-ray Ab-

sorption Fine Structure (EXAFS) spectroscopic measurements. 

2.2 X-ray Diffraction Measurements 

When a beam of light passes through a screen containing a regular pattern of slits, 

interference phenomenon is observed if the distance between the slits is of the 

same order as the wavelength of the incident light. As the inter atomic distance in 

solids are of the order of X-ray wavelength, X-ray diffraction is used as a tool for 

investigating crystal structure. This was first suggested by Von Laue and further 

developed by W. H. and W.L. Bragg. . According to the Bragg's theory, XRD 

pattern of a crystal is the reflection obtained from the ordered atomic planes of 

the crystal. 

C 

Fig. 2.1: Bragg's reflection 

Consider the set of atomic planes of miller indices < h, k, 1 >. Let d be the 

40, 



spacing between each plane. Applying Snell's law to the X-ray beam which is 

reflected by an atomic plane, seen as rayl and ray2 can interfere constructively 

with each other in the reflected direction only if their path difference is an integer 

times A. Mathematically, the equation is written as 2dsin 0 = nA where n is the 

order of the reflection. X-ray diffraction method is one of the most widely used 

techniques in the study of crystal structure of materials. 

2.2.1 Experimental set-up for X-ray diffraction 

The diffractometer consists of a x-ray source, a goniometer and a counter. Cop-

per anode was used as the target in the X-ray source. The goniometer is designed 

to satisfy the focusing conditions geometrically which are shown in the Fig. 2.2. 

The sample lies at the center of the focusing circle and the plane of the circle is 

at right angle with the axis of rotation of the goniometer. Plane of the focusing 

circle involves the axis-I of focus of the target, the axis-II of the goniometer and 

the axis-III of the receiving slit. The radius of the focusing circle is a function 

of the angle 0 formed by the surface of the sample with the extension line of the 

direct X-ray beam and the angle formed by the straight line connecting the axes 

II and III in 20. This angle is always accurately twice the angle 0 formed by the 

surface of the sample with the extension line of the direct X-ray beam. Since in 

this goniometer, X-ray beam from the line focus will irradiate the sample, the 
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(3) 
Counter arm 
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Fig. 2.2: Set up of X-ray Diffractometer 

greater part of the X-ray beam is irradiated on the sample inclined against the 

focusing circle plane. When this angle of inclination is large, resolution of the 

diffracted X-ray beams and accuracy of the measured diffracted angle decreases. 

To minimize the angle of inclination, the soller slit is used. The soller slit boxes 

have three slit holders for insertion of the diversion slit, the receiving slit and 

scatter slit. The divergence slit determines the horizontal divergence angle of 

X-ray beam irradiating the sample. The receiving slit is for limiting the width of 
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diffracted X-ray beams entering the counter. It forms a pair with the divergence 

slit. The X-ray diffraction measurements were performed on powder samples us-

ing diffractometer system. The intensity of the K a  radiation diffracted from the 

powder specimen was detected by a scintillation counter and recorded as a func-

tion of 20. The diffraction peaks were indexed to determine the crystallographic 

structures, space groups and lattice parameters of the samples. 

2.3 Iodometric Technique 

Iodine is an oxidizing agent that can be used to titrate fairly strong reducing 

agent. On the other hand, iodide ion is a mild reducing agent and serves as the 

basis for determining strong oxidizing agents. The direct iodometric titration 

method (sometimes termed iodimetry) refers to titrations with standard solution 

of Iodine. The indirect iodometric titration method (sometimes termed iodome-

try) deals with the titration of iodine liberated in chemical reaction. In our study, 

we have used iodometry technique in order to estimate the Mn 3+ and Mn4+ con-

tent in the sample and hence indirectly the oxygen content in the sample can be 

calculated. 

In La0 .67 Sr0 ,33 Mn03 , Mn is mixed valent i.e. Mn is in +3 and +4 states. The 

oxidation states of La, Sr and 0 are +3, +2 and -2 respectively. As there is no 

space for interstitial oxygen, oxygen excess in a sample is understood as additional 
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Mn4+ ions in the sample. So, in order to find out the oxygen content (amount of 

Mn+3  and Mn+ 4 ) in the doped as well as undoped samples, we use the standard 

method of iodometric titration. Iodide ion is a weak reducing agent and will 

reduce strong oxidizing agents. It is not used, however, as a titrant mainly 

because of lack of a convenient visual indicator system, as well as other factors 

such as speed of the reaction. When an excess of iodide is added to a solution of 

an oxidizing agent, /2  is produced in an amount equivalent to the oxidizing agent 

present. This 12  can therefore be titrated with a reducing agent and the result 

will be same as if the oxidizing agent were titrated directly. The titrating agent 

used is sodium thiosulphate solution. 

In the first part, La0.67Sr0.33Mni-,Ti.03  samples are dissolved in dilute HCI so-

lution containing I- . In this case, Mn+4  selectively oxidises two moles of 1-  (and 

precipitates with a third mole). In the second part, La0.67Sr0.33Mni-xTi3O3 sam-

ples are dissolved in dilute HCI, in which Mn+ 4  is rapidly reduced to Mn+ 3 . The 

total Mn content can then be measured by treatment by Iodine and titration of 

the liberated Iodine with the standard thiosulphate. In part I of the experiment, 

we get the amount of Mn+ 3  and in part II, we get the total Mn content i.e. Mn+ 4 

 and Mn+3  present in the samples. Hence the difference of both the results give 

the Mn" content. Knowing the exact amount of Mn+ 4  and Mn+3  present in 

the sample, it is possible to estimate the exact amount of oxygen present in the 
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sample. We followed the experimental procedure and carried out the calculations 

as per that reported in Ref. [1]. 

2.4 Infra-red Absorption Measurements 

Infra-red rays are electromagnetic radiations with frequencies between 7000 and 

100 cm -1  (wavenumber). The radiation is absorbed by inter-atomic bonds in the 

compound. Thus IR spectroscopy involves collecting absorption information i.e 

wavenumber versus intensity and analysing it in the form of a spectrum. The 

frequencies at which there is absorption of IR radiation(peak or signal) can be 

correlated directly to bonds within the compound. Since each inter-atomic bond 

may vibrate in several different modes (stretching or bending), individual mode of 

vibration may absorb a characteristic IR frequency. Stretching absorption modes 

usually produces stronger peaks than binding modes. One of the major factors 

influencing the IR absorption frequency of the bond is the identity of two atoms 

involved. To be more precise, it is a masses of two atoms which are important. 

The greater the masses of the attached atoms, lower is the IR frequency at which 

the bond will absorb. 
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Fig. 2.3: FTIR 8900 Optical System 

2.4.1 Description of Interferometer 

The optical system of FTIR 8900 is illustrated in Fig. 2.3. The FTIR-8900 

includes an adjustable aperture to control beam size during high resolution mea-

surement. The aperture automatically moves onto the optical axis when measur-

ing at resolution 0.5 cm -1 . The FTIR-8900 uses a sensitive pyroelectric detector 

with a DLATGS(L-alanine-doped deuterated triglycine sulphate) element. The 

detector relies upon the temperature dependent "pyroelectric effect" created on 

the crystal surface by spontaneous ferroelectric polarization. As the DLATGS 
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Fig. 2.4: Experimental Set-up for DC Resistivity 

Curie temperature is as low as 60°C, temperature control is required. 

2.5 Resistivity Measurements 

The resistivity p in Ohm-cm is derived from Ohms law as, 

R V p 1 R = 
I A 

or 

RA 
1 

where A is the area in cm 2  and 1 is the length in cm. 
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Resistivity measurements were carried out using the four probe method. Fig. 2.4 

shows the block diagram for de resistivity experimental set-up. 

2.6 Magnetic Susceptibility Measurements 

Any magnetic phase can be probed by studying the variation of the magnetization 

(M) with an applied magnetic field (H). The response function of this variation 

is known as the susceptibility of the system. The external field can be both, time 

varying (ac) or steady (dc). Many methods are available to measure magnetiza-

tion, among which, the most common are the force method and the induction 

method [2, 3, 4]. The former involves the measurement of the force experienced 

by a magnetic dipole in a known uniform field-gradient as in Faraday balance 

and the latter involves the measurement of magnetic induction in the detection 

coil system due to magnetic response of the sample as in ac susceptometers. 

The principal involved in Faraday's method depends on measuring force resulting 

from the interaction between a magnetic field gradient and the magnetic moment 

induced in the sample by the magnetic field. A body will experience a linear 

displacing force if the field is made non uniform with a gradient 'ffsg- in the S 

direction. The force is given by the equation 

F = mxH 
(5S 
(5H 

(2.1) 
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Fig. 2.5: AC Susceptometer 
(1) Wilson seal; (2) vacuum port; (3) gate valve; (4) hanging rods (hylum); (5) 

glass-to-metal seal; (6) glass cryostat; (7) ss rod; (8) sapphire plate; (9) heater wire; 
(10) platinum resistance thermometer; (11) secondary coil (s1); (12) sample; (13) 

secondary (s2); (14) primary; and (15) cryogen. 
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where m is the mass of the sample and x the dc susceptibility. In this setup 

the force is measured using Cahn C2000 electrobalance, which is a very sensitive 

weight and force measurement instrument and designed for weights and force upto 

3-5 grams and sensitive to changes as small as 0.1 micrograms. It is divided into 

two sections. One is the control unit where all controls and outputs are contained. 

The other section is the weighing unit which detects the actual weight or force. 

It is a force to current converter and the process of calibration allows the current 

to be measured in units of weight (grams) or force (dynes). The field gradient 

in a Faraday balance is produced by Lewis coils model 502 George Associates 

U.S.A. [5]. In Lewis coils, field gradient produced is electronically controlled and 

is independent of the applied magnetic field unlike with shaped pole faces where 

the field gradient depends on applied field. This difference results in a more 

accurate and versatile magnetic susceptibility system. 

DC susceptibility measurements were carried out using a Faraday balance at Solid 

State Structural Chemistry Unit at Indian Institute of Science, Bangalore in the 

temperature range of 310 K to 10 K. 

AC susceptibility measurements were carried Inter University Consortium, Indore 

down to liquid nitrogen temperature. The experimental set-up of the cryostat and 

sample holder are shown in Fig. 2.5. The detailed explanation of the experimental 

set-up is available in Ref. [6]. 
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2.7 Magnetoresistance Measurement 

Magnetoresistance (MR) is the relative change in the electrical resistance or resis-

tivity of a material produced on the application of a magnetic field. It is generally 

defined by, 

Ap p(H,T) — p(0, T) 
MR = = 

p(0,T) 
(2.2) 

where p(H, T) and p(0, T) are the resistances or resistivities at a given tempera-

ture in the presence and absence of a magnetic field. It can be measured in two 

different modes: 

i) MR as a function of temperature at constant magnetic field, which is obtained 

from the measured resistance as a function of temperature in zero field and in 

presence of constant magnetic field. 

ii) MR as function of magnetic field at constant temperature obtained by mea-

suring the resistance at various magnetic fields at that temperature. 

If the magnetic field is parallel to the current direction it is known as the longi-

tudinal magnetoresistance and if it is perpendicular to the current direction it is 

known as the transverse magnetoresistance. Magnetoresistance can be positive 

or negative, Most metals show a small MR (only a few percent). In non-magnetic 

pure metals and alloys it is generally positive and shows a quadratic dependence 

on the field. In magnetic material it can be negative because of the suppression 
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of the spin disorder by the magnetic field. In antiferromagnetic material MR is 

positive. The MR data presented in this thesis is the longitudinal magnetoresis-

tance. 

2.8 X-ray Photoelectron Spectroscopy 

Electrons in condensed matter are classified into core electrons and outer elec-

trons (or valence electrons). The core electrons are well localized inside the atom, 

so that they keep their properties in the free atom state, irrespective of the chem-

ical surroundings. On the other hand, the outer electrons are more extended and 

contribute to the inter-atomic bond, so that their properties are different for dif-

ferent materials even with tha same atomic origin. In the core level spectroscopy, 

a core electron is excited by an incident photon or by an incident electron, and 

the spectra associated with the core level excitation, provide us with important 

information on the properties of outer electrons, as well as atomic arrangements. 

One of the most important aspects of core level spectroscopy is that many body 

effects of outer electrons are often reflected sensitively in the spectral features. 

In magnetic materials which contain incompletely filled f or d electrons, the core 

holes couples strongly with f or d electrons, resulting in splitting of core level 

spectra. One of the origins of the splitting is known as the exchange splitting, 

where the core hole spin s is coupled with the local spin S of f or d electrons on the 
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core hole site through the exchange interaction given by U = -J S.s. When the 

core hole has a finite value of orbital angular momentum, the exchange splitting 

is generalised to the multiplet splitting. The exchange or multiplet splitting is 

essentially of atomic origin [8]. 

When monochromatic source of x-rays are used to remove core electrons, the 

photoelectron spectropscopy is referred to as X-ray Photoelectron Spectroscopy 

(XPS). If an electron is ionized from a core level with non zero orbital angular 

momentum, the spin of the whole state can couple to its orbital angular momen-

tum leading to two different J values (J=1 ± i.e J 1  = 2 and J2 = a for the final 

state. As the energy of these two final states are different, the spectrum of any 

such core level shows a doublet structure corresponding to the different J values 

in absence of any other intreaction. The 2p levels of the first row transition metal 

oxides, the 3p and 3d levels of second row transition metal oxides are known to 

show such spin-orbit coupled doublet structure in XPS spectra. The energy dif-

ference AErii , between the two peaks corresponding to the two different J values 

is known as the spin orbit splitting. Besides the doublet structure corresponding 

to different J values, XPS spectra of transition metal compounds (3d, 4d), rare 

earths (4f, 5f) where electron correlation are strong show evidence of satellites 

next to the core level peaks [9, 10, 11] due to multielectronic excitations. These 

satellites can appear on the higher (shake up) or on lower binding energy side 
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(shake down) of the main core level peaks. When a core-hole is created in one 

of the levels, the nuclear charge felt by the other electrons increases nearly by 

+1 and the outer electrons relax in this new attractive potential. The relaxation 

energy thus produced can cause an outer electron to make a transition to an 

unoccupied state. If such a transition takes place, the energy of the photoejected 

electron decreases or increases by an amount equal to the energy of the transition 

and an extra peak appears in the photoelectron spectrum. Energy separation and 

the intensity of the satellite with reference to the main peak for a given metal 

ion depend on the nature of the ligand, and gives the energy difference between 

bonding and antibonding levels. 

2.9 X-ray Absorption Spectroscopy 

X-Ray Absorption Fine Structure (XAFS) refers to modulations in x-ray absorp-

tion coefficient around an x-ray absorption edge. XAFS is often divided (some-

what arbitrarily) into "EXAFS" (Extended X-ray Absorption Fine Structure) 

and "XANES" (X-ray Absorption Near Edge Structure). The physical origin of 

EXAFS and XANES is basically the same, but several simplifying approxima-

tions are applicable in the EXAFS range, which permits a simpler quantitative 

analysis. XANES and EXAFS provide complementary information. 

54 



2.9.1 The Process of X-ray Absorption 

The interaction of X-rays with matter [12, 13] results in a number of interesting 

phenomena such as, scattering, photoelectron absorption, pair production (in 

the case of X-rays of energy > 1.02 MeV), secondary emission, Auger emission 

etc. The analysis of the attenuation, therefore requires, the segregation of the 

various processes involved, of which the photoelectric absorption is usually the 

most important and is referred to as the true absorption. 

When an X-ray beam passes through a medium, the intensity of the transmitted 

beam I is attenuated logarithmically. As the wavelength of the transmitted X-

rays increases, the photoelectric absorption increases proportionally to A 3 , until a 

critical wavelength is reached. For wavelengths longer than that at the absorption 

edge, the incident X-rays have insufficient energy to knock out a particular kind 

of bound electron in the atom, and the photoelectric ejection of such electrons no 

longer contributes to the absorption process. The absorption edges are called the 

K, Lt, L11 , and LH1  edges, respectively, according to the inner electron whose 

binding energy equals the energy at the absorption edge. 

For free atoms [14], such as in the case of monoatomic gases, the processes of 

X-ray emission and absorption are simple and are well understood. However, 

these processes become rather complex when the atom is no more free, such as in 
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y 

Fig. 2.6: Schematic View of X-ray Absorption Coefficient 

solids and chemical compounds. In a solid the valence electrons of the neighbor-

ing atoms interact with each other and the energy levels are no longer discrete 

as in the case of free atoms but are broadened, the outer ones being more broad 

than the inner ones and from quasi-continuous valence and conduction bands. 

The X-ray emission band spectrum results from the transition of the electrons 

from the valence band to an inner level. It provides information about the dis-

tribution of the occupied electron states in the valence band, since the inner 

level is generally sharp and well-defined. The X-ray absorption spectrum, on the 

other hand, corresponds to the transitions of the ejected photoelectron to empty 

states, bound or unbound of proper symmetry, and provides complementary in- 
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Fig. 2.7: Schematic Picture of the Excited Electron Wavefunction 

formation about the density of unoccupied electronic energy states. A typical 

X-ray absorption spectrum exhibits decreasing absorption as the photon energy 

is increased. Superimposed on this smooth background is a sequence of steeply 

rising discontinuities in the absorption at energies characteristic of each element 

in the sample. This phenomenon of absorption jumps or "edges" has been known 

since the work of De Broglie [15] who first observed the Ag and Br K-edges due 

to AgBr in his photographic emulsions while recording X-ray emission spectra. 

These abrupt increases in the absorption occur whenever the incident photon has 

just sufficient energy to promote a core electron to unoccupied valence levels or 

continuum. The edges are labeled according to the core electron being promoted; 
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the K-edge arises from is excitation, L-edge arise from 2s or 2p excitation, and 

so on. The fine structure at energy close to the absorption edge typically consists 

of a series of approximately Lorentzian lines superimposed on a steeply rising 

absorption step. 

Although bound-state transitions can account for most of the structure within 25 

eV of the absorption edge, in virtually all cases additional structure is observed 

over several hundred electron volt past the edge. This long range oscillation, or 

EXAFS is now regarded as resulting from interference between the photoelectron 

wave propagating from X-ray absorbing atoms and the wave backscattered by 

neighboring atoms. 

The basic formula used to describe EXAFS for an unoriented sample [16, 17] is 

given by 

X(k) = 	E 	exp(-2Ri /Ae) exp(-2a2 k 2 ) sin[2Rki  + (k)] (2.3) 
zl irri 2 	

N 
k 

where k is the electron wave factor, Ni  is the number of atoms in the jth coor-

dination sphere, Ri  is the average radial distance to the jth atoms, Fi(k) is the 

back scattering amplitude of electrons, A is the mean free path of the electron, 

the second exponential containing o is a Debye-Waller type term where ci  is the 

rms fluctuations of the atom about R3 , and 4i  (k) is the phase shift. The form 

of this equation is a sinelike scattering from each shell of atoms at Ri  with the 
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EXAFS signal proportional to the number of atoms surrounding the absorbing 

atom and inversely proportional to R. A decrease in temperature has the effect 

of sharpening the EXAFS. Each coordination sphere contributes a sinelike term 

of period 2kR3 . The total result is a summation over all the coordination spheres 

within range of the effect. 

Thickness Effects 

The most difficult parameter to obtain from a XAFS experiment is accurate 

amplitude information. The amplitude contains information about coordination 

number, site disorder and, when polarization studies are made, the site symme-

try. The interatomic distance is however, not sensitive to the amplitude. The 

factors which generally distort the measured XAFS amplitude come under the 

general heading of thickness effects [18, 19]. Basically, a thickness effects oc-

cur whenever some part of the incoming beam is not attenuated by the sample. 

This 'leakage' becomes a larger fraction of the total signal as the sample becomes 

thicker and, thus, .the absorption signal appears to depend on sample thickness. 

In the XAFS experiments, precautions were taken to minimise the 'thickness 

effects'. Samples were prepared by powdering, sieving and then selecting parti-

cles, less than 30 microns in size. The particles were then pressed in the form 

of a tablet or homogeneously deposited on adhesive tape so that there were no 
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observable pinholes. The number of tapes used or the thickness of the tablets 

prepared for the XAFS measurements were varied with composition, the criteria 

being to get an edge jump, o(px) of about 0.75-1.0 at the absorption edge. At a 

given absorption edge two to three XAFS spectra were recorded by varying the 

sample thickness and hence o(px). The magnitude of Fourier peak corresponding 

to first coordination shell was compared. Only those data were used for detailed 

structural analysis for which the magnitudes of Fourier peak were within ±2%. 

2.9.2 Data Analysis 

A wide variety of methods have proven to be useful in EXAFS data analysis. 

These are fitting to data in R-space [20, 21] fitting to data in Fourier filtered 

data in k-space [20, 21], cumulant expansion/ ratio method [20, 22], regular-

ization method [21], maximum entropy/linear prediction method [23], stochastic 

modeling [24] and variant and hybrids [25] of these methods. We have used UWX-

AFS 3.0 [26] XAFS data analysis package which basically makes use of some of 

the aforementioned methods and the scattering phase shifts and amplitudes cal-

culated using FEFF, a program developed by Rehr and his group at Washington 

University [27]. We describe below step-by-step data analysis procedure used in 

the present investigations. 

60 



Background removal 

Pre-edge background subtraction 

The experimental XAFS data contains contributions from Compton scattering, 

absorption by other materials in the beam path, absorption by other atoms apart 

from the atoms whose XAFS was intended, etc. [20]. The extra contributions 

are subtracted from the data so that it represents XAFS of the absorbing atom. 

This is accomplished in UWXAFS 3.0 by fitting a straight ti = AE + B, to pre 

edge data and then subtracting it from the experimental data. 

Post-edge background removal and normalisation 

In order to obtain the normalised XAFS oscillations x(E) it is necessary to first 

determine po (E). A serious difficulty with this, however, is that po (E) is neither 

measurable independently nor it can be calculated accurately, especially near an 

absorption edge [20]. Thus, one is forced to consider some kind of parameterized 

smoothing technique to obtain the background, i.e. po (E). The background has 

been determined by many techniques including fitting the data with polynomials 

of various degrees, using running averages or sliding windows, and smoothing 

with cubic spline [28]. However if the background is not estimated correctly, 

the structural parameters obtained from XAFS data may be due to resonant 

scattering from the electronic states within the central atom [29] or Atomic X-ray 
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Absorption Fine Structure (AXAFS) [30]. If these components are not removed 

with the background, a large low R peak may distort the actual data peaks. 

Another problem that sometimes occurs is that the background may follow data 

too closely, which results in part of the data being removed along with the back-

ground [28]. 

The post edge background removal code of UWXAFS 3.0 works on the definition 

that the background is that part of measured absorption that does not contain 

any structural information [28, 31]. Since the partial pair correlation function is 

small below the first neighbor distance, the XAFS signal must be small at low-

R. A correctly subtracted background function will therefore result in only small 

signals in the low-R part of X(R) (Fourier transform of x(k) into R-space). Thus, 

UWXAFS approximates po(E) by a piecewise polynomial (or splines) which are 

adjusted so that the low-R components of X(R) are optimised i.e. non structural 

parts of 7-((R) at low-R are eliminated and there is no leakage from the higher 

shells into the low-R region. 

Conversion to k-space 

The XAFS expression, equation 2.3, is written as a function of photoelectron 

wave number, k = /2m(E — E0)/h2 . Thus, to convert experimental data x(E) 

to x(K), threshold energy E0 is required. However, E0 can not be determined 
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coordination shell around absorbing atom. Otherwise, the peaks are observed at 

slightly smaller distances. The range of FT is generally so chosen that k min  is 

about 2.5 - - 3.0 A -1 , so as to exclude the MS effects which dominate the near 

edge structure. kmaz  truncates the data just before the noise starts dominating 

the signal in x(k). Before Fourier transforming, x(k) is multiplied by kn , where 

n = 1, 2 or 3, in order to prevent the large amplitude oscillations at low-k from 

dominating the smaller ones at high-k. In general, k 3  weighting is used which 

roughly cancels the Ic-2  dependence of Fi(k) and IC' term in equation 2.3. 

The finite data range leads to spurious peaks in the FT, which may interfere 

with the peaks of interest and may lead to incorrect determination of structural 

parameters. This truncation ripple occurs because the function being transformed 

is a product of 'true' infinite range function and a square window. Thus, the FT 

is a convolution of the 'true' FT with the FT of the window. These ripples can be 

minimised by multiplying the XAFS function with a smoother window function 

so that the data is not sharply truncated. In the analysis of our data we have 

used Hanning window given by 

Cr(k—kmini-Dki/2))  sin2 	  , kmin  < k < kmin 2Dk1 

W (k) = 

 

1.0 	 kmin 	< k < kmax — 'Y 	(2.5) 

 

COS 2 Cr(k — kmaz-I- Dki/2)1  
ru )1 max 	< k < kmax 2Dki 
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where ry = Dk i (kmax  — kmin)/2 and Dki  is the fraction of the window range that 

is not held at 1.0. 

Determination of structural parameters 

The most commonly used technique to determine the local structure around an 

atom from XAFS data is non-linear curve fitting method. This involves calcu-

lating the best fit of a model Xm (k) to experimental XAFS xe (k). The model 

Xm(k) for an assumed local structure may be calculated abinitio using FEFF [27] 

or by any other method [35, 36]. The fitting can be done either to data in k-

or R-space or to Fourier filtered individual coordination shells. The curve fitting 

method, in general, provides a simpler approach to determine inter atomic dis-

tances, coordination numbers, site disorder, atomic species of neighboring atoms, 

etc. Finer details of atomic configurations, including detailed description of two-

body distribution functions and certain aspects of three-body correlations are 

also measurable with this method. 

We have used FEFF 6.01a [27] as the basis calculation to construct Xm (k) with 

which to fit Xe (k). The Xm (k) is evaluated as a sum over coordination shells 

Xm(k) = E Xshett(amp(k),phase(k), shellparameters) 
	

(2.6) 
shell 

xtheit  is the XAFS contribution for each shell, and depends on the scattering 

amplitude and phase shifts from FEFF and on standard XAFS shell parameters. 
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These shells parameters are the physical quantities used to alter x theii , such as 

to refine xr,,, to best fit to x e . Following are the seven parameters for each shell 

which may be kept fixed or as variables  during fitting: 

Leo 	shift of energy origin: k 	/k2 — Leo (2me /h2 ) 
ei 	imaginary energy shift (to give additional broadening) 
So2 	amplitude reduction factor 
SR 	change in interatomic distance (1st cumulant) 
Q2 	mean square displacement (2nd cumulant), 

or Debye-Waller factor 
third _3rd cumulant (from non-Gaussian atomic distribution) 
fourth 4th cumulant (from non-Gaussian atomic distribution) 

The curve fitting is done in R-space and both real and imaginary parts of the 

Fourier transformed x are used in the fit with equal weight. Standard numerical 

techniques are used to find the set of variables that minimises the sum of squares 

of the difference between model and datax. The fractional misfit between X m 

 and Xe  is measured by R-factor which is scaled to data itself and is given by, 

R 	rE liv=o i)(m(Ri) — (e(Ri)1 2 ]  1 /2 
L 	Eiiv=0 Ige(Ri)1 2  

(2.7) 

Here, complex form of (.11i ) is used and N = 2(Rmax  — Rmin/LR, Rni,„ and 

Rmax  are the bounds of the fitting range and SR is grid spacing in R-space used 

for taking the Fourier transform. For good fits to carefully measured data on 

concentrated samples R < 0.02 are common [26]. 

It is worth remarking here that maximum number of parameters that can be kept 

as variables during fitting should be less than the number of relevant independent 

measurements, Nidp, given by the amount of information in the data concerning 
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the atomic distribution around the central atom. From basic information theory, 

Ni dp in a spectrum is given by [37j 

Nind = 
*max.  kmin.)(- -ThPr—ax  Rmin)  + 2 	 (2.8) 

it 

The qualitative arguments for this are (1) the conjugate Fourier variables are k 

and 2R, (2) since real and imaginary parts of )-((R) are measured, the information 

must be an even number of points and (3) we must have at least one pair of points, 

even for an infinitesimally small R-range. 

EXAFS data was recorded using double-crystal monochromator on SPring8 BL0113" 

synchrotron beamline situated at Osaka, Japan. The details of the experimen-

tal settings used for recording EXAFS spectra of various samples are given in 

respective Chapters. 
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Chapter 3 

Effect of Cation Site-disorder on 
Transport and Magnetic 
Properties of 
L a() . 67S r0 . 33M n 1 T ix 03+6 . 

3.1 Introduction 

In the pursuit of the understanding for structural, electronic and magnetic prop-

erties of colossal magneto-resistant(CMR) materials, extensive work has been 

reported on hole-doped manganese oxides R i_xAx Mn03 , where R is a trivalent 

rare-earth ion and A is a divalent alkali-earth ion. These materials have drawn 

considerable interest due to their correlations between electronic, magnetic and 

structural properties and their potential technological applications. A divalent 

ion doped at the trivalent rare-earth site induces Mn 4+ ions into the material, 

in the same proportion. Double-exchange(DE) between Mn 4+-0-Mn3+ pairs [1] 
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together with Jahn-Teller(H) distortions of Mn 3+ ions [2, 3, 4] are said to be 

responsible for the paramagnetic insulator to ferromagnetic nietal(FMM) transi-

flora .Among the 3d electrons of .Mnions, the low-energy triplet contributes..a 

localised spin, S = 3/2 because of relatively poor hybridization with 0 2p states, 

while the strongly hybridized ey state is either itinerant or localized depending on 

the local spin orientation. The ey  electron hopping between Mn' -1-  and Mn3 + ions 

is mediated by the orbital overlap e 9-O2yore9 . It gives rise to the metallic ferro-

magnetic states in these compounds [1, 5, 6, 7, 8J. However, the magnetic state 

of such a material sample is decided by the competition between t2 9 -02peryt29 

 antiferromagnetic interactions and the ferromagnetic double-exchange and su-

perexchange interactions. Coexistence of such ferromagnetic and antiferromag-

netic phases has been reported earlier [9, 10]. Changes in the lattice parameters 

and crystal structure by A-site doping and their effect on the CMR and other 

related properties have also been widely studied [11, 12, 13, 14, 15, 16]. Doping 

at B-site has recently attracted the attention of reserchers as it strongly affects 

the structural, transport and magnetic properties arising due to the Mn ions in 

these materials [17, 18, 19, 20, 21, 22, 23]. Maignan et al have suggested that 

whatever be the doping element, the transition temperature separating the ferro-

magnetic metallic state and the paramagnetic insulating state decreases dramati-

cally when dopant concentration is increased, the saturated magnetic moment at. 
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low temperature being slightly decreased [24]. It is interesting to note that only 

recently a substantial enhancement of T c  is observed by partial Ru substitution 

[25, 26]. Furthermore, the substitution on Mn sites results in a several times 

larger CMR effect than that in the pristine manganite. Effect of doping at Mn 

site with nonmagnetic ions like Al 3+ [19, 27, 28, 29], In 3+ [30], Ga3+ [31], TO+ 

[32, 33, 34, 35, 37, 36] has been investigated to understand the role of Mn on 

magnetic and electron transport properties of CMR materials. However, electric 

and magnetic properties and also the CMR effect will be more sensitive to the 

substitution of the tetravalent elements at Mn site as it inevitably weakens the 

DE interaction in Mn 3±-0-Mn4+ covalent structures. 

Substitution of tetravalent Ti ion at Mn site in manganites has produced inter-

esting results [32, 33, 34, 35, 37, 36]. In La 0.7Ca0.3Mn1_ yTiy03 for 0 < y < 0.3 , 

a FMM to spin-glass transition is observed coupled with enhanced CMR in the 

insulating compounds which is reported to be due to formation of ferromagnetic 

clusters weakly linked amongst each other. These clusters are easily magnetized 

by small magnetic fields resulting in an enhanced CMR but are too far to sustain 

any long range order [32]. In La 0 .6 Pb0 . 4 Mn 1 _xTix03  films [33], metal-insulator 

transition is exhibited up to x < 0.10 while those with x > 0.10 show only the 

insulating behavior. Tc  decreases sharply from 320K to 92K as x is varied from 

0 to 0.09. Structurally the system remains rhombohedral up to x = 0.3 with 
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small changes in lattice parameters. Sahana et at [33] suggest that the average 

Mn-Nffn distance increases with x due to the formation of Mn 34--0-Ti 44-  chains in 

addition to Mn3+ -0-Mn 4 + chains. This weakens the overall ferromagnetic cou-

pling among the Mn ions which is stated to be the cause for the fall in T c . In 

case of TO+ substitution for Mn" 4-  site in Lai_x.PbzMni_ yTiv03 (x = 0.15, 0.26, 

0.4; 0 < y < x), Tc  decreas3s sharply with doping [34]. At x = y, this system is 

expected to have no Mn 4+  ions and is not expected to have any double exchange 

interaction. Surprisingly, these materials at x = y exhibit ferromagnetic charac-

ter. The ferromagnetic character is attributed to Mn 31- --0-Mn3+ superexchange. 

Ferromagnetism has also been observed without Mn4 + in La 1 _ z Baz Mn 1 _v Tiv 03 

(x = y = 0.05 --- 0.15) [7, 20, 21]. In Lao,8.5Pb0.15  Mn i_rTix03  with 0< x < 0.15 

[35] reduction in Tc  is attributed to the effect of dilution Mn 3+-0-Mn 4 + matrix 

thereby reducing the double exchange ferromagnetic interaction. Recently, the ef-

fect of TO+ substitution at Mn site of La 0.67SI0 , 33  M nO 3  [36] and La0 , 7 Sr0. 3 Mn03 

 [37] has been investigated. Gradual decrease in Tc and increasing resistivity 

have been observed with increasing doping content. Although crystal structure 

remains rhombohedral, a significant increase in lattice parameters has been ob-

served with more than 10 percent Ti doping and is considered to be one of the 

causes for transport and magnetic properties of the compounds [37]. 

In all these compounds Ti 4-1-  ions occupy only isovalent Mr& sites. However, 
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particularly in case of TO+ substitution, there exists a distinct possibility that a 

fraction of TO+ ions occupy Mn 3+ sites due to the size effects. This is because 

of the ionic radius of TO+ ion that lies in between those of Mn4+ and Mn3+ ions. 

Although such a substitution is not reported earlier, it is possible to suitably 

modify the synthesis procedure to induce TO+ ions to occupy both the Mn sites. 

In such a case, the substitution of tetravalent Ti ions in trivalent Mn sites is 

expeced to produce site — disorder at the cation site. 

In this chapter, we report investigations on structural, magnetic, electron trans-

port and magnetoresistance properties of cation site disordered (SD) samples of 

composition La0 . 67Sr0 : 33 Mn i _,,Ti a,03+6  where x varies from 0.00 to 0.20. The 

results of site-ordered (SO) and site-disordered(SD) samples with x = 0.10 are 

compared to understand the effect of cation-site disorder in the SD samples. 

3.2 Experimental 

Polycrystalline SD samples of La 0 . 67Sr0 . 33Mn 1 _zTi x0 3  with x = 0.0, 0.03, 0.05, 

0.10 and 0.20 were synthesized by conventional solid-state reaction method. The 

site-disorder was induced by reducing the firing temperatures and the interme-

diate grindings. The powders of La20 3 , SrCO 3 , freshly prepared NInCO 3  and 

TiO 2  with proper stoichiometry were mixed, ground and fired in air at 1000°C 

for about 15 hours, reground to calcine at 1100°C for 20 hours. Finally they 
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were pressed into pellets after grinding and were sintered in air at 1200°C for 

20 hours. The structure of the samples was studied by X-ray diffraction pattern 

recorded on Siemens D5000 diffractometer at room temperature between 20 = 

10° to 70° with a step 0.05°. The oxygen content was estimated by standard 

iodometric titration method[38]. The samples were cooled under zero rriagnetic 

field and magnetic susceptibility measurements were carried out in the warming 

run under the applied field of 0.94 Oe and a. c. frequency 133 Hz from liquid 

nitrogen temperature to 310 K on an in-house AC Susceptometer [39]. For the 

samples with x = 0.00 and x = 0.03, the susceptibility measurements were carried 

out up to 365 K and 330 K respectively. Standard four-probe technique was used 

to measure resistivity of the samples in the temperature interval 300 K to 80 

K. Magnetoresistance (MR) measurements were performed down to 30 K using 

the standard four-probe geometry in transverse magnetic fields up to 5 T using 

Oxford Spectralab 10 T superconducting magnet. Infrared measurements were 

performed on Shimadzu FTIR-8900 spectrophotometer at room temperature in 

transmission mode in the range of 350 cm -1  to 1000 cm - '. For IR measurements, 

the samples were mixed with KBr in the ratio 1:100 by weight and pressed into 

pellets. The SO sample with x = 0.10 was prepared using a procedure adopted 

in Ref. [37]. 
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Fig. 3.1: X-ray Diffraction Spectra of La 0.67 Sr0 ,33 Mn i _ x Tix03+5  samples. 

3.3 Results 

3.3.1 XRD and Iodometry 

The X-ray diffraction patterns of site-disordered La0 .67 Sr0.33 Mn 1 _xTix03+5 (0 < 

x < 0.20) are presented in Fig. 3.1. All the peaks could be indexed to rhombo-

hedral structure (space group 113C) implying the single-phase formation. Lattice 

parameters calculated for hexagonal setting of the space group are found to be 

a = 5.49 A and c = 13.35 A for the pristine sample [Table 3.1]. These values 

closely match with those reported earlier [37]. 

There is no change in crystal structure with Ti doping and lattice parameters 

remain nearly the same. It may be mentioned here that a monotonous increase 
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in lattice parameters has been obtained by kallel et al [371 in their Ti doped 

La0. 7 Sr0.3 Mn03  compounds. This increase of lattice parameters has been ascribed 

to larger TO+ ions substituting smaller Mn 4 + sites. Hence, nearly constant lattice 

parameters observed in our samples could be possible if Ti 4 + ions occupy both 

larger Mn3+ and smaller Mn i+ sites. In such a case, cation vacancies will be pro-

duced to attain the charge balance and wiil be seen as oxygen-rich, in iodometric 

titrations. Our results on iodometric titrations indeed indicate that the doped 

samples are oxygen-rich. The oxygen content gradually increases from 3.00 for x 

= 0.0 to 3.05 for x = 0.20. 

Site-ordered sample also crystallises in rhombohedral structure with space group 

RIC and shows no impurity peaks. Lattice parameters of this sample are a = 

5.52 A and c = 13.40 A which are greater than those of corresponding SD 

sample and are comparable to those reported in [37]. 

3.3.2 Infra-red Spectroscopic Measurements 

To investigate the site occupancy of TO+ ions in SD samples, IR transmission 

spectra of the samples were recorded and are presented in Fig. 3.2. For the 

undoped sample, a broad band clearly depicting two vibration modes is seen 

in 500 cru -1  700 cm- ' range. The two bands at 590 cm -1  and 640 cm - r  are 

ascribed to stretching phonon modes 113  of Mn3+-0 and Mn i-LO and that at 
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Fig. 3.2: IR transmission spectra of site-disordered La 0 . 67 Sr0 . 33 Mn 1 _sTis03  (0 < x < 
0.20) Arrows indicate Ti-0 stretching modes. 
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Table 3.1: Doping content, excess oxygen, lattice parameters 'a' and 'c', AC suscepti-
bility, calculated spin only susceptibility for TO+ ions occupying Mn 4+ sits alone, and 
Tc for SD La0 . 67Sr0 . 33Mni_xTix 03+6. * sign implies VRH supported ferromagnetic 
transition around room-temperature. 

x 6 a(A) c(A) Xexp 

(-03/f.u.-0e) 
Xspin-only 

(AB /f.u.-0e) 
Tc  (K) 

0.00 0.00 5.49(1) 13.35(1) 3.53 3.67 360 
0.03 0.01 5.49(1) 13.36(1) 1.79 3.58 325 
0.05 0.02 5.49(0) 13.34(1) 2.55 3.52 305 
0.10 0.03 5.49(1) 13.34(1) 0.75 3.37 --,300* 
0.20 0.05 5.50(1) 13.36(1) 0.76 3.07 --,300* 

390 cm-1  to the bending mode of Mn-O. As Ti is doped into the sample, the 

stretching mode at 640 cm -1  weakens, which could be related to the depleting 

Mn4 + content. Two additional shoulders at about 670 cm' and 540 cm -1  appear 

in heavily doped Ti samples. These frequencies match closely with TiO2  and 

SrTiO3  absorption peaks indicating that Ti is primarily in tetravalent state [32, 

40]. Another interesting observation is the shift in 590 cm -1  peak. This clearly 

indicates that the substitution of Ti modifies the Jahn Teller distortion of Mn0 6 

 octahedra probably due to partial occupation of Mn3+ sites along with the Mn 4+ 

sites. It is to be noted here that no change in Mn 3+-0 stretching frequency is 

seen in La0. 67Ca0. 33Mn1_xTix03  where in Ti4+ substitutes only Mn 4+ ions [32]. 
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3.3.3 Magnetic Susceptibility 

Plots of a.c. magnetic susceptibility as a function of temperature for SD samples 

of composition La43 .67Sro .33Mni„Ti203 (0 < x < 0.20) are presented in Fig. 3.3. 

For samples in the range 0.0 <- x <-0.05, a sharp rise-in a.c.susceptibility is seen 

indicating paramagnetic to ferromagnetic transition. The ferromagnetic order-

ing temperature (Tc ) decreases with increasing doping content. Tc  obtained for 

the parent compound is close to 360 K which is as reported earlier [41] and it 

decreases to 325 K and 305 K for x = 0.03 and 0.05 respectively [Table 3.1]. 

For x = 0.10, a.c.susceptibility exhibits two distinct features close to 300 K and 

120 K respectively. This sample has a ferromagnetic like transition just above 

300 K but the magnitude of the susceptibility per formula unit (f.u.) is very 

much less than the calculated spin only moment value for a fully ordered sam-

ple. It may be mentioned here that the magnetic moment values are calculated 

with an assumption that Ti4 + substitutes only Mn4 + sites. Susceptibility again 

shows a tendency to increase around 120 K. Such a behavior has been reported in 

La 1 . l SrE6Mn2 _yTiy0 7  [42]. For x = 0.2, a similar weak and broad magnetic tran-

sition is observed at about 300 K with slope of the a.c. susceptibility-temperature 

curve being negative over the entire temperature range. 

To investigate the effect of site-disorder on magnetic properties, DC susceptibility 

82 



3.0 - 
••••■•••. 

3.6 
X = 0.00 

K7= 0.05 

X = 0.03 

   

A 

A 

A 

  

0.10 
OV,,,,,,OvOVocsapv,e 

vOOVart-Oa.,,,, 
X = 0.20 

0 
o 
0 

000  

00: 

rz 

66 0.6 

0.3 

100 	 200 	 300 
Temperature ( K ) 

Fig. 3.3: AC Susceptibility versus temperature plots of La 0.67 Sr0 .33Mn 1 _xTix03+5 sam-
ples. 

measurements were carried out in an applied field of 100 Oe on both SD and 

SO samples for x = 0.10 in the temperature range of 300 K to 10 K, using a 

Faraday balance. Susceptibility of the SO sample with x = 0.10 shows single 

ferromagnetic transition at temperature 220 K [Fig. 3.4(a)] whereas SD sample 

shows two transition like-features at 300 K and 120 K respectively [Fig. 3.4(b)]. 

Susceptibility at saturation is substantially more for SO sample compared to that 

of the SD sample. But the weak susceptibility observed around 300 K in the SD 

sample is not visible in the SO sample. 

In other Ti doped La 1 _xBxMn03  (B = Ca, Pb, Sr) compounds [32, 33, 34, 35, 37, 
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361, Tc continuously decreases as a function of dopant concentration. In these 

cases however, Ti ions only substitute Mn 4+ ions. Such a substitution leads to 

weakening of double exchange interaction but Mn 3+-0-Mn3+ superexchange pairs 

remain undisturbed. In the present case of La 0 .67Sr0 . 33Mn i_xTix03  samples, the 

Tc  initially decreases up to x = 0.05 and then remains at about 300 K for the 

further doping from 0.10 to 0.20. 

Such an enhanced value of T c  can arise from excess oxygen concentration or 

equivalently cation vacancies in the samples as discussed in {44 In these samples, 

Ti4+ ions occupying Mn3+ sites can act as a major source for cation vacancies. 

This argument is supported by XRD and IR results on SD samples which indicate 

that Ti4+ ions occupy both Mn3+ as well as Mn4+ sites in these samples. In such 

a case, cation vacancies as well as non-magnetic Ti ions are expected to isolate 

the regions of DE pairs from one another and higher Tc  for x > 0.10 SD samples 

could be possible if such isolated DE pairs are ferromagnetically linked with 

one another via a hopping polaron. Presence of cation vacancies and polaronic 

conduction could probably answer the higher T c  for x > 0.10 SD samples. In 

order to ascertain the exact mechanism responsible for charge-transfer, transport 

properties of this series have been studied. 
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3.3.4 Resistivity 

The resistivity as a function. of temperature is plotted in Fig. 3.5 for the Ti 

doped SD samples along with the .parent compound La 0 . 67Sr0 . 33Mn03 . The parent 

compound shows a metallic behavior in the entire temperature range studied 

which augurs well with its metal-insulator (M-I) transition temperature of about 

330 K [41). At x = 0.03 and 0.05, M-I transition takes place at 270 K arid 260 K 

respectively. For x > 0.10, the SD samples exhibit insulating behavior throughout 

the temperature range studied [Fig. 3.5] while the SO sample (x = 0.10) shows 

the MI transition at 180 K [Fig. 3.4(d)]. Expectedly, the resistivity of the SD 

sample is greater than that of SO sample by many orders. 

Increasing resistivity with doping content can be explained to be due to weakening 

of the Mn3+-0-Mn 4+ DE bonds by interspersed Ti ions as well as cation vacancies 

present in the SD samples. For x > 0.10 SD sample, the ferroMagnetic double-

exchange energy reduces to the extent that it does not become comparable to the 

thermal energy' at any temperature down to 80 K so as to bring about the M-I 

transition. It is to be noted that corresponding SO sample exhibits M-I transition 

probably due to the absence of induced cation vacancies. 

To study the transport mechanism of the charge carriers, generally three models 

are discussed for semiconductor like behavior; the band-gap model [44], a nearest 
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Fig. 3.5: 	Resistivity versus Temperature plots for site disordered 
La0.67Sr0.33 ^''̂ nt-:c Tiz..O3+6 samples. 

neighbour hopping (NNH) model [45] for the transport of small polarons and 

Variable Range Hopping(VRH) model [46]. In the band gap model, resistivity 

of the sample is given by Arrhenius law p = pa  exp(E k BT). This equation 

could not be fitted to the resistivity curves of our samples indicating that the 

activated transport across the band gap does not occur in these samples in the 

temperature range studied. For the NNH model, the resistivity is given by p = 

AT exp(Wp/k R T) with Wp = Ep/(2 — t). Ep denotes the polaron-formation 

energy and t the electronic-transfer integral. In Mott's VRH model, the resistivity 

is expressed in the form of p = pi„1  exp(To a)'%'. Fig. 3.6 shows that up to x = 

0.05, the transport of the charge carriers in the insulating region can be explained 
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by both, NNH and VR.H. For x > 0.10(SD), resistivity behavior can be fitted only 

by VRH equation) and below 130 IK resistivity deviates from VRH equation. For 

x = 0.20 resistivity could not be measured below 180 K due to its very high value. 

The details of the fitting ranges and fit parameters are presented in Table 3.2. 

It is seen from the table that for both, NNH and VRH, fit parameters increase 

with the doping content x. Since, fit parameters are related to the hopping-

polarons' energy, resistivity of our samples is expected to increase with the doping 

content. Resistivity our samples indeed increases with the doping content. Since 

VRH fits improve with the Ti doping content x, at higher Ti doping contents, 

Mn3+-0-Mn 4 + pairs would be far and few and these pairs are interconnected 

through a polaron with a variable hopping range. Further, it may be noted that 

for x = 0.10 SD sample, the deviation of resistivity from VRH curve at 130 K 

matches closely with the second transition observed in susceptibility plots in Figs. 

3.3 and 3.4(b). The weak ferrbmagnetic transition around 300K could then be 

due to the interaction between Mn ions via a hopping polaron. Below 130 K the 

hopping energy weakens and Mn rich ferromagnetic regions get isolated. These 

isolated ferromagnetic regions then order leading to the second ferromagnetic 

transition. In sample with x = 0.20, perhaps VRH mechanism extends to a still 

lower temperature and the second transition is therefore not distinctly observed. 

It is worth mentioning here that, we have also prepared samples of the series 
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Table 3.2: Doping content x and lower temperature limit down to which NNH or VRH 
fit is possible for site-disordered La0.67Sr0.33Mn1_2Ti203+5, higher limit being 300 K. 
(Wp /1000k R ) and (T0 )'/4  represent NNH and VRH fit parameters, respectively. k R 

 represents Boltzmann Constant. * sign indicates that resistivity could not be measured 
below 180 K due to the high resistivity of the sample. 

x NNH (VVp/1000k 11) VRH I (T0 )"4 
0.03 276 K 0.4237 291 K I 9.1537 
0.05 282 K 0.7233 280 K 1, 24.594 
0.10 217 K 1.8030 130 K 97.071 
0.20 236 K 2.6799 Entire range* 143.95 

Laa,Sr 1 .„MnyTi 1 _y03  ( x = y = 0.0, 0.1, 0.2 and 0.33), employing the similar 

synthesis procedure and same firing temperatures as those used in the synthesis 

of site — disordered La0.67Sro.33MnxTi1-x034-6  samples. Analysis of its resistivity 

data shows that charge transport in ( x = y ) series takes place predominantly 

through variable range hopping of polarons as that in the case of site -disordered 

La0.67Sr0.33MnxTil_x034.3 samples [Fig. 3.7]. However, resistivity of the x 

0.10 site-ordered sample, for the synthesis of which higher annealing temperature 

was used, could not be fitted with either NNH or VRH equation. The charge-

transport in this case clearly shows activated behavior across a band-gap. An 

exponential curve could be fitted to the resistivity-temperature plot of this sample 

between 228 K and R.T. [Fig. 3.8]. This fact highlights the effect of synthesis 

procedure and firing temperatures in transport properties of these materials 
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3.3.5 Magnetoresistance (MR) 

Lsotherrnal MR for SD samples with 0.00 > x > 0.10 is negative at all tempera-

tures as - can be seen in the Fig. 3.9. For x = 0.00, MR shows H2  dependence in 

all the isothermals which is consistent with the ferromagnetic order of the sam-

ple. Magnetoresistance of La0. 7Sr0 .3Mn03  has been reported to be 45 percent at 

room temperature under the field of 6 T [41]. Magnetoresistance observed for the 

parent sample La0.67Sr0.33Mn0 3  in our series is 38 percent at room temperature 

and under the field of 5 T. The extrapolation of the isothermal to 6 T gives the 

MR value, which closely matches with that reported in [41]. Isothermal MR for 

samples with x = 0.00, 0.03 and 0.05 increases gradually at all the temperatures 

at which MR is recorded. However for x = 0.10, the isothermal MR is smaller 

than those of x = 0.00, 0.03 and 0.05 up to 210 K and increases substantially be-

tween temperatures 210 K and 85 K. The sudden increase in MR points towards 

a ferromagnetic transition within this temperature range. It is clear from the 

susceptibility plots [Figs. 3.3 and 3.4(b)] that this sample has a second magnetic 

transition at about 120 K. The plot of resistivity in presence of magnetic field (H 

= 5 T) also shows a deviation at about the same temperature from the zero field 

resistivity curve [Fig. 3.10]. 

MR is shown to be much higher at ferromagnetic transition temperature in the 
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Fig. 3.10: Magnetic Field dependence of Resistivity for x = 0.10(SD) sample. 

case of cation deficient LaMn0 3  [43, 47]. In this case however, MR, for the SD 

sample with x = 0.10 is very small from 300 K to 210 K in spite of having a 

ferromagnetic transition at about 300 K. MR at 300 K is only of the order of 

4% as compared to 50% observed by S. Hebert et al.[431 at Tc (115 K). This fact 

clearly indicates that ferromagnetic transition at room temperature observed in 

x > 0.10 SD samples is not due to the mere presence of cation vacancies. It is due 

to VRH transport of charge carriers that connects regions of DE pairs isolated 

from one another by cation vacancies and non-magnetic Ti ions. 
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3.4 Discussion 

In the present study, by controlling grinding time and annealing temperature, 

cation-site disorder is induced in Ti doped La,0.67Sr0.33Mn03  samples, and the 

nature and effect of cation site-disorder on double exchange interaction and MR 

properties of the samples is investigated. Samples with 10 percent Ti doping 

were prepared using two different preparation schedules. Sample prepared with 

greater grinding time and higher annealing temperature shows transport and 

magnetic properties similar to those reported in [371. Differences between the 

two can be attributed to higher annealing temperature and mechanical grinding 

used by them. Substitution of Ti 4 + (3d°) ions in Mn4+-O-Mn3+ chains increases 

resistivity of the samples by many orders of magnitude. The short-range order of 

Mn4+-0-Mn3+ caused by interspersed Ti ions and cation vacancies gives rise to 

the insulating behavior of SD samples with x > 0.10. Strong localizing effect of 

random cation vacancies is well known [481. The random potential fluctuations 

due to cation vacancies and dopant Ti ions favor Anderson type localization, but 

the localized wavepackets are large enough for the e 9  electrons to extend over 

several sites to provide the ferromagnetic interaction. The samples with x < 0.05 

exhibit sharp rise in susceptibility indicating paramagnetic to ferromagnetic tran-

sition and ferromagnetic ordering temperature decreases with increasing doping 
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content indicating the gradual weakening of double-exchange coupling. Simi-

larly, magnetoresistance of the samples at any one of the temperatures at which 

MR measurements are made shows a small and gradual increase with the doping 

content indicating dilution of ferromagnetic order for x < 0.05. Susceptibility 

(erriu/f.u.) is significantly lowered at higher doping levels x = 0.10 and 0.20 by 

further reduction of Mn 3+-0-Mn4 + pairs. However, for x = 0.10 and 0.20 SD 

samples, Tc exhibit a ferromagnetic transition close to 300 K which is quite high 

compared to other Ti doped manganites [32, 33, 34, 35, 37, 36]. Most probably, 

this is related to microstrains and crystal structure defects induced by Ti substi-

tution. Tc  of our site ordered x = 0.10 sample matches closely with the reported 

value of Tc  [37]. Higher Tc  of these samples can riot be simply attributed to the 

presence of cation vacancies. It is to be noted that Tc decreases with increasing 

cation deficiency in La 1 _s Mn 1 _y03  [49]. In case of La0 .815 Sro , 185 Mn03+5 sam-

ples, Tc  shifts marginally on the higher temperature side for small 6 and shifts 

towards lower temperatures for higher 6 [50]. Hence, high Tc  in our x = 0.10 

and x = 0.20 SD samples may not be due to cation vacancies alone, it could be 

related to Ti doping as well. Moreover, susceptibility (emu/f.u.) in our x = 0.10 

and 0.20 SD samples is significantly smaller and can not be explained only on the 

basis of substitution of non-magnetic Ti 4 +(3d° ) ions at Mr& sites. Decrease in 

susceptibility of such a magnitude is not observed in site-ordered samples of the 
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same composition [37, 51]. Reduced susceptibility in SD samples can be explained 

on the basis of Ti'+ ions occupying Mn+ sites. Reducing number of Mn 34-  (3d1 ) 

ions will decrease the susceptibility more than that by reducing Mn14- (3d3 ) ions, 

although this alone is not the cause for such a decrease. 

Given the ionic radius of Ti ( 0.74 Al in comparison with ionic radii of Mii 3+ 

(0.79 A°) and Mn (0.67 A°) [52], substitution of TO+ to Mn 3+ sites cannot be 

entirely ruled out. Evidence of Ti 4+ ions occupying Mn3+ sites can be seen in 

IR absorption spectra. IR. spectra exhibit a slight shift in the Mn 3+-0 stretching 

frequency in the doped compounds. It has been argued on the basis of fixed 

MnO stretching mode in La0.67Ca0 .33 Mri 1__xTix03  that Ti substitutes only Mn 4 + 

sites and does not participate in DE mechanism [32]. In this case however, shift 

in the Mn-O stretching frequency indicates that some Ti 4 + ions occupy Mn3+ 

sites. Further, IR spectra also indicate that Ti is in tetravalent state in these 

compounds. Moreover, XRD studies indicate a complete solid solubility of Ti in 

the parent 11.3C structure of La0 .67Sr0 .33 Mn03  with lattice parameters of the SD 

samples remaining nearly the same over the entire doping range. This supports 

the idea of TV+ occupying both the larger Mn 3+ and the smaller Mx& ionic 

sites. TO+ ions occupying Mn 34.  sites will result in cation vacancies. Iodomet-

ric titrations reveal the presence of excess oxygen in the doped samples which 

augurs well with this argument. 'The excess oxygen in these compounds may be 
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considered as cation vacancies as R3C structure does not permit extra oxygen it 

the unit cell. In the case of Ti+ ions occupying Mn 3+ sites, the number of DE 

pairs will be more than that when TO+ ions occupy Mn l+ sites. These DE pair: 

could be connected ferromagnetically via variable range hopping polaron. 

It is to noted that MR of x = 0.10(SD) sample is very small between 300 K 

210 K in spite of the presence of ferromagnetic transition at about 300 K. If thi: 

transition is due to cation vacancies then MR should be much higher than what 

is observed, as in the case of cation deficient LaMnO 3  [43, 47]. However, th( 

observed MR at 300 K (temperature at which first ferromagnetic transition is 

observed) is only of the order of 4% as compared to 60% observed at 85 K. This 

fact clearly shows that ferromagnetic transition observed at room temperatur( 

in our saniples is not due to the mere presence of cation vacancies. Instead 

the mechanism that is responsible for such a ferromagnetic order is the variably 

range hopping polaronic transport. Resistivity studies show that such a transport 

mechanism exists, for example, from 300 K to 130 K for x = 0.10(SD) sample 

'Therefore, we believe that the ferromagnetic transition seen at 300 K in x = 0.1( 

SD sample is due to VRH mechanism. In fact, experimental results clearly point 

towards the ferromagnetic transition at around 120 K. AC and DC susceptibilitie s 

of this sample show the presence of second magnetic transition at around the 

same temperature. This second magnetic transition could be due to ordering of 
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isolated DE pairs. 

Furthermore, resistivity of the sample under an applied magnetic field of 3 T 

deviates at about the same temperature from that at H = 0 T [Fig. 3.10] thereby 

indicating presence of a magnetic transition. This is also supported by an increase 

in MR in the temperature interval 210 K to 85 K. These observations interlinking 

charge-transport and ferromagnetism clearly suggest that ferromagnetic transi-

tion observed at room temperature in x = 0.10 SD sample is produced by VRH 

mechanism of charge carriers. For sample with x = 0.20, the VRH fit improves 

further, to support this argument. Therefore, weak ferromagnetic-like transi-

tion observed for x = 0.10 and x = 0.20 at around 300 K could be understood in 

terms of the Ti supported ferromagnetic transfer of e9  electron between Mn 3 + and 

Mn4+ ions through VRH. The VRH of charge carriers strengthens ferromagnetic 

exchange-coupling between isolated ferromagnetic regions and manifests in weak 

ferromagnetic-like transition at room temperature. The ferromagnetic coupling 

between Mn3+ and Mn4+ ions through VRH exists down to 130 K for x = 0.10. 

Below 130 K, hopping energy of the polaron diminishes and a gradual domain 

rotation of the isolated ferromagnetic regions gives rise to another ferromagnetic 

transition. 

On contrary, in SO sample with x = 0.10, the charge-transport could not be 

fitted with either NNH or VRH equations. It shows activated transport behaviour 
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across a band-gap. This underlines the difference between the SD and SO samples 

and role of %/RH in producing ferromagnetic transition at higher temperature in 

SD samples. 

3.5 Conclusion 

Lower annealing temperature and lesser grinding induce cation site-disorder in Ti 

doped La0.67 Sr0 , 33Mn 1 _x03  (0 < x < 0.20) wherein Ti4 + can substitutes at both 

Mi1 3+ as well as Mn4 + sites. This substitution leads to the variable range hopping 

of eg  electrons between isolated DE pairs which leads to a ferromagnetic transition 

at room temperature for x > 0.10. In sample with x = 0.10, the hopping energy 

weakens below 130 K and Mn rich ferromagnetic regions get isolated. These 

isolated ferromagnetic clusters are magnetized at low temperature leading to a 

second ferromagnetic transition. 
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Chapter 4 

X-ray Spectroscopic Study of 
La0.67Sr0.33Mni_xTix03±6. 

4.1 Introduction 

In the preceding Chapter, it is observed that constant lattice parameters obtained 

from XRD measurements, shift of Mn3+-0 stretching mode frequencies observed 

in IR spectra, gradual decrease in Mn 3+ content with increasing doping content 

and substantial reduction in susceptibility of the site — disordered (SD) samples 

indicate the possibility of TO+ ions occupying Mn 3+ sites also. To ascertain this 

fact, we have undertaken further experimental investigations on these materials 

using EXAFS and XPS techniques. 

The X-ray absorption fine-structure (XAFS) technique has proven useful in the 

determination of interatomic distances, structural disorders through Debye Waller 

factors (DWF), and type and number of neighboring atoms within the first few co- 
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ordination shells of the X-ray excited atom. By recording EXAFS at the X-ray K 

absorption edges of La and Mn ions for the samples of La0.67Sr0.33Mn i _xTix03+ 6 

series, it is possible to study the effect of site-disorder on local structure in these 

materials. It will be a worthwhile effort to relate the local structure of Mn ions 

to the transport and magnetic properties of site-disordered materials. It is to be 

noted that no EXAFS study on Ti doped Lai_xSrxMn03  materials have been 

reported hitherto. 

In this Chapter, we have studied the local structure around La and Mn ions in 

these site-disordered materials, La0.67Sro.33Mni-xTix03+6  for 0 < x < 0.20. We 

report herein the room temperature local structure of these materials around Mn 

and La ions obtained from the analysis of EXAFS data and contents of Mn 3+ and 

Mn4+ ions obtained from X-ray Photoelectron Spectra. It is interesting to note 

that the results of iodometric titration measurements, reported in the preceding 

Chapter agree with those obtained from XPS. 

4.2 Experimental 

XAFS spectra at La and Mn K-edges were recorded at BLO1B1 XAFS Beam-

line at SPring-8 Synchrotron Radiation Facility. Si(111) crystal plane served as 

the monochromator for Mn K-edge EXAFS and Si(311) for La K-edge EXAFS. 

The first mirror and the monochromator were fully tuned in order to get optimal 
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Fig. 4.1: Room temperature Mn K-edge EXAFS of La0.67Sro.33Mni-xTix 03+6 samples. 
(a) Mn Metal, (b) x = 0.00, (c) x = 0.03, (d) x = 0.10, (e) x = 0.20. 
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Fig. 4.2: x(k) vs k spectra of room temperature Mn K-edge EXAFS of Mn metal and 
site-disordered La0 . 67 Sr0 . 33Mn1 _xTix03+6 samples. 

resolution. For Mn K-edge measurements, fine powder of the sample was brushed 

onto scotch tape. A number of layers of tape were stacked to obtain absorption 

lengths tim„x ^ 1 (timn, is the Mn contribution to the absorption ceefficient and x 

the sample thickness). For La K-edge measurements, the absorbers were made by 

pressing the samples into pellets of 10 mm diameter with boron nitride as binder. 

The thickness of the absorber was adjusted such that Ati ox was restricted to a 

value > 1, where Ati o  is edge step in the absorption coefficient and x is the sample 

thickness. XAFS oscillations, X (k) = ( — /10 )/tio  (k - photoelectron wavenumber, 

- atomic absorption coefficient), were extracted following standard procedures. 

FEFFIT program [1] was used to fit Fourier transformed(FT) kx(k) data in q 
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space to the theoretical spectra calculated using FEFF6.01 [21. The Mn and La 

K-edge EXAFS data was analysed in tandem, to improve the reliability of fits. 

The room temperature raw data of Mn K-edge EXAFS for Mn metal and samples 

of the composition, La0.67Sr0 . 33Mni,Tiz03  for 0.00 < x < 0.20 are presented in 

Fig. 4.1 and the background subtracted and normalized data are presented in Fig. 

4.2. Mn K-edge data were fitted in R-range from 1.8 A° to 3.6 A° and k-range 

from 3.6 A-1  to 12 A.-1 . Raw La K-edge EXAFS spectra of these compounds 

are shown in Fig. 4.3 and the background subtracted and normalized data are 

presented in Fig. 4.4. Raw La K-edge EXAFS were fitted in the R-range 1.5 

A to 3.5 A and k-range 3 A -1  to 16 A-1 . Fourier transforms of the data are 

presented in Fig. 4.5. The FT spectra are not corrected for phase shift, however, 

the values of bond lengths reported in the thesis are the corrected values. 

La and Mn K-edge EXAFS were fitted initially for La 0 . 67Sr0 . 33 Mn03  sample. 

Bond length parameters were varied first, followed by the Debye Waller Fac-

tors(DWF). Coordination numbers were initially fixed at the known crystallo-

graphic values while fitting Mn K-edge EXAFS and in case of La K-edge EXAFS, 

12 La-0 bond lengths were divided into three different groups of coordination 

numbers 3, 6 and 3 respectively on the basis of closeness of their values. Later, 

coordination numbers had to be varied slightly to improve the quality of fit. The 

Mn K-edge and La K-edge EXAFS were fitted separately in k-space till equal 
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Fig. 4.3: Room temperature La K-edge EXAFS of La0.67Sro.33Mni-xTix03+6  samples. 
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Fig. 4.4: x(k) vs k spectra of room temperature La K-edge EXAFS of site disordered 
La0. 67Sr0.33Mni_2Tix03+5  samples. 

La-Mn bond lengths were obtained from both the EXAFS. 

EXAFS of the doped samples were fitted later, in the order of increasing doping 

content. Fitting parameters of the preceding sample were used as starting pa-

rameters for fitting the data of the doped samples. DWF parameters were varied 

first followed by the bond length correlations and, only if required, coordination 

numbers were varied. 

XPS measurements were carried out on an ESCA-3 Mark II spectometer (VG 

Scientific Ltd., England) employing Al Ka  radiation (1486.6 eV). The powder 

samples were made into pellets of 8 mm diameter and placed into an UHV cham-

ber housing the analyser at 10' Torr. Before the measurements were carried out, 
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Fig. 4.5: 	Fourier Transforms of La K-edge EXAFS in site-disordered 
La0 .67ST0 .33Mni_Tir 03+5 samples. 

the samples were kept at the preparation chamber for 5 hours for desorption of 

gases. Binding energies were measured with a precision of ±0.2 eV. The charging 

effect was taken care of with respect to the C(1s) peak of adventitious carbon 

at 285 eV. The data were fitted using Peakfit software programme with gaussian 

profile. 

4.3 Results 

4.3.1 XPS 

Iodometric titration measurements on site — disordered(SD) samples indicate 

that the doped samples are oxygen-rich. The oxygen content gradually increases 
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Fig. 4.6: X-ray Photoelectron Spectrum (circles) of La 067Sr0 .33 Mn03  sample along 
with fitted curves (line). Discontinuous lines represent the deconvoluted 2p 3/2  and 
2p 1 /2  spectra corresponding to Mn 3+ and Mn 4+ ions. * signs indicate the satellite 
peaks. 

from 3.00 for x = 0.0 to 3.05 for x = 0.20 [Table 3.1]. Excess oxygen (or equiva-

lently cation deficiency) induces extra Mn 4+ ions in the samples. 

Mn4  and Mn3+ contents in the samples were also determined using their Mn 2p 

core level X-ray photoelectron spectra. Figs. [4.6 and 4.7] show the Mn 2p X-ray 

photoelectron spectra of the samples in the range 0.0 < x < 0.20. The Mn 2p 

spectra exhibit two main peaks around 642.5 eV and 654 eV. The two main peaks 

correspond to the spin-orbit split 2p3 and 2p1 levels, whereas the weak structure 

at around 24 eV from the main peak is the satellite of the 2p peak. The satellite 
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Fig. 4.7: XPS spectra (circles) for site-disordered La0.67Sr0 ,33 1V1n i _ji3 O3+ 3 samples 
along with the fitted curve (line). 

of the 2pg. peak is not visible because it overlaps with the 2Thi  peaks. The two 

main peak features were deconvoluted, using a curve fitting 'Peakfit' programme, 

into those corresponding to 2pp., and 2p2 states of to Mn 3+, Mn4+ ions and their 

satellites. The peaks for 2p3 states are higher in binding energy than those for 

2pi states by about 11.6 eV. The Mn` l + and Mn 3+ contents are calculated from 

areas under the curves corresponding to Mil l+ and Mn3+ ions. Results obtained 

through iodometric and XPS methods closely match with each other and clearly 

indicate the greater Mn 4 + content in the samples in relation to the stoichiometric 

samples. This is possible if TO+ ions occupy both Mn i+ and Mn 3+ sites. For the 

undoped sample, the Mn 1 +:Mn3+ ratio is found to be 33:67. XPS data and its 
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Table 4.1: Mn4+  and Mn3+  contents obtained from XPS data(Experimental values) are 
compared with the values calculated with the assumption that TO+ ions occupy Mn h + 
sites alone. Effect of oxygen non-stoichiometry is considered in obtaining calculated 
values. Numbers in the parenthesis indicate estimated errors. 

Doping content Calculated value (%) Experimental values (%) 

( x ) Mr0+ : 	Mn3+ 	: TO+ Mn h + : 	Mn3+ 	: TO+ 
0.03 32.0(±1.8) : 65.0(±1.8) : 3 32.2(±0.9) : 64.8(±0.9) : 3 
0.05 32.0(±2.0) : 63.0(±2.0) : 5 31.3(±0.7) : 63.7(±0.7) : 5 
0.10 29.0(±1.6) : 61.0(±1.6) : 10 27.7(±0.8) : 62.3(±0.8) : 10 
0.20 23.0(±1.4) : 57.0(±1.4) : 20 23.7(±0.8) : 56.3(±0.8) : 20 

fit for x = 0.00 sample are shown in Fig. 4.6. 

4.3.2 XANES 

Normalized Mn K-edge XANES spectra, recorded at room temperature, for site 

disordered La0.67Sro.33Mni-xTix03+a  samples are shown in Fig. 4.8 recorded for 

EXAFS studies with a step of 1eV. However, the chemical shift of the inflection 

point of the main absorption edge is reported to be about 4.2 eV for Mn 3+ and 

Mn4  ions in LaMn0 3  and Ca.Mn03  respectively [3, 4]. If Ti4 + ions occupy Mn 4 + 

sites alone, the effective valence of the Mn ion will come close to +3 and shift 

of the main absorption edge should be seen in XANES spectra. Such a shift has 

been reported in Ti doped La0.7Ca0.3Mni,Ti r03 samples [5]. The main peak 

arising due to is - 4p electronic transition and a prepeak at about 15 eV below the 

main peak are clearly visible in all the spectra. Positions of the main peak and 
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Fig. 4.8: Normallised XANES spectra of La0.67Sro.33Mn1-sTix03+6  samples. 
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the prepeak are almost the same over the entire doping range (0.00 < x < 0.20). 

All peak profiles are very similar to each other. Surprisingly, chemical shift of the 

main absorption edge is not observed over the entire doping range. The absence 

of such a chemical shift indicates that average valence of Mn ion is nearly the 

same in these samples. In other words, Mr& /Mn 3+ ratio is nearly constant in 

these samples and which can be seen as the effect of Ti 4+ ions occupying both 

the Mn sites. 

4.3.3 EXAFS 

Results of various experimental techniques, that are discussed in the previous 

Chapter, indicate that TO' ions occupy both, Mn 3+ as well as Mn 4 +, sites in 

La0 . 67 Sr0 . 33 Mni _sTix03+8 (0.00 < x < 0.20) samples. To ascertain this fact, we 

have undertaken the EXAFS investigations of the SD samples. Our interest lies 

mainly in La-(Mn/Ti), and Mn-(Mn/Ti) bond lengths, as these correlations can 

reveal whether Ti 4+ ions occupy Mn3+ sites or not. La-(Mn/Ti) bond length 

obtained from La K-edge EXAFS and Mn-(La/Sr) bond length obtained from 

Mn K-edge EXAFS are expected to be the same. 

La K-edge EXAFS 

Fits of inverse Fourier transforms of La K-edge EXAFS of x = 0.00, 0.05, 0.10 and 

0.20 samples are presented in Fig. 4.9. La-(Mn/Ti) and La-(La/Sr) bond lengths, 
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Fig. 4.9: k - weighted backtransformed La K-edge EXAFS spectra (circles) along with 
fitted curves (line) in La0.67Sro.33Mni-xTix03+6  samples. 

obtained by fitting La K-edge EXAFS, remain nearly the same for the samples 

in the range 0.00 < x < 0.20. In case of La-0 bond lengths, the maximum 

difference is 0.04 A for La-0 1  bond [Table 4.2]. Nearly constant bond lengths 

in these materials is in tune with the almost similar lattice parameters obtained 

by the analysis of X-ray Diffraction patterns of these materials [Table 3.1]. As 

La-(Mn/Ti) correlation in La K-edge EXAFS includes scattering from Mn3+/4+ 

and Ti4+ ions, DWF for La-(Mn/Ti) bond length is observed to increase system-

atically with doping content x. However, the changes in La-0 bond lengths and 

their Debye Waller Factors are small and non-systematic and can be understood 

in terms of random distribution of Ti 4+, Mn3+ and Mn4+ ions in the sample and 
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Table 4.2: Structural parameters obtained from La K-edge EXAFS for site disordered 
La0.67Sr0.33Mni-xTir03+6 samples. Figures in bracketts indicate uncertainities in the 
last digit. 

x=0.00 x=0.05 x=0.10 x=0.20 
- La-0 1  R(A) 2.48(1) 2.43(1) 2.45(1) 2.44(1) 

DWF(A2 ) 0.008(2) 0.007(2) 0.006(1) 0.005(1) 
n 3.3(5) 3.3(5) 3.3(3) 3.3(2) 

La-02 R(A) 2.64(1) 2.63(1) 2.63(1) 2.62(1) 
DWF(A2) 0.010(2) 0.008(3) 0.008(1) 0.009(1) 

n 6.2(7) 6.2(6) 6.2(4) 6.2(3) 
La-03  R.(A) 2.84(2) 2.85(3) 2.86(1) 2.84(1) 

DWF(A2 ) 0.005(2) 0.006(3) 0.006(6) 0.009(2) 
n 2.7(6) 2.7(7) 2.7(3) 2.7(5) 

La-Mn/Ti R(A) 3.39(1) 3.39(1) 3.39(1) 3.39(1) 
DWF(A2 ) 0.005(1) 0.005(1) 0.006(1) 0.007(1) 

n 8.1(4) 1 	8.1(4) i 	8.1(2) 8.1(2) 

resulting oxygen displacement that is permissible in rhombohedral (R3C) struc-

ture. In this structure, effect of oxygen displacements will be evident, more on 

La-0 1  and La-0 3  bonds compared to that on La-02 as well as Mn-0 . bonds as 

observed in our samples [Table 4.2]. 

Mn. K-edge EXAFS 

Mn K-edge EXAFS were fitted with k-weighting. in R-range 1.8 A to 3.6 A and 

k-range 3.6 A- ' to 12 A- ► . Fits of the inverse Fourier transforms of Mn K-

edge EXAFS for x = 0.00.0.03,0.10 and 0.20 are presented in Fig. 4.10 and the 

results of the Mn K-edge analysis are presented in Table 4.3. Mn-0, Mn-Mn 
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Fig. 4.10: k - weighted backtransforrned Mn K-edge EXAFS spectra (circles) along with 
fitted curves (line) in La0 .67Sr0 .33 Mn i „Tix03 .fo samples. 

as well as Mn-La bond lengths for the samples, obtained by fitting Mn K-edge 

EXAFS, are almost the same over the entire doping range 0.00 < x < 0.20. The 

constant La/Sr ratio at the scattering site reflects in the almost constant DWF 

associated with Mri-(La/Sr) bond length whereas increasing disorder with doping 

at (Mn/Ti) scattering site reflects in increasing DWF associated with La-(Mn/Ti) 

bond lengths. 

Both La and Mn K-edge EXAFS were fitted initially for La 0 . 67Sr0 . 3:3 Mn03  sample. 

Bond lengths were varied first, followed by their Debye Waller Factors. Coordi- 
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Table 4.3: Structural parameters obtained from Mil K-edge EXAFS for site-disordered 
La0.67Sr0.33Mn1-z erix034.6 samples. Figures in bracketts indicate uricertainities in the 
last digit. 

x=0.00 x=0.03 x=0.10 x=0.20 
Mn-O R(A) 

DWF(A2 ) 
11 

1.92(1) 
0.007(2) 
5.5(6) 

1.92(1) 
0.007(1) 
5.5(3) 

1.92(1) 
0.007(2) 
5.5(4) 

1.92(1) 
0.009(1) 
5.7(5) 

Mn- (La/Sr) R(A) 
DWF(A2 ) 

3.39(1) 
0.009(1) 

3.39(1) 
0.010(1) 

3.39(1) 
0.010(1) 

3.39(1) 
0.010(1) 

n 8.4(7) 8.4(5) 8.4(5) 8.6(5) 
Mn- (Mn/Ti) R(A) 3.81(1) 3.82(1) 3.81(1) 3.82(1) 

DWF 0.004(1) 0.002(1) 0.003(1) 0.002(1) 
n 5.6(5) 5.6(2) 5.6(2) 5.6(2) 

Mn-0- (Mn/Ti) R(A) 3.83(1) 3.83(1) 3.83(1) 3.83(1) 
DWF(A 2 ) 0.007(5) 0.007(1) 0.007(1) 0.007(1) 

n 12.4(6) 12.4(3) 12.4(3) 12.3(4) 

nation numbers were initially fixed at the known crystallographic values while 

fitting Mn K-edge EXAFS and in case of La K-edge EXAFS, twelve La-0 bond 

lengths were divided into three different groups of coordination numbers 3, 6 

and 3 respectively on the basis of closeness of their values. Later, coordination 

numbers had to be varied slightly to improve the quality of fit. The Mn K-edge 

and La K-edge EXAFS were fitted in tandem so that equal La-Mn bond lengths 

were obtained from both the EXAFS. 

It is surprising that Mn-(Mri/Ti) distance obtained from Mn K-edge EXAFS and 

La-(Mn/Ti) distance obtained from Mn K-edge as well as La K-edge EXAFS 

remains almost the same in all the samples. All earlier studies on Ti doped 
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lanthanum manganites [6, 7, 8, 9, 10, 11, 12, 13, 14, 15] have shown that TO+ 

ions ( Ionic radius 0.74 A) occupy Mn 4+ ionic sites (Ionic radius 0.67 A) alone 

and hence lattice parameters of the doped material increase with doping content 

[6, 7, 8, 9, 10, 11]. Therefore, in case of such a substitution, Mn-Mn and Mn-La 

distances are expected to increase with the increasing amount of Ti doping. 

4.4 Discussion 

Mn4+ contents in the samples were determined using X-ray photoelectron spectra 

from areas under deconvoluted curves corresponding to Mn 4+ and Mn 3+ ions. 

The Mn 4+ contents obtained from XPS closely match with those obtained from 

iodometric titration method within the limits of experimental errors. It is clear 

from these results that the doped samples are oxygen-rich (cation deficient) and 

hence the Mn4+ content is higher than that expected in stoichiometric samples. 

Absence of any significant chemical shift in the Mn K-edge in the X-ray absorption 

spectra and in biding energies of Mn 2p core levels in X-ray photoelectron spectra, 

is in tune with the nearly same average valence of the Mn ions. It is well known 

that the binding energies of Mn 2p core levels in X-ray photoelectron spectra 

[3, 16] and the Mn K-edge peak position in X-ray absorption spectra [5, 18, 19] are 

sensitive to the amount of hole doping (Mn 4+ content) in the samples. Generally, 

the higher Mn4+ content is attributed to the presence of cation vacancies (or 
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oxygen excess) in the samples [20, 21, 22]. However, in our x = 0.10 site — 

disordered sample, higher magnetoresistance at low temperatures can not be 

explained on the basis of cation vacancies alone. Moreover, as discussed in the 

previous Chapter, the nearly constant lattice parameters of these samples point 

towards the possibility of a fraction of Ti 4+ ions occupying Mn 3+ as well as 

Mn4+ sites. In fact, ionic radius of a Ti4+ ion is closer to that of a Mn 3+ ion, 

rather than that of Mn 4+ ion. Although, the reported literature on Ti doped 

lanthanum manganites [6, 7, 8, 9, 10, 11, 12, 13, 14, 15] has invariably shown 

that Ti4+ ion occupies Mn 4+ sites alone, there is a distinct possibility, on the 

basis of size considerations, that a fraction of the Ti 4+ ions can occupy Mn3+ 

sites. Furthermore, transport and magnetic properties of these site — disordered 

materials suggest that Ti4+ ions occupy Mn 4+ as well as Mn3+ sites and the local 

structural investigations around La and Mn ions in these samples provide the 

evidence for it. 

Analysis of the room temperature La and Mn K-edge EXAFS [Tables 4.2 and 

4.3] shows that La-Mn, Mn-Mn and Mn-O distances are almost the same in all 

the samples. This augurs well with the nearly constant lattice parameters ob-

tained from analysis of X-ray diffraction measurements of these materials [Table 

3.1]. Nearly constant Mn-O and Mn-Mn bond lengths and increased number of 

Mn3+-0-Mn4+ Zener pairs are responsible for the room temperature ferromag- 

125 



netic transition for x = 0.10 and x = 0.20 samples. To understand the effect of Ti 

doping on local structure of Mn ion, we consider the two possibilities. First one is 

of all Ti4+ ions occupying Mn 4 + sites alone and the second is of a fraction of Ti 4 + 

ions occupying Mn3+ sites in addition to Mn4+ sites. With the first possibility, it 

is difficult to explain the reasons for the observed systematic increase in oxygen-

excess (6) with x, having employed the identical synthesis procedures for all of 

them. If it is still assumed that that all the doped Ti ions (10%) enter into Mn 4 + 

sites, then 5% of Mn 3+ ions should have converted into Mn4+ state to give the 

experimentally observed 28% Mn 4 + content [Table 4.1] in the site — disordered 

x = 0.10 sample. Therefore, for every two Ti 4 + ions occupying Mn 4+ site, one 

Mn 3+ ion is converted into Mn ion, in this sample. Conversion of Mn 3+ ion 

into Mn4+ ion reduces its ionic radius by 0.115 A while Ti4+ ion occupying Mn 4+ 

site increases the ionic radius of the ion at doped site by 0.07 A , ionic radii of 

Ivin3+ , Mn4+ and Ti4+  being 0.79 A, 0.67 A and 0.74 A respectively [23]. In 

such a case, crystal structure being the same and lattice parameters remaining 

nearly constant, average La-(Mn/Ti) as well as Mn-(Mn/Ti) bond lengths are 

expected to increase. This increase is expected to be higher at doping content 

x = 0.20. However, La-(Mn/Ti) and IvIn-(Mn/Ti) bond lengths obtained from 

La as well as Mn K-edge EXAFS do not exhibit any such increase [Tables 4.2 

and 4.3]. In the case of the second possibility, Ti 4 + ions can occupy both Mil l + 
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and Mn 3+ sites. In this case, a fraction of Ti 4+ ions that occupies Mn 3+ sites will 

decrease La-(Mn/Ti) and Mn-(Mn/Ti) distances, while the other fraction occu-

pying Mn4+ sites will increase these distances. Hence, it is possible to obtain the 

average values of La-(Mn/Ti) and Mn-(Mn/Ti) distances to be nearly constant. 

Such almost equal La-(Mn/Ti) and Mn-(Mn/Ti) bond lengths are observed in 

our site — disordered samples [Tables 4.2 and 4.3] and therefore, we believe that 

Ti4+ ions occupy both the Mn sites in these samples. 

It is also possible to estimate the percentage of Ti ions that occupy Mn 3+ sites 

and Mn4+ sites so as to give nearly equal La-(Mn-Ti) and Mn-(Mn/Ti) distances. 

If 60% of Ti ions occupy Mn 3+ sites, it is possible to obtain the nearly constant 

Mn-Mn distances. The percentage of Mn 3+ and Mn 4+ ions in x = 0.10 sam-

ple is expected to be 61% and 29% respectively, in such a case. These values 

closely match with those obtained from XPS and iodometric techniques [Table 

4.1]. Even for x = 0.20 sample, with the above mentioned pattern of substitu-

tion, expected percentages of Mn 3+ and Mn4+ ions are 55% and 25% respectively 

which closely match with those obtained by XPS and iodometric techniques.The 

close resemblance between experimentally observed Mn 4+ and Mn 3+ contents and 

those calculated with the assumption that 60% of Ti 4+ ions occupy Mn 3+ sites 

establishes the fact that in site — disordered La0.67Sr0 . 33 Mn 1 „Tix03+5 samples 

Ti ions can occupy both the Mn sites. The charge imbalance caused by Ti 4+ 
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ions occupying Mn 3+ sites is neutralised by producing cation vacancies in these 

samples. Therefore, as the doping content x increases, number of Ti4+ ions occu-

pying Mn3+ sites will also increase and result in more cation vacancies (oxygen 

excess 6). It explains the reason for observed systematic increase of oxygen exess 

6 with increasing doping content x, in spite of employing identical synthesis pro-

cedures for all the samples. Hence, the EXAFS study of the site — disordered 

La0.67Sr0.33Mn1-sTix03+6 samples firmly establish the fact that TO+ can occupy 

both the Mn sites in the samples. It is to be noted that these samples were 

synthesized with a low annealing temperature and lesser grinding. The modified 

synthesis procedure is responsible for the observed site-disorder in these samples. 

Effect of synthesis procedure on structral, transport and magnetic properties of 

rare-earth manganites has been reported in other rare-earth mangnite systems 

earlier [24, 25]. A site — ordered sample with x = 0.10 was also prepared by 

employing higher annealing temperature and greater grinding. The transport, 

magnetic and structural properties of these samples are significantly different 

from those of the site — disordered sample of the same composition. These 

properties were discussed in the previous Chapter. 

Although, various types of cation disorders have been reported lately [21, 26, 27, 

28, 29, 30, 31, 32, 33, 34], this work has identified a new type of site-disorder 

that has not been reported earlier. In contrast to the earlier reported work on 
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Ti doped lanthanum manganites ;  we have been able to show that, with modified 

synthesis procedure, Ti 4+ ions can occupy both Mn 3+ as well as Mn4 + sites. 

4.5 Conclusion 

Nearly constant La-Mn and Mn-Mn bond lengths, obtained from La and Mn K-

edge EXAFS analysis, clearly indicate that TO+ ions can occupy both Mr& and 

Mn3+ sites, in site — disordered La0 , 67 Sr0 . 33Mn 1 _xTir03+6. samples. Constant 

binding energy in XPS measurements for the doped as well as undoped samples 

and absence of chemical shift of Mn K-edge absorption features lend support to 

these observations. 
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Chapter 5 

EXAFS Investigations of 
Sm0 .5_xPrxSr0 .5Mn03. 

5.1 Introduction 

Colossal Magneto-Resistive(CMR) materials have provided an opportunity t 

the scientific community to understand the intricate relationship between thei 

structural, electronic and magnetic degrees of freedom. Study of these material 

becomes more complex at low temperatures owing to the rich magnetic, electroni 

and structural phases exhibited by them. Although, the CMR properties hav 

been investigated extensively, the physics behind their varied low temperatur 

ground states is still unclear. The search for a microscopic picture of the groun 

state in half-doped manganites remains a very active research field. 

Compounds belonging to the series Smoz_x PrxSr0.5 Mn03  (x = 0.0, 0.3, 0.f. 

exhibit significantly different low temperature ground states with x and pr( 
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vide an opportunity to understand the causes for attaining such varied ground 

states. In this series, end member Sm 05Sr0 .5 Mn03  undergoes paramagnetic-

insulating(PMI) to ferromagnetic-metallic (FMM) phase transition below 95 K 

[1, 2, 3]. The other end member Pr 0 . 5 Sr0 . 5Mn03  exhibits PMI phase at RT, 

FMM phase below 255 K and orbitally ordered antiferromagnetic-insulating(AFI) 

phase below 140 K [4, 5]. However, at intermediate doping level of x = 0.3, 

Pr03 Sm0 .2 Sr0 . 5 Mn03  exhibits CE type charge ordered(CO) state below 155 K 

starting from PMI phase at RT and FMM phase between 215 K to 155 K [1]. 

Presence of CO state, for the intermediate doping, evokes interest in understand-

ing the role of rare-earth ions in inducing the CO ground state in the material. 

Role of the weighted average radius (< rA >) of the A-site cation and the size-

mismatch of A-site cations is well known in CO materials [1, 6, 7, 8, 9, 10]. Smaller 

A-site cation size is reported to support charge-ordered state due to the smaller 

eg  electron bandwidth (W) whereas greater size mismatch in A-site cations has 

been reported to destroy charge-ordering and render the manganite ferromag-

netic [6]. In all these investigations, the role of Mn-O-Mn bond angle and alsc 

Mn-O bond distance have been the centre of focus in deciding the ground state 

of these materials. Ferromagnetic double-exchange, antiferromagnetic superex-

change, Jahn-Teller(JT) distortion of manganese octahedra or charge-ordered 

state invariably depend upon these quantities. However, some studies on charge- 
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ordered samples have also indicated the role of covalent mixing of 0 (2p c ) and 

A-site cations, on Tc  and TN [8, 11]. It has been argued that the covalent mixing 

of the anion -0(2p,) orbital with the A-site cation 4f orbitals, competing against 

its covalent mixing with the Mn 3de 4  orbitals, plays an important role in deciding 

the properties of rnangauites. Mizokawa et al have also expressed the possibil-

ity of a 4f-0(2N) band to accommodate some holes leading to reduction in the 

effective hole concentration in the Mn 3d-O(2pa) band [12]. 

Hence, local structure around Mn sites needs to be probed carefully to under-

stand the role of Mn0 6  octahedra in various phases exhibited by such samples. 

Such investigations using Mn K-edge EXAFS have been undertaken earlier in 

some CMR materials [13, 14, 15, 16, 17]. However, similar Mn K-edge EX-

AFS studies on Sm 0•6 _,,Prx Sr0.6 Mn03  are not possible as Mu K-edge EXAFS is 

severely affected by EXAFS of Pr/Sin L-edges. Recently it has been shown that 

[18] that information about Mn0 6  octahedra could be deduced from the study 

of rare-earth K-edge EXAFS. Hence it will be interesting to investigate the local 

structure of A-site cations in various phases of the samples, to study the Tole of 

Mn0 6  octahedra in stabilizing a compound in a particular ground state.* 

We report herein for the first time, the local structural changes around A- 

site cation (Pr/Sm) in PMI, FMM and CE-type AFI charge-ordered phases of 

Sm0 . 2 Pr0 . 3 Sr0 . 6Mn03 , PMI and FMM phases of Sm 0 . 6Sr0 . 5 Mn03  arid PMI, FMM 
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and A-type orbitally ordered AFI states of Pr0,,Sr05Mn03  using Pr and Sin K-

edge EXAFS. 

5.2 Experimental 

Polycrystalline Pr0 . 5 Sr0 . 5 Mn03 , Pr0 .3Sm0 . 2Sr0. 5Mn03  and Sin0 , 5 Sr0 . 5 Mn0 3  sam-

ples were synthesized using the conventional solid-state reaction method using 

the preparation technique mentioned in [1]. The samples were characterized by 

XRD, resistivity and AC susceptibility measurements. X-ray powder diffraction 

patterns were recorded at room temperature between 20 = 20° to 100° with a 

step 0.02° on a Siemens D5000 diffractometer. Zero field-cooled a.c.susceptibility 

measurements were carried out in the warming run under the applied field of 0.94 

Oe and a. c. frequency of 133 Hz from liquid nitrogen temperature to 300 K 

on a AC Susceptometer [191. Standard four-probe method was used to measure 

resistivity of the samples in the temperature interval of 80 K to 300 K. XAFS 

spectra at Pr and Sin K-edges were recorded using BL01B1 XAFS beam-line at 

SPring-8. Si(311) crystal plane served as the monochromator. The first mirror 

and the monochromator were fully tuned in order to get optimal resolution. The 

slit width of the monochromator exit was 0.3 mm vertical and 6 mm horizontal to 

ensure good signal to noise ratio. During the measurements, the synchrotron was 

operated at energy of 8 GeV and a current between 80 to 100 rriA. The spectra 
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Fig. 5.1: Room Temperature XRD Patterns of Sm 0.5_ xPrx Sr0.5 Mn0 3 . 

were scanned in the range of 41.6 to 43.3 keV for the Pr K-edge EXAFS and 45.1 

KeV to 46.8 KeV for Sm K-edge EXAFS. The photon energy was calibrated for 

each scan with the first inflection point of Pr K-edge in Pr metal (42002 eV). 

Both the incident (I s ) and the transmitted (I) synchrotron beam intensities were 

measured simultaneously using ionization chambers filled with a mixture of 15% 

Ar and 85% N2 gases and 100% Ar gas respectively. The absorbers were made 

by pressing the samples into pellets of 10 mm diameter with boron nitride as 

binder. The thickness of the absorber was adjusted such that A,ux was restricted 

to a value > 1, where Ati, is edge step in the absorption coefficient and x is the 

sample thickness. Data analysis was done using the UWXAFS program [201. 

Room temperature XRD patterns of the samples, presented in Fig. 5.1, showed 
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Fig. 5.2: AC susceptibility Temperature plots of Sm 0.5 _zPrz Sr0 ,5Mn03 . Vertical ar-
rows indicate FMM to AFMI transition temperature. Horizontal arrows point towards 
corresponding scales of the plots. 

no impurity peaks and are all single phase. Samples with x = 0.0 and x = 0.3 

crystallise in orthorhombic structure in space group Pnma whereas that with 

x = 0.5 crystallizes in tetragonal structure in space group I4/mcm. A.C. suscep-

tibility plots as a function of temperature are presented in Fig. 5.2. These and 

the four-probe resistivity measurements (not shown) performed on these samples 

closely match with those reported in literature [1]. 

Pr/Sm K-edge EXAFS were fitted with a theoretical model with weighting in 

k-range of 3 A -1  to 16 A- ', using UWXAFS soft aware [20]. R-range was selected 

between 1.8 A to 3.6 A to include Pr/Sm-O and Pr/Sm-Mn correlations. These 
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correlations were generated using FEFF 6.01 [21] from the room temperature 

structural data. In order to reduce the number of dependent variables, Pr/Sm-

0 correlations were grouped together in four different groups. In some cases 

the cordination number was kept fixed to crystallographic value. The refined 

parameters, obtained from EXAFS measured at room temperature, served as 

input to low temperature EXAFS data fitting. 

5.2.1 Pro 5Sro 5A4n0 3 : Pr K-edge EXAFS 

EXAFS spectra at the Pr K-edge of the sample were recorded at room temper-

ature. 180 K and 50 K so as to study the local structural changes in each of 

the three phases. Raw and background subtracted EXAFS of these samples are 

shown in Figs. [5.3 and 5.4] respectively. The Fourier transforms (FT) of these 

spectra are presented in Fig. 5.5. The FT spectra are not corrected for phase 

shift, however, the values of bond lengths reported in the paper are the corrected 

values. The room temperature(RT) pattern shows two distinct correlations in the 

region 1.5 and 2 A due to Pr-0 bonds and a broad and most intense maximum 

at 2.8 A comprising of a Pr-0 and a Pr-Mn correlations. The FT spectrum at 

180 K is similar to the one at room temperature. One notable change however, 

is in the 1.5 to 2 A range wherein there is a change in weight from first cor-

relation to second. This could be due to the structural transition which starts 
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at about 180 K [221, although the metal insulator transition in this compound 

ocurs at about 140 K [231. The 50 K spectrum has an additional subtle feature 

at about 2.3 A, probably an indication of change of symmetry of the compound. 

The EXAFS spectrum at RT was fitted using one Pr-Mn and three Pr-0 

bond lengths obtained from FEFF6.01 [211 for I4/mcm symmetry. To reduce the 

number of fitting parameters the coordination numbers for all Pr-0 correlations 

were constrained to around 4.0 each and that of Pr-Mn correlation to around 8.0. 

The final fitted parameters obtained are presented in Table 5.1 and the fitting 

in k-space (Fourier filtered) is shown in Fig. 5.6. A good fit is obtained to the 

experimental data. For fitting low temperature data, the final parameters ob-

tained from room temperature data served as starting guess parameters. In the 

first cycle only the Debye-Waller factors were varied followed by bond lengths to 

account for effect of lowering of temperature. A reasonably good fit was obtained 

for 180 K data. However, to fit the 50 K data, coordination numbers also had 

to be varied. Even then the fitting was not very good. A resonably good fit was 

obtained with cordination numbers distributed as 2 for Pr-0 correlation at 2.5 A, 

4 for the one at 2.7 A and 6 for the third one at 2.8 A. The 50 K data was then 

fitted with correlations obtained using FEFF for Fmmm symmetry with four Pr-

0 correlations two of which are four coordinated and two are two coordinated. 

For this fitting cycle also, the coordination numbers were constrained to around 
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Fig. 5.3: Raw Pr K-edge EXAFS of Pr0.5Sr0.5Mn03 at RT, 180 K and 50 K. 
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Fig. 5.5: Fourier Transforms of Pr K-edge EXAFS in Pr0. 5 Sr0.5 Mn03  at RT, 180 K and 
50 K. 
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Fig. 5.6: k - weighted backtransforrned Pr K-edge EXAFS spectra in k-space (circles) 
along with fitted curves (line) in Pr 0 .5 Sr0 . 5 Mn03  at RT, 180 K and 50 K. 

the theoretically obtained values. The resulting fit was quite good and is shown 

in Fig. 5.6 and the fitted parameters are tabulated in Table 5.1. 

5.2.2 Sm0•2Pr0 . 3Sr0•5Mn03: Pr and Sm K-edge EXAFS 

Raw and background subtracted Pr K-edge EXAFS in Sm0.2Pr0.3Sr0.5Mn03 at 

RT, 180 K and 50 K are shown in Fig. [5.7 and 5.8] respectively. Fourier Trans-

forms (not corrected for phase shift) of the Pr K-edge EXAFS are presented in 

Fig. 5.9, in which new features are clearly seen at around 2.4 A and 3.25 A at 

50 K as compared to that at room temperature. Expectedly, Pr-0 co-ordination 

numbers exhibit significant redistribution at 50 K. In addition, shift of spectral 
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Fig. 5.7: Raw Pr K-edge EXAFS of Sm0.2Pr0.3Sr0.5Mn03 at RT, 180 K and 50 K. 
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Fig. 5.8: Background subtracted Pr K-edge EXAFS of Smo.2Pro3Sro.5Mn03 at RT. 180 
K and 50 K. 

weight towards longer R-side indicates longer Pr-Mn bonds at 50 K. It reflects 

a gradual increase in Pr-Mn bond lengths from RT to 50 K. Fourier Transform 

at 180 K indicate the intermediate local structure. The EXAFS spectra in PMI, 

FMM and CE-type AFI CO state were fitted for Pnma symmetry. The final 

fitted parameters for Pr K-edge EXAFS are presented in Table 5.2 and fitting in 

k-space is shown in Fig. 5.10. At 50 K, the Pr-0 correlations had to be separated 

in six different groups having co-ordination number two each. Smaller Pr-0 bond 

lengths at RT are found to increase at 50 K whereas the larger Pr-0 bond lengths 

at RT decrease at 50 K. 

Raw and background subtracted Sm K-edge EXAFS in Sm 0.2 Pr03Sr0.5 Mn03  at 
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Fig. 5.9: Fourier Transforms of Pr K-edge EXAFS in Sm 0 . 2Pr03 Sr0 . 5 Mn03  at RT, 180 
K arid 50 K. 

Fig. 5.10: k - weighted backtransformed Pr K-edge EXAFS spectra (circles) in k-space 
along with fitted curves (line) in Sm 0.2Pr0 . 3Sr0 . 5 Mn0 3  at RT, 180 K and 50 K. 
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Fig. 5.11: Raw Sm K-edge EXAFS of Sm0.2Pr0.3Sr0.5Mn03 at RT and 50 K. 
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Fig. 5.12: Background subtracted Sm K-edge EXAFS of Sm0.2Pr0.3Sr0.5Mn03 in k-
space, at RT and 50 K. 
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Fig. 5.13: Fourier Transforms of Sm K-edge EXAFS in Sm 0 .2Pr0.3Sr0.5Mn03 at RT and 
50 K. 

Fig. 5.14: k - weighted backtransformed Sm K-edge EXAFS spectra (circles) in k-space 
along with fitted curves (line) in Sm 0.2 Pr0 . 3 Sr0 . 5 Mn03  at RT and 50 K. 

149 



RT and 50 K are presented in Fig. [5.11 and 5.121 respectively. Corresponding 

Fourier 'Transforms and their fitting in k-space are presented in Fig. [5.13 and 5.141 

respectively. Sm-O and Sm-Mn bond lengths are relatively smaller compared to 

the corresponding Pr-0 and Pr-Mn bond lengths [Table 5.31, due to the smaller 

ionic radius of Sm ion. However, the changes in Sm-O and Sin-Mn distances are 

similar to those of Pr-0 and Pr-Mn respectively. 

5.2.3 Sm0.5Sr0.5Mn03: Sm K-edge EXAFS 

Raw and background subtracted Sm K-edge EXAFS spectra in Sm o . 5 Sro . 5Mn03 

 at RT and 50 K are presented in Fig. [5.15 and 5.161 respectively. Corresponding 

Fourier Transforms are presented in Fig. 5.2.3. The Fourier Transforms show that 

Sm-O correlation at 2.4 A strengthens and spectral weight shifts towards longer 

R-side at 50 K. However, overall spectral features remain the same. Expectedly, 

the co-ordination number at RT and 50 K remain the same. Sm-O bond lengths 

in the PMI phase at RT were sseparated into four groups with co-ordination 

number three each, on the basis of closeness of their bond-lengths. In FMM 

phase at 50 K. EXAFS could be fitted using the same co-ordination numbers as 

those at RT. Sm-Mn distances at RT and 50 K remain nearly the same indicating 

the nearly constant volume of the unit cell at the two temperatures. Fourier 

backtransforms in k-space at RT and 50 K are presented in Fig. 5.18 and Sm- 
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Fig. 5.17: Fourier Transforms of Sm K-edge EXAFS in Sm 0. 5Sr0 . 5 MnO3  at RT and 50K 
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Fig. 5.18: k - weighted backtransformed Sin K-edge EXAFS spectra (circles) in k-space 
along with fitted curves (line) in Sm o .,,Sro . 5 Mn0 3  at RT and 50 K. 

0/Sm-Mn correlations are presented in Table 5.4. Slight bending of oxygen in 

Mn-O-Mn chain is responsible for changes observed in Sm-O bond lengths at RT 

and 50 K. 

5.3 Discussion 

5.3.1 Pro 5 Sro 5Mn03  

The local structure around Pr ion in Pr o .5 Sr0 , 5Mn03  in FMM and orbitally or-

dered A-type AFI states are shown in Fig. 5.19. These structures have been 

drawn from the bond lengths presented in Table 5.1 and the structural informa-

tion available on this material. It can be seen that the Mn0 6  octahedra rotate 
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Table 5.1: Structural parameters of Pr ion in Pr 0 . 5 Sr0.5Mn03. Figures in bracketts 
indicate uncertainity in the last digit. 

Bond 
Type 

Co-ordination 
Number 

Bond Length 
(Al 

a2 
(Al 2  

RT 
Pr-0/ 4 2.527(8) 0.007(1) 
Pr-Orr 4 2.701(8) 0.006(1) 
Pr-0/// 4 2.880(9) 0.006(1) 
Pr-Mn 8 3.339(2) 0.005(1) 
180K 
Pr-0/ 4 2.520(9) 0.005(1) 
Pr-Or/ 4 2.668(8) 0.005(1) 
Pr-Om 4 2.810(8) 0.005(1) 
Pr-Mn 8 3.327(2) 0.005(1) 
50K 

Pr-01 4 2.690(9) 0.002(1) 
Pr-02 4 2.810(8) 0.002(1) 
Pr-03  2 2.533(20) 0.003(1) 
Pr-04 2 2.869(9) 0.001(1) 
Pr-Mn 8 3.315(5) 0.002(1) 
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At RT 
	 At 50K 

Fig. 5.19: Local Structure around Pr ion at room temperature and at 50 K in 
Pro .5Sr0 . 5 Mn0 3 • 
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in the ab-plane and tilt away from the vertical along the c-axis when the sample 

undergoes FMM to AFI transition. The main difference between the 300 K and 

50 K structures is the distortion of Mn0 6  octahedra. They are almost regular 

in the I4/mcm structure with sligh elongation along one direction whereas one 

observes a much larger distortion at low temperatures. This distortion leads to 

two Pr-0 lengths at 2.533 A and 2.810 A instead of one at 2.701 A at room 

temperature in the plane of Pr atoms. Furthermore, due to rotation of Mn0 6 

 octahedra, the 2.880 A and 2.527 A Pr-0 bond lengths at room temperature 

change to 2.690 A, 2.869 A and 2.533 A at 50 K. This rotation and tilting of the 

Mn06  octahera result in increasing the Mn-O-Mn bond angle, along the y-axis 

to 180° thereby pushing the Mn and 0 ions away from each other. This leads to 

decrease of overlap and therefore antiferromagnetic ordering. The ordering of Mn 

dx2_y2 orbitals along the y-axis results in A-type ordering in Pr 0 . 6 Sr0.6 Mn03 [18]. 

5.3.2 Sm0.2Pr0.3Sr0.5Mn03 

The local structure around Pr/Sm ion in Sm 0 . 2Pr0 .3 Sr0 .6 Mn03  in FMM and CE 

type charge ordered AFI states is shown in Fig. 5.20. Local structure investi-

gations on this material are modelled on orthorhombic structure in space group 

Pnma. Fourier Transforms of Pr K-edge EXAFS of the sample [Fig. 5.9] show 

that there is a gradual transformation of the structure from PMI to FMM and 
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then to the CE-type charge ordered AFI state of the sample. The smaller Pr/Srn-

O r  and Pr/Sm-Orr bond lengths decrease slightly in FMM state of the sample 

whereas larger .Pr/Srn-0 bond lengths remain nearly the same. Pr/Sm-Mn bond 

lengths increase slightly from their values at RT. There is a gradual transforma-

tion of the structure from PMI to FMM and then to the CE-type AFI state of 

the sample. 

The differences in Pr/Sm-O bond lengths at RT and-50 K [Tables 5.2 and 5.3 

can be understood in terms of rotation and tilting of Mn-0 octahedra, in addi-

tion to the shifting of the A-site cations. Changes in the distribution of Pr/Sm-O 

bond lengths not belonging to ac-plane can be explained in terms of rotation of 

Mn0 6  octahedra about b-axis. In charge-ordered state, the neighboring MnOs 

octahedra rotate about b-axis in opposite directions. This cooperative rotation 

effect affects mainly the Pr/Sm-O distances not belonging to the ac-plane. Ro-

tation of octahedra shortens two of the three Pr/Sm-Ow and two of the four 

Pr/Sm-O rrr  RT bonds to respectively Pr/Sm-0 4  and Pr/Sm-0 1  at 50 K and 

increases Pr/Sm-Or and Pr/Sm-Or r  bond lengths to Pr/Sm-0 3  and Pr/Sm-06 

respectively. 

Changes in Pr/Sm-O distances along a-axis can be understood in terms of tilting 

of Mn0 6  octahedra. At room temperature, oxygen ions in Mn-O-Mn chain along 

b-axis are off-axis resulting in Mn-O-Mn bond angle of 174°. This Mn-O-Mn angle 
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decreases in CO state due to tilting of the octahedra and results in shortening of 

one of the Pr/Sm-Ot t , bonds and increasing the other Pr/Sm-Orri bond, both 

lying along a-axis. These Pr/Sin-O fit  bond lengths change_by about 0.09 A to 

Pr/Sm-0 2  and Pr/Sm-0 5  at 50 K [Fig. 5.20]. These changes in Pr-0 bond 

lengths decrease Mn-O-Mn angle and reduce the double exchange transport. 

Furthermore, Pr/Sm-O iv  and Pr/Sm-Orr bond lengths along c-axis change sub-

stantially by about 0.25 A. Pr/Sm-0 1r  distance increases to Pr/Sm-0 5  whereas 

that of Pr/Sm-Ory decreases to Pr/Sm-0 2  at 50 K. Such a large change can 

not be attributed to the displacement of oxygen ion alone and shifting of Mn 

and/or rare-earth ions along c-axis also needs to be considered. The shift of the 

cation/s along c-axis towards Pr/Sm-O iv  is the cause for the changes in Pr/Sm-

0 distances along this direction. If isotropic Mn-O-Mn bond angle distribution 

is assumed in the charge ordered state and Mn-O-Mn angles at RT being nearly 

the same, changes in Pr/Sm-O distances along a and c axis (0.09 A) are also 

expected to be nearly the same. Hence, the cation shift would be nearly 0.16 A. 

Such a shift of Pr/Sm ion produces almost equal change in the Pr/Sm-O bonds 

along c-axis. This is in addition to the shift produced by tilting of the octahe-

dra. Hence the shift of the cation/s along c-axis is the cause for the anomaly 

in Pr/Sm-O distances along this direction. Shifting of cations at 50 K is also 

supported by results of Pr/Sm-Mn distances at RT and 50 K. 
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Table 5.2: Structural parameters ofr Pr ion in Sm0.2Pro.3Sr0oMn03. Figures in brack-
etts indicate uncertainity in the last digit. 

Bond 
Type 

Co-ordination 
Number 

Bond Length 
(Al 

-26, 
(Al 2  

RT 
Pr-01 2 2.483(9) 0.006(1) 
Pr-O H  3 2.522(8) 0.007(1) 
Pr-OTH 4 2.670(5) 0.0050(7) 
Pr-Onz i 3 2.824(7) 0.005 (7) 
Pr-Mn i  2 3.217(4) 0.0018(3) 
Pr-Mn ii  6 3.333(2) 0.0034(2) 

180K 
Pr-0 1  2 2.462(7) 0.0033(9) 
Pr-O ji  3 2.518(5) 0.0043(8) 
Pr-Oiii 4 2.665(3) 0.0023(4) 
Pr-Oiv 3 2.824(5) 0.0020(6) 
Pr-Mni  2 3.246(2) 0.0014(2) 
Pr-Mn ii  6 3.356(1) 0.0014(1) 

50K 
Pr-0 1  2 2.437(5) 0.0005(5) 
Pr-02 2 2.574(5) 0.0005(5) 
Pr-03 2 2.638(5) 0.0002(2) 
Pr-04 2 2.499(7) 0.0030(9) 
Pr-05 2 2.765(7) 0.0023(9) 
Pr-06  2 2.825(9) 0.004 (1) 

Pr-Mn 1  4 3.282(7) 0.0009(1) 
Pr-Mn 2  4 3.385(1) 0.0004(1) 
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Table 5.3: Structural parameters of Sm ion in Sm0.2Pr0.3Sr0.5Mn03. Figures in brack-
etts indicate undertainity the last digit. 

Bond 
Type 

Co-ordination 
Number 

Bond Length 
(A°) 

o-2 
(A0 ) 2  

RT 
Sm-0/ 2 2.477(4) 0.0070(6) 
Sm-Ojj 3 2.477(4) 0.0069(6) 
Sm-01 1 1 4 2.635(4) 0.0046(6) 
Sm-Ow 3 2.794(5) 0.0026(7) 
Sm-Mn/ 2 3.233((6) 0.0048(6) 
Sm-Mnjj 6 3.332(3) 0.0071(3) 

50K 
Sm-0/ 2 2.359(5) 0.0002(5) 
Sm-O»  2 2.501(3) 0.0013(4) 
Sm-Om 2 2.501(3) 0.0013(4) 

Sm-Ory 2 2.424(12) 0.0060(20) 
Sm-Ov 2 2.646(11) 0.0041(20) 
Sm-Ovj 2 2.685(13) 0.0060(20) 
Sm-Mni 4 3.256(4) 0.0006(5) 
Sm-Mn2  4 3.354(3) 0.0003(3) 
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Fitting of EXAFS for Pr/Sm-Mn correlations was possible by changing the co-

ordination numbers from ( 2 and 6) at RT to ( 4 and 4) at 50 K. In contrast to 

overall decrease observed in Pr/Sm-O distances, Pr/Sm-Mn distances obtained 

through fitting the Pr/Sm K-edge EXAFS indicate that all except two of eight 

Pr/Sm-Mn distances at RT increase at 50 K. Such a change can be explained by 

considering the shift of the rare-earth and/or Mn ions. Shifting of the rare-earth 

ion towards Pr/Sm-O iv ions along c-axis decreases two Pr/Sm-Mn correlations 

and increases the remaining six. Such a shift of cations has been reported in 

CE-type charge-ordered compounds [24, 25]. The shift in this case is along c-axis 

and is about 0.16 A. 

Effect of Jahn-Teller(JT) distortions is also observed in this sample and can be 

understood in terms of the Mn-0 bond-lengths in Mn 3+06  and Mn4+06  octahe-

dra. JT distortion gives rise to unequal distribution of Mn-O bond distribution 

in Mn3+06  octahedra. Such an unequal distribution of Mn-0 bond lengths is 

produded in this sample by cooperative rotation of the neighboring Mn0 6  oc-

tahedra around b-axis. The rotation in a-c plane, moves oxygen ion closer to a 

Mn site, simultaneously increasing its distance from Mn ion in the neighboring 

octahedra in ac plane. Such type of unequal bond distribution in neighboring 

Mn06  octahedra is known in CE type charge-ordered materials [24, 25]. 

Recently, overlap between 0(2p,) and 4f orbitals of rare-earth cations is being 
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Fig. 5.20: Local Structure around Pr/Sm ion at room temperature and at 50 K i 

Sm0.2Pro.3Sro.5Mn03. 
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considered as one of probable causes for inducing charge-ordered state [8. 12] 

in these materials. In the present case, shifting of RE and/or Mn cations in 

Sm0 , 2Pr0 . 3 Sr0 .6 Mn03  increases the overlap between 4f orbitals of rare-earth cation 

and O(2pa) orbitals in Pr/Sm-O i  and Pr/Sm-0 2  bonds. Such an overlap reduces 

itinerant electron density in the e g  band Furthermore, tilting and rotation of 

the Mn0 6  octahedra reduce the Mn-O-Mn angle, thereby decreasing the FM 

DE transfer in Mn-O-Mn chains. As a combined result, with 3c1( x2_ 1,2) orbital 

depleted of electron density and the FM exchange between Mr0+-0-Mn 4 + Zener 

pairs is drastically reduced. Moreover, Mn-O distance on one side of 0-Mn-0 

chain is more than that on the other side and it strengthens AF sup erexchange 

between the t 2g  electrons. Hence, shifting of RE ion and rotation and tilting of 

Mn06  octahedra drive the material into CE type AFI state at low temperatures. 

5.3.3 Smo  5Sro  5Mn0 3  

Twelve Sm-O bond lengths in the room temperature PMI phase were separated 

into four groups with co-ordination number three each, on the basis of their nearly 

same bond-lengths. In FMM phase at 50 K, EXAFS could be fitted using the 

same co-ordination numbers [Fig. 5.18]. Sm-Mn distances at RT and 50 K remait 

nearly the same indicating the near-constant volume of the unit cell at the twc 

temperatures. It is clear from Table 5.4 that slight bending of oxygen in Mn-O- 
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Table 5.4: Structural parameters of S in  ion  in Sm0.,Sr0.5Mn03. Figures in bracketts 
indicate 

Bond 
Type 

Co-ordination 
Number .... 	_ 

Bond Length 
(A°) 

a2 
(Al2  

RT 
Sm-0 1  3 2.397(5) 0.0059(5) 
Sm-02 3 2.533(3) 0.0047(4) 
Sm-03 3 2.697(8) 0.0083(16) 
Sm-0 4  3 3.133(12) 0.0099(20) 

Sm-Mn i  2 3.168(8) 0.0065(5) 
Sm-Mn2  6 3.291(3) 0.0091(3) 

50K 
Sm-0 1  3 2.414(4) 0.0032(5) 
Sm-02 3 2.550(5) 0.0040(7) 
Sm-03 3 2.682(8) 0.0069(10) 
Sm-04 3 3.123(12) 0.0083(20) 

Sm-Mn i  2 3.170(4) 0.0032(5) 
Sm-Mn2  6 3.296(3) 0.0071(3) 

Mn chain between Sm-0 3  and Sm-0 4  bonds is responsible for changes observed 

in Sm-O distances at RT and 50 K. Sm-0 3  and Sm-0 4  distances decrease while 

Sm-0 1  and Sm-02 distances increase due to such type of bending of oxygen ion 

[Fig. 5.21. The increased Mn-O-Mn angle and reduced thermal disorder (smaller 

DWF) are responsible for the FMM phase observed at low temperatures. Greater 

Mn-O-Mn bond angle allows greater overlap of Mn(3d) and O(2p) orbitals and 

strengthens ferromagnetic coupling between double-exchange pairs. 
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Fig. 5.21: Oxygen displacement in Sm 0 . 5Sr0.5Mn03 at 50 K. 
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5.4 Conclusion 

We have been able to investigate the local structure of Mn0 6  octahedra in 

Sm 0 . 5 _x Pr,Sro.5Mn03 (x = 0.0, 0.3, 0.5) samples with the help of Pr and Sm 

K-edge EXAFS. During PMI to FMM transition of these compounds, local struc-

ture does not very appreciably. Reduced thermal disorder appears to be mainly 

responsible for strenghthening of FM interactions. Transition to low temperature 

ground states is strongly associated with local structural environment of A-site 

cation as compared to PMI to FMM transition. CO state in Sin0 . 2Pr0 . 3 Sr0 . 5 Mn03 

 arises from the combined effect of rotation and tilting of Mn0 6  octahedra and 

shifting of the RE cations. Rotation and tilting of Mn0 6  octahedra leads to re-

duced Mn-O-Mn angle and shifting of RE cations increases the overlap between 

02p, and 4f orbitals of A-site cations thereby decreases carrier charge density 

in the e9  level. This effect reduces ferromagnetic exchange between Zener pairs 

and strengthens antiferromagnetic superexchange interactions. Trapping of e 9 

 electrons which can be viewed as the JT polaronic effect leads to the charge or-

dering state. In case of Pr0. 5Sr0 .5Mn03 , although Mn0 6  octahedra rotate and 

tilt. the shifting of A-site cation is riot observed and orbital ordering is exhibited 

by the material in stead of charge-ordering. In this material, Mn-O-Mn bond 

angle along the b-axis becomes equal to 180° and strengthens the superexchange 
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interaction leading to AF order. In Srn. 05Sroz Mn03 , the PMI to FMM transition 

is associated with slight straightening of Mn-O-Mn chain which increases Mn 3d 

- 0 2p overlap and ferromagnetic double-exchange. 
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Chapter 6 

Summary and Conclusions 

6.1 Introduction 

The discovery of colossal magnetoresistance in RMnO 3  type manganese per-

voskite materials, where R represents rare-earth ion, has evoked enormous interest 

in these compounds for their potential applications and for the physics involved 

in the intricate relationship between their structural, transport and magnetic 

properties. Physical properties of CMR materials primarily depend upon the 

parent material, amount of doping at R and Mn sites, doping element(s) and 

synthesis technique used to prepare the material. PMI to FMM transition in 

these materials is generally explained on the basis DE model proposed by Zener 

and .1T polaronic transport proposed by Millis. However, the study of the CMR 

materials is found to be much more complex. For example, in many CMR materi-

als ferromagnetic state arises not from DE interactions, but from superexchange 

171 



interactions. Still. there is no agreement on common theoretical model which 

can explain all properties of these materials. Extensive research work on these 

materials in the last 10 years has opened even more frontiers for research in this 

field like charge ordering, charged stripes, magnetic phase separation and site-

disorder. In the present work, we have made an attempt to contribute to the 

understanding of the properties of the CMR materials. We have undertaken the 

detailed experimental investigations of the following two systems. 

— Series I: site - disordered La0 . 67Sr 0 . 33 Mn i _xTix0 3  (0 < x < 0.20) system 

which exibits enhanced T c  in x = 0.10 and x = 0.20 samples. 

— Series II: Sm o  5,PrsSr0.5Mn03 system with x = 0.0, 0.3 and 0.5 in which 

low temperature ground states are FMM for x = 0.0, CE-type AFI and 

charge-ordered for x = 0.3 and orbitally ordered AFI for x = 0.5. 

We have probed the role of Ti ions in introducing site-disorder, nature of the 

site-disorder and its effect on structural, transport and magnetic properties 

of the compounds in series I and studied the effect of local structural changes 

of Mn0 6  octahedra on low-temperature ground states of the compounds in 

series II. 
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6.2 Site-disordered Lao 67Sro 
 System. 

It is well known that Ti doping at Mn site in Ri_ xA,,Mn0:3 compounds, 

where R is a rare-earth ion and A is an alkaline earth ion, suppresses the 

DE interaction within NIn 4+-0-Mn 3+ pairs which leads to decreasing Tc  for 

increasing doping content. It has been shown that in Ti doped manganites 

Ti is in tetravalent state and occupies Mn4+ sites alone due to their isova-

lency. However, the synthesis technique plays important part in deciding 

the properties of these materials and it is possible to synthesize Ti doped 

compounds wherein Ti ions can also occupy Mn 3+ sites in the material. 

On the basis of size considerations, there is a distinct possibility of such a 

substitution, ionic radius of Ti 4+ ion being much closer to the ionic radius of 

Mn3+ ion compared to that of Mn 4+ ion. The effect of such site-disorder will 

manifest in structural, transport and magnetic properties of the compounds. 

We have synthesised such site disordered(SD) materials by using low an-

nealing temperature in the solid state reaction method. The samples were 

characterised by X-ray diffraction, iodometric titrations, four-probe resis-

tivity, MR and a.c as well as d.c. susceptibility measurements. They were 

further probed by IR, XPS, EXAFS spectroscopic measurements. A site-

ordered sample with x = 0.10 was prepared again with higher annealing 
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temperature to understand the effect of site-disorder in SD materials. It 

was characterised by X-ray diffraction, four-probe resistivity and d.c sus-

ceptibility measurements. 

Results of resistivity and a.c.susceptibility measurements show that sam-

ples with 0.00 < x < 0.05 exhibit PMI to FMM transition with gradually 

decreasing Tc . However, for x = 0.10 and 0.20, there is no MI transition 

and Tc increases to R.T. The samples are ferromagnetic and insulating be-

low R.T., over the entire temperature range investigated. To understand 

these effects, Mn 3+ and Mn 4 ± contents in the samples were determined us-

ing iodometric titrations and XPS measurements. Mn 3+ content is found 

to be decreasing with the doping content and Mn'̀ -  content is greater than 

that expected for TO+ ions occupying Mn''- sites alone. IR spectroscopic 

investigations reveal that Ti is in tetravalent state in these materials. These 

two facts led us to believe that a fraction of TO+ ions occupy Mn 3+ sites 

as well. Charge imbalance caused by such a substitution produces cation 

vacancies in the material to attain the charge balance. Iodometric titrations 

reveal the presence of cation vacancies, increasing with the Ti doping con-

tent. Absence of chemical shift in XPS and XANES spectra and constant 

lattice pararneteres obtained from XRD measurements also support the ar-

gument that a fraction of Ti+ ions occupy Mn 3 + sites. Effect of such a 
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substitution is also evident through shifting of 	stretching frequency 

in IR spectra. Local structures of La and Mil ions, obtained from La and 

Mn K-edge EXAFS, give nearly constant La-Mn and Mn-Mil bond lengths. 

This fact can be explained by considering that a part of Ti' ions occupy 

NIn 3+ sites, in addition to the regularly reported Mn sites. If Ti'+ ions 

occupy only IVIn4+ sites, the La-Mn and Mn-Mil bond correlations are ex-

pected to increase gradually with doping. Hence. this possibility is ruled 

out in these materials. 

Moreover, a.c. susceptibility measurements show that x = 0.10 sample 

exhibits two ferromagnetic transitions at RT and at about 130 K and MR 

of the sample is seen to increase substantially between 200 K and 85 K. As 

MR is expected to be greater at Tc  in CMR materials, Tc  for this sample 

can be considered to be 130 K. In that case, Tc at RT must be arising from 

the site disorder induced by TO+ ions occupying Mn 3+ sites. Concentration 

of DE pairs is reasonably higher in case of such a substitution and the DE 

pairs are isolated from each other due to the dopant Ti ions and cation 

vacancies. Hence, high T c  in this sample can be understood in terms of 

charge transport by variable range hopping polarons that is found to be 

dominant in higher doped samples. VRH polarons connect such isolated 

DE pairs and gives rise to weak ferromagnetism and high T c  in this sample. 
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To conclude. we summarise our work on this series in the following para-

graph. 

We have been able to synthesize site-disordered La 0 . 67 Sr0 . 33 Mn i _xTix03  (0 < 

x < 0.20) samples, identify the nature of the site-disorder and relate its effect 

to structural ;  transport and magnetic properties of the compounds. It has 

been shown for the first time that Ti 4 + ions can occupy both Mn 4+ as well 

as Mn34-  sites, in CMR materials. The enhanced T c  in x > 0.10 samples is 

due to the \TRH polarons which connect isolated DE pairs. 

6.3 Smo 5_xPr,Sro 5Mn0 3  System. 

Compounds of the composition Smoz_ xPrx Sr0 . 5Mn0 3  exhibit significantly 

different low temperature ground states with x and provides an oppor-

tunity to understand the causes for attaining such varied ground states. 

In this series, the end member Sm 0 . 5 Sr0.5 Mn0 3  exhibits paramagnetic in-

sulating(PMI) phase at room temperature(RT) and ferromagnetic metal-

lic(FMM) phase below 95 K. Other end member Pr 0 .5Sr0z Mn03 exhibits 

PMI phase at room temperature, FIVIM phase below 255 K and orbitally 

ordered antiferromagnetic-insulating(AFI) phase below 140 K. However, at 
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intermediate doping level of x = 0.3, Pr0 . 3 Sm0.2 Sr0.5 Mn03  exhibits CE type 

charge ordered state below 155 K starting PMI phase at RT to FMM phase 

below 215 N down to 135 K. Presence of CO state, for the intermediate dop-

ing. evokes interest in understanding the role of rare-earth ions in inducing 

CO ground state. 

We have investigated the local structural changes around A-site cation (Pr 

and Sm) in FMM, PI and CE-type charge-ordered AFI phases of the com-

pound Sm0 . 2  Pr0 . 3 Sr0 . 5 Mn0 3 , PMI and FMM phases of Sm0.5 S1-0.5 Mn0 3  and 

PMI, FMM and A-type orbitally ordered AFI states of Pro. 5 Sr0. 5 Mn03 using 

Pr and Sm K-edge EXAFS. 

6.3.1 Pr0. 5 Sr0 . 5Mn0 3  

EXAFS spectra at the Pr K-edge of the sample were recorded at room 

temperature, 180 K and 50 K so as to study the local structural changes 

in each of the three phases. The EXAFS spectra at RT and 180 K were 

fitted in k-space, using one Pr-Mn and three Pr-0 correlations obtained 

from FEFF6.01 for I4/mcm symmetry. Data for 50 K was fitted for Fmmm 

symmetry with four Pr-0 correlations two of which are four coordinated 

and two are two coordinated. It is shown that the Mn0 6  octahedra rotate 

in the ab-plane and tilt away from the vertical along the c-axis when the 
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sample undergoes FMM to AFI transition. This rotation and tilting of the 

Mn06  octahera result in ordering of Mn dx2-y2 orbitals along the x-axis that 

is responsible for A-type orbital ordering in Pr 0 . 6 Sr0 . 5 Mn03 . 

6.3.2 Sm0.2Pr0.3Sr0.5Mn03 

EXAFS spectra at the Pr K-edge of the sample were recorded at room tem-

perature, 180 K and 50 K so as to study the local structural changes in each 

of the three phases. Sm K-edge EXAFS were recorded at room temperature 

and 50 K. The EXAFS spectra at RT and 180 K were fitted in k-space, using 

four Pr-0 and two Pr-Mn correlations obtained from FEFF6.01 for Pnma 

symmetry. Data for 50 K was also fitted for Pnma symmetry with six Pr-0 

correlations with co-ordination number two each. In charge-ordered state, 

the neighboring Mn0 6  octahedra rotate about b-axis in opposite directions 

from their R.T. positions. Changes in Pr-0 distances along a-axis can be 

understood in terms of tilting of Mn0 6  octahedra. At room temperature, 

oxygen ions in Mn-O-Mn chain along b-axis are slightly off-axis resulting in 

Mn-O-Mn bond angle of 174°. In CO state, this Mn-O-Mn angle decreases 

further due to tilting of the octahedra away from b-axis. Decreasing Mn-O- 

Mn angle is expected to weaken the double exchange interaction. Shifting 

of Mn and/or rare-earth ions along c-axis also contributes to the changes 
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Pr-0 bonds along c-axis. The combined effect, of rotation and tilting of 

Mn06  octahedra and the shifting of cations, localises the itinerant e 9  elec-

tron and manifests in the charge ordered state. Tilting and rotation of the 

Mn06  octahedra reduce the Mn-O-Mn angle, thereby decreasing the FM DE 

transfer within Mn-O-Mn chains and shifting of the RE cations reduces the 

carrier charge density in Mn- .O-Mn chains. Antiferromagnetic phase arises 

due to the strengthening of the AF superexchange interactions between the 

t29  electrons, in the background of the reduced FM interactions. Results of 

Sm K-edge EXAFS closely match with those of Pr K-edge EXAFS studies. 

6.3.3 Sm0 .5 Sr0.5Mn03  

EXAFS spectra at the Sm Kedge of the sample were recorded at room 

temperature and 50 K so as to study the local structural changes in PMI 

and FMM phases. The EXAFS spectra at R.T.and 50 K were fitted in 

back transformed k-space for Pnma symmetry, using four Sm-O correlations 

with co-ordination number three each and two Sm-Mn correlations with co-

ordination numbers two and six respecively. 

It is found that slight bending of oxygen in Mn-O-Mn chain is responsible 

for changes observed in Sm-O correlations at 50 K. The increased Mn-O- 

Mn angle and reduced spin-disorder at lower temperatures is responsible for 
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strenghtliening of 12 M interactions observed at low temperatures. Straight-

ening of Mn-O-Mn bond angle allows greater overlap of Mn(3d) and O(2p) 

orbitals and strengthens ferromagnetic coupling between double-exchange 

pairs. 

6.4 Suggestions for Further Work 

Research in CMR materials in the beginning of the last decade was focussed 

on studying different materials with wide veriety of A and B site doping, 

for their structural. transport and magnetic properties. Zener's double ex-

change theory and JT static and dynamic polaron models proposed by Millis 

could explain basic physics of CMR properties. However, extensive research 

in the last 10 years has shown that physics of CMR, properties is much 

more complex. Discoveries like charge/orbital order, magnetic phase sep-

aration and site disorders of various types in these materials, have added 

more degees of freedom to the studies on CMR materials. With poten-

tial applications of CMR materials in magnetic sensors, magnetic storage 

devices, solid state fuel cells and other smart devices like MEMS. there is 

a need to identify new materials which exhibit suitable T c , high MR and 

have other allied properties that are necessary for using these materials in 

commercial applications. This requires in-depth knowledge of the various 
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synthesis techniques that can be used to prepare these samples. It is com-

monly observed that a material prepared by different synthesis procedures 

have dissimilar structural, transport and magnetic:. properties. 'Effect of oxy-

gen partial pressure, annealing temperature and grinding have been studied 

for some CMR materials. However, although it is known that properties 

of CMR materials are decided by the synthesis procedure used, there is no 

enough research work on disorder that is induced in the material by the 

synthesis procedure used. For example, a few reports have shown that A 

cation occupies B-site and vice versa in some CMR materials. Moreover, 

there are diverging views on percentage of cation vacancies on A and B sites 

in cation deficient samples. Some studies on cation deficient LaNIn0 3  sam-

ples report that cation vacancies are predominantly on A-site whereas some 

other studies suggest that vacancies are equally distributed on both A and 

B sites. As catior 'eficient LaMnO 3  samples are used as electrodes in solid 

state fuel cells, there is a large scope for research on site-disorder in such 

materials. It has become essential to look for the microscopic properties of 

the materials to understand their macroscopic properties. 

In the present work, we have shown that TO+ ion can occupy Mn 3+ as 

well as Mn' sites in La.0.67Sr0.33Mn1_xTiz03 by controlling the annealing 

temperature. This adds another degree of freedom to the study on CMR 

181 



materials wherein it was reported earlier that 	ion can occupy Mil' 14-  

sites alone. It will be a good endeavour to identify and investigate other 

systems wherein such type of substitution takes place. 
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Appendix B . 

Additional Information on 
Structural, Magnetic 
Properties and Error Estimates 

B.1 A Comparative Study 

Towards the end of our experimental work or after the submission of this the-

sis, a few research papers on the materials of the series La0 .67Sr0.33 MTh _,Tix03 

 have been published [1, 2, 3]. Although, none of the reported papers deals 

with EXAFS study of the site disordered La.0 .67Sr0,33Mn i _,Tis03  materials, 

it would be worthwhile to compare the structural and magnetic properties 

of our samples with those reported in these published papers. 

B.1.1 Structural Properties 

Rietveld refinement of X-ray diffraction data of our La 0.67 Sr0 . 33 Mn 1 _iTiO3 

(0.00 < x < 0.20) site disordered samples was performed using Fullprof re- 
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finement program [4, 5]. The lattice parameters obtained from the R.ietveld 

refinement are shown in Table B.1 alongwith the lattice parameters reported 

in [1, 2, 3], for comparison. The fits to the data are presented in Fig. B.1. 

Table B.1: 	Doping content (x) and lattice parameters 'a' and 'c' for 
La0.67Sr0.33Mn1-2Ti203. 

x 	I a(A) 	c(A) a(A) 	c(A) a(A) 	c(A) a(A) 
our results Kim et al Kallel et al 	1 Zhu et al 

Bulk Bulk Bulk 	1 thin film 
_ pseudocubic 

oxygen rich 
0.00 II 5.4867(4) 	13.3458(2) 5.5038(2) 	13.3553(5) 1 5.5023(3) 	13.3569(7) 3.872 	1 
0.03 1.■ 5.4992(2) 	13.3645(8) 5.5107(1) 	13.3635(4) - - 	I 
0.05 II 5.4896(2) 	13.3437(8) 5.5157(2) 	13.3699(5) - 3.879 
0.10 II  ll 	5.4918(4) 	13.339(2) 5.5225(2) 	13.3845(5) 5.5255(7) 	13.3899(2) 1 3.880 
0.20 II 	5.5099(3) 	13.375(1) 5.5310(1) 	13.4124(6) 5.5374(1) 	13.4200(2) 1 - 	1 

It is clearly evident from Table B.1, that in all the studies, lattice parameters 

of the Ti-doped samples have been observed to increase with the doping 

content, for 0.00 < x < 0.20. It is also evident from the table that changes 

in the lattice parameters with doping content x are considerably smaller in 

our samples compared to those reported by Kim et al [1] and Kallel et al 

[2], for the polycrystalline samples. 

In case of Zhu et al [3], changes in the lattice parameter a [ Refer Table 

B.1] with doping content x are very small (changes are in second and third 

digits after the decimal point) compared to those observed in our samples. 

186 



2000 

1000 

0 

2000 

x = 0.03 

x = 0.10 

1000 

0 

x = 0.20 
2000 

1000 

0 

20 	30 	40 	50 
20 

Fig. B.1: 	X-ray diffraction patterns (shown with circles) for site-disordered 
La.0 .6 7Sr0 . 33 Mn i _ 1Tix03+ ,5  (0 < x < 0.20) and their Rietveld fits (shown with line). 
Vertical lines in the bottom panel indicate the indexed positions. 
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samples increase with the doping content due to the Ti l + dopant ions occu-

pying only Mr& sites. However, the lattice parameters of the same sample 

(termed as site disordered) prepared by modifying the synthesis procedure 

are found to be considerably smaller. 

It is to be rioted that all site disordered samples (0.00 < :r < 0.20) and site 

ordered sample (x = 0.10) were ground manually using agate mortar arid 

pestle. The site disordered samples were ground for about one and a half 

hour each, before decarbonisation, calcination and sintering of the samples, 

whereas the site ordered samples were ground for about 3 hours in each case. 

The heat treatment given to the site ordered sample (x = 0.10) was also 

different compared to that of the site disordered samples. The site ordered 

sample was heated to relatively higher temperatures of 1000°C, 1200°C and 

1450°C,' during decarbonisation, calcination and sintering processes. For the 

site disordered samples the temperatures were 1000°C, 1100°C and 1200°C 

respectively. Lattice parameters of the site disordered samples prepared by 

using lesser grinding and lower temperatures do not increase significantly 

with the doping content like that observed in [1, 21. The marginal increase 

observed in the lattice parameters could be attributed to TO+ ions occupying 

larger M n 3 + sites along with smaller Mn l + sites.It is for this reason we have 

termed our samples as site disordered samples. 
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B.1.2 Magnetic Measurements 

The saturation magnetization values of our site disordered samples are sig-

nificantly smaller as compared to those reported by Kira et al and Kallel 

et al [2.. This anomaly can be understood in terms of the structural disorder 

in our site disordered samples. The correlation between structural and mag-

netic disorder in La( i _ z )Sr,,Mn0 3  has been reported earlier by A.Mellergard 

et al [6]. Since, our site disordered samples are expected to have greater 

structural disorder, our samples show smaller magnetization values coin-

pared to those reported by Kim et al and Kallel et al [1, 2]. It is to be noted 

that in case of our site ordered sample (x = 0.10), the saturation magnetiza-

tion is comparable with those reported for the same composition by Kim et 

al and Kallel et al [1, 2]. This fact supports the argument that site disorder 

in our samples plays an important role in the magnetic properties. 

Furthermore, it can be seen from Table 3.1 on page 81 that the experimental 

values of ac susceptiblity of our samples are smaller than the calculated 

values shown the table. This difference is primarily due to the fact that 

for calculation of spin-only susceptibility value Ti' 1-4-  ions were assumed to 

occupy Mn't + sites alone. However, in our site disordered samples Ti'+ ions 

occupy Mn3 + as well as Mn i + sites. It is to be noted that depletion of Mn 3+ 

content due to Ti doping reduces the susceptibility more than that due to 
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depletion of equal amount of Mn 4 + ions. Therefore, magnetization of our 

samples is expected to be smaller than the calculated values. 

In case of x = 0.03 sample, there is an anomalous and abrupt decrease of 

saturation magnetization, although its ferromagnetic transition temperature 

is greater compared to that of a; = 0.05 sample. Such anomalies have been 

observed earlier [7, 8, 9, 10]. .1. Blasco et al [7] have attributed it to the 

magnetic inhomogeneity in the samples. In our case too, the anomaly may 

perhaps be due to the the non-uniform distribution of magnetic Mn+3/+l 

ions in the sample. It is also possible that the Mii 3+ content in c = 0.03 

sample is smaller than that in x = 0.05 sample. Such a possibility does exist 

and can be seen in the error estimates for the two samples in Table 4.1 on 

page 117. The fact that all the site disordered samples have considerably 

higher Tc  compared to those reported in [1, 2, 3] for the samples of the 

same composition can be understood from the nearly constant Mn 3+:Mn4 + 

ratio [Refer Table 4.1 on page 117] and nearly constant Mn-O bond lengths 

[Refer Table 4.3 on page 123]. Furthermore, the bond angles which play an 

important role in exchange interactions are also found to be nearly constant 

in these samples. The Mn-O-Mn bond angles calculated from Nin-1( edge 

EXAFS are 166.03°, 166.31°, 165.75° and 166.06° for x = 0.03. 0.05. 0.10 

and 0.20 samples, respectively. 
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It may be noted that Mn-0 and Mn-Mn bond lengths have lesser signifi-

cant digits compared to Pr/Sm-0 and Pr/Sm-Mn bond lengths [Refer Ta-

bles 5.1-5.4 on pages 154, 159, 160, 164 respectively]. Such a difference 

can arise due to the spread of the respective bond lengths. In Ti doped 

Lao  _x)Srz Mn03  site disordered series, structural disorder is expected to be 

higher owing to TO+ ions occupying both Mn4+ and Mn3+ sites compared 

to that in Sm 0 .5 _,x Prz Sr0 . 5 Mn03  samples. Therefore, the spread of a bond 

length, like Mn-O or Mn-Mn, is expected to be greater in site disordered 

Laa_ z)Srz Mn i _ x Tix 03  samples compared to that of Pr/Sm-0 and Pr/Sm-

Mn bond lengths. It may be noted that La-0 and La-Mn bond lengths in 

the site disordered samples also have smaller number of significant digits 

compared to Pr/Srn-O and Pr/Sul-Mu bond lengths although the k-range 

over which the data are fitted (3-16 A) are the same. 

Some of the points regarding magnetic transition temperatures mentioned 

in the thesis need further clarifications. The first one is about the paramag-

netic to ferromagnetic transition temperature(T c ). (Tc ) mentioned in the 

thesis is the temperature at which susceptibility versus temperature plot has 

maximum negative slope. The second one is about the ferromagnetic to an-

tiferromagnetic transition ternperature(T N ). We have taken T N  as the tem-

perature at which the susceptibility begins to drop due to the ferromagnetic- 
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antiferromagnetic transition. However, for La0 , 67 Sro.33 Mn0 . 90Ti0 . 10 03  sam-

ple, a.c.susceptibility data is available upto 305 K [Fig.3.3 on page 83) at 

which onset of ferromagnetic to paramagnetic transition is clearly seen. This 

temperature is mentioned as Tc  in Table 3.1 on page 81 in this thesis, al-

though actual Tc may be slightly higher. In case of Sm 0 .2Pro . 3Sr0 . 5 Mn03 , a 

shoulder is seen at the paramagnetic to ferromagnetic transition. Our liter-

ature survey to find the a.c.susceptibility-ternperature plot fa-this sample 

have turned futile and hence it is not possible to comment on whether the 

shoulder is the property of the material itself or it is due to the presence of 

some mixed phase which could not be detected in XRD of the sample. 

B.2 Measurement of Mn3-  and Mn4+ con-
tents 

Mn3+ and Mn 4+ contents in the samples were found from iodometric titra-

tion technique as well as XPS data analysis. 

Iodometric measurements were carried out as per that reported in [11]. The 

mass measurements were carried out on a rnonopan weighing machine hav-

ing a least count of 0.00001 g and volume measurements were carried out 

using burette and pipette of least count 0.1 nil. Therefore, errors in mass 

measurements are about three orders smaller than those in the volume mea- 
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surements. Iodometric Measurements for each sample were repeated and 

observational errors in the result were found using the standard formulae. 

Later, the error due to least count of measuring apparatus were calculated 

and then added to the observational error. The estimated errors in Mn 3+ 

and Mn4 + are shown in parenthesis to the side of the percentage contents, 

in Table 4.1 on page 117. 

While fitting the `CPS data with Peakfit curve fitting software programme, 

gaussian profiles were selected for fitting. 21) 1 /2  and 2p3/2  spectra for Mn 3+ 

and Mn4 + were fitted within confidence limits of 90 percent. Errors in the 

amplitude of the gaussians representing 2p 1/2  and 21)3 12  core level transitions 

were determined by statistical methods using the curve fitting software pro-

gramme. Base widths were determined from the fitted curves. Error in the 

base width was taken as 0.1 eV which is the step size used in the mea-

surements. Error in the area under each curve was found by using simple 

formula for area of a triangle, i.e. Area = 1/2 x Base Width x Amplitude. 

Although, this method does not give the exact error in area under a gaussian 

curve, the error in the area of the corresponding triangle will be somewhat 

larger and hence it. is not only simpler but also safer method to estimate the 

error, in this case. The estimated errors are shown in the parenthesis to the 

side of contents of Mn3+ and Mn& ions in the samples. 
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