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Preface 

This thesis presents the results of investigations of rare earth manganates and 

cobaltates. It is organized into three chapters. Chapter 1 gives a brief overview of 

colossal magnetoresistance, charge-ordering, electronic phase separation and related 

properties of rare earth manganates and cobaltates of the formula Lni-xAxMOa (Ln = 

trivalent rare earth, A = divalent alkaline earth, and M = Mn or Co). 

Chapter 2 deals with the results of the investigations of the rare earth manganates. 

Electronic phase separation and related aspects of the hole-doped rare earth manganates 

form the major part of these investigations. Measurements of magnetic and electron 

transport properties have been employed to study the phenomena after suitably 

characterizing the materials by the X-ray diffraction (Cu-Ka radiation) and energy 

dispersive X-ray analysis. The various aspects studied include the effects of A-site cation 

radius, and novel effects of cation size-disorder. The re-entrant ferromagnetic transition 

in rare earth manganates with relatively small A-site cations wherein ferromagnetism 

occurs on cooling the charge-ordered state is also shown to be results of phase separation. 

Electronic phase separation, cation size-disorder and related aspects in hole-doped 

compositions of the rare earth cobaltates are described in chapter 3. The effects of cation 

size and size-disorder on the properties of polycrystalline as well as single crystalline 

cobaltates of the formula Lno.vCao.sCoOs (Ln = La, Pr or Nd) have been examined. 

VI 



1. A BRIEF OVERVIEW OF RARE EARTH MANGANATES AND 

COBALTATES Lni.̂ AxMOa (Ln = trivalent rare earth, A = divalent 

alkaline earth, M = transition metal oxide) 

1.1 INTRODUCTION 

For nearly the last five decades, there has been extensive research on ABOa-type 

perovskite oxides of the general formula Lni.xAxMOj (Ln = trivalent rare earth, A = 

divalent alkaline earth, M = transition metal oxide). Some of the novel properties of the 

perovskite oxides are known for some time, particularly the paramagnetic (PM) to 

ferromagnetic (FM) transition at Curie temperature (Tc) and the associated insulator-

metal transition (TIM) in the case of manganates and cobaltates [1]. The discovery of 

colossal magnetoresistance (CMR) in doped manganates has renewed great interest in 

this system since the early 90's. Apart from CMR, the rare earth manganates exhibit rich 

phase diagram spanning a wide range of magnetic properties and phenomena like charge 

ordering (CO), orbital ordering, spin-glass behavior and electronic phase separation (EPS) 

[2, 3]. These phenomena represent a combined interaction between the spin, the lattice, 

the charge and the orbital degrees of freedom. Such interactions are manifested in single 

crystal and polycrystalline samples as well as in the thin films. Experimentally it has been 

observed that the doped perovskite manganates, Lni-xAxMnOs, reveal rich phase 

diagrams which include spin, charge and orbital ordered phases as well as some magnetic 

phases. The properties of these oxides can be tuned either by external factors or by 



chemical means. In certain critical range of cation doping at the A-site, the rare earth 

manganates exhibit simultaneous occurrence of ferromagnetism and metallicity, along 

with a CMR in the vicinity of Tc or TIM [4]. The doped rare earth cobaltates, Lni. 

xAxCoOs, are also interesting in that they exhibit compositionally controlled insulator-

metal transitions and ferromagnetism, the ferromagnetic phase being metallic [5j. The 

properties of both the manganates and cobaltates are affected by the size of the A-site 

cations. 

Some of the perovskite-based transition metal oxides are known to exhibit 

compositional and electronic inhomogeneities arising from the existence of more than 

one phase in crystals of nominally monophasic composition. This is understood in terms 

of electronic phase separation described recently in the literature [3]. Such a phenomenon 

occurs because of the comparable free energies of the different phases [2, 3]. The phase-

separated hole-rich and hole-poor regions give rise to anomalous properties such as weak 

FM moments in an antiferromagnetic regime. A variety of magnetic and electronic 

properties manifest themselves in Lni-xAxMnOs depending on the various factors such as 

the A-site cation size and size-disorder as well as external factors such as temperature, 

magnetic field etc. In the last few years electronic phase separation in rare earth 

manganates and cobaltates have attracted considerable attention. 

1.2 TRANSITION METAL OXIDES 

Transition metal oxides (TMOs) constitute one of the most interesting classes of 

materials exhibiting a wide variety of structures and physical properties. Metal oxides 

crystallize in a variety of structures, and bonding in these materials can vary from ionic 



(e.g. MgO, Fei-xO) to metallic (TiO, ReOs). Associated with such changes in bonding, 

these materials also show a gamut of fascinating properties. The unusual properties of 

TMOs are due to unique nature of the outer ^/-electrons, the metal-oxygen bond varying 

anywhere from ionic to metallic. The phenomenal range of electronic and magnetic 

properties exhibited by TMOs is equally interesting. There are oxides with metallic 

properties (e.g. RUO2, ReOs, LaNiOa) at one end of the range and oxides with insulating 

behavior (BaTiOs) at the other end [5]. There are oxides that traverse both these regimes 

with the change in temperature, pressure or composition (V2O3, Lai-xSrxV03). Interesting 

electronic properties also arise from charge-density waves (K0.3M0O3), charge ordering 

(Fe304) and defect ordering (Ca2Mn205, Ca2Fe205). Examples of TMOs are known with 

diverse magnetic properties; like ferromagnetic (Cr02, Lao.sSro.sMnOa), ferrimagnetic 

(Fe304, MnFe204), and antiferromagnetic (NiO, LaCrOs). Many oxides posses switchable 

orientation states as in ferroelectric (BaTiOs, KNb03) and ferroelastic (Gd2Mo30i2) 

materials. The discovery of high temperature superconductivity in cuprates has focused 

world wide interest on the physics and chemistry of TMOs since 1986. The unusual 

properties of TMOs that distinguish them from metallic elements, covalent 

semiconductors and ionic insulators arise from several factors [5]. One of the reasons is 

the oxides of ^/-block transition elements have narrow electronic bands, because of the 

small overlap between the metal d and oxygen p orbitals. The band widths are typically 

of the order of 1 or 2 eV (rather than 5-15 eV, for metal). 

TMOs possessing several types of complex structure have been characterized in 

recent years. These include not only the well known perovskite, spinel, pyrochlore and 

hexagonal ferrite structures, but also the octahedral tunnel structures. Many TMOs are 



not truly three dimensional, but have low-dimensional features. For example, La2Cu04 

and La2Ni04with the K2Ni04 structure are quasi two dimensional compared to LaCuOa 

and LaNiOs, which are three dimensional perovskites. Because of their varied features 

and properties, it has not been possible to establish a straight forward theoretical model to 

cover all TMOs. However, there have been many convenient approaches to understand 

their electronic structures and properties. 

It is well established that the transition metal oxides are strongly correlated 

electron system. In other words, the crystal structure, electrical and magnetic properties 

and so on are intimately related to each other. Hence, it is appropriate to have a brief 

overview of the structure, properties and their inter-relation mechanism in these 

perovskite oxides. 

1.3 PEROVSKITE STRUCTURE 

In general, the rare earth manganates and cobaltates crystallize in the perovskite 

structure. The AB03-perovskite is a simple cubic structure (Pm3m) as shown in Fig. 1.1. 

However, many perovskites distort a little from this structure even at room temperature. 

Figure 1.1 Simple ABO3 perovskite structure. 



The perovskite structure is most stable when the Goldschmidt tolerance factor, t, is unity 

(for cubic structure), which is defined by, t = (rA + ro)/V2 (rg + ro) where, r ,̂ rg and ro 

are the average ionic radius of the A, B and O ions respectively. Deviation of 'r' from 

unity leads to the structural distortion. For a small deviation in t (i.e. t < \), the crystal 

structure changes from cubic to rhombohedral or orthorhombic symmetry. In this 

situation the <Mn-0-Mn> bond angle decreases from 180°. The perovskite structure 

occurs only within the range 0.75 <t< I.OO. To stabilized the A and B-site cations in 

their respective 12- and 6-fold co-ordinations, the lower limits of their radius should be 

set as rA > 0.90 A and r^ > 0.51 A. The stability of the perovskite structure of manganates 

and cobaltates depends on the relative size of the Ln/A and M ions in Lni.xAxMOs. In 

rare earth manganates Ln/A cation is surrounded by eight comer sharing MnOe octahedra, 

which build a 3D network. The smaller ionic radius of the cations results in a lower value 

of 'f', consequently more is the lattice distortion. The increase in lattice distortion 

significantly decreases the (Mn-0-Mn> bond angle from 180°, which strongly affects the 

physical properties of perovskite manganates. When t < {, there is a compression of the 

Mn-0 bonds, which in turn induces a tension on Ln-0 bonds. A cooperative rotation of 

Figure 1.2 Orthorhombic GdFeOa structure. 
Iron ions are octahedrally co-ordinated by the 
oxygen ions. 
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the MnOe octahedra and a distortion of the cubic structure counteract these stresses. 

When 0.75 < t < 0.90, the MnOe octahedra tilts cooperatively to give an enlarged 

orthorhombic (Pbnm) structure of GdFeOs (Fig. 1.2). For 0.90 < t < 1.0, buckling of 

octahedra is not found and small distortion leads to lower symmetry structure. Hence, 

tilting of MnOe octahedra along [111] direction gives rise to the rhombohedral structure 

(LaAlOs) whereas along [001] direction leads to tetragonal structure (SrTiOa). The rare 

earth oxides can be crystallized not only in orthorhombic and cubic structure, but in 

tetragonal, hexagonal, rhombohedral, and monoclinic structures as well. The 

orthorhombic structure has four formula units per unit cell (Z = 4), the rhombohedral has 

Z = 2 and hexagonal has Z = 6 as compared to one in the case of ideal cubic perovskite. 

1.4 PROPERTIES OF PEROVSKITE OXIDES 

Perovskite oxides constitute an enormous group of solids exhibiting a wide 

variety of magnetic and electron transport properties [5]. These properties depend on the 

nature of the transition metal oxides present in the system. It is convenient to discuss the 

oxides of transition metals and nontransition metals separately. The examples of 

nontransition metal oxides are Na20, MgO, AI2O3 and SiOt. Their electronic structure 

consists of a filled valence band (derived mainly from 0:2p) and an empty conduction 

band (derived from the outer shells of metal atoms) separated by a large energy gap (-10 

eV). They are therefore diamagnetic insulators under ordinary conditions [5]. Another 

type of perovskite oxides, in which two classes of transition metal ion are present in their 

structure: those in which the metal ion has d electronic configuration and those where 

the d shell is partly filled (Table 1.1). The former class of oxides has a filled oxygen 2p 



valence band and an empty metal d conduction band (energy gap ~ 3-5 eV). The presence 

of this class of materials at octahedral sites exhibit spontaneous ferroelectric and 

antiferroelectric distortions. At high temperature these materials show intrinsic electron 

conduction, which may be due to oxygen loss or insertion of electropositive metal atoms 

into these oxides [5]. 

Table 1.1 Different types of transition metal oxides [ref 5] 

d° metal oxides 
SC2O3, TiOj, V2O5, Cr03, ZrOj, 
NbjOs, M0O3, HfOj, TajOj, WO3 

d" metal oxides 
TiO, NbO, CrOj, ReOj, RuOj, OsOj, 
M0O2, RhOj, WO2, Ir02 and ReOj 

TijOj, TiaOj, Ti^O^, Ti,0„ V2O3, 
V3O5, V4O7, VO2, Nb02 and FcjO^ 

MnO, FeO, CoO, NiO, CfzOs, Fe203 
and Mn304 

f metal oxides 
Pr02, LnjOj (Ln = rare earth), 
P^n02„-2, Tb„02„-2 and EuO 

Diamagnetic semiconductors or 
insulators when pure, but exhibit 
n-type extrinsic conduction when 
doped or slightly reduced. 

Metallic and Pauli paramagnetic 
(Cr02 is ferromagnetic) 

Exhibit temperature-induced 
nonmetal-metal transition 

Mott insulators 

Insulators or hopping semiconducto 
Paramagnetism characteristic off 

configuration. EuO shows 
nonmetal-metal transition. 

Transition metal oxides with partly filled d electron can be metallic or 

semiconducting. Some of them show temperature-induced nonmetal to metal transitions 

(Table 1.1). Magnetic properties also vary over a wide range from Curie-Weiss 

paramagnetism through spontaneous magnetism to Pauli paramagnetism. Metal oxides 

with d " electronic configuration exhibit metallic properties when the overlap between 



orbitals of the valence shells of constituent atoms is large. Two kinds of metallic behavior 

can be distinguished: one due to strong cation-cation interaction and other due to strong 

cation-anion-cation interaction [5]. In Table 1.1, we have also included typical rare earth 

oxides containing localized 4/" electrons. 

A number of isostructural transition metal oxide families exhibit perovskite, 

spinel, corundum, rutile and other structures, which also show systematic changes in 

electron transport properties. We shall discuss the properties of perovskite oxides in some 

detail. The perovskite structure is ideally suited for the study of 180° cation-anion-cation 

interaction of octahedral site cations as shown in Fig. 1.3. The possibility of cation-cation 

interaction is remote because of the large interaction distance along the face diagonal. 

The variety in the properties of perovskites is illustrated by the following examples: 

BaTiOs is ferroelectric, SrRuOs is ferromagnetic, LaFeOa is weakly ferromagnetic, and 

BaPbi.xBixOa is superconducting, while LaCoOa shows a nonmetal-metal transition. 

Several perovskite oxides exhibit metallic conductivity; typical examples are Re03, 

LaTiOa and LaNi03. Metallic conductivity in perovskite oxides is entirely due to strong 

cation-anion-cation interaction. 

Figure 1.3 Perovskite structure, showing 
the possibility of cation-anion-cation 
interaction along the cube edge. 



1.5 RARE EARTH MANGANATES 

Rare earth manganates of the type Lni.xAxMnOs can be regarded as solid 

solutions between the end members Ln^^Mn^^Os (e.g. LaMnOa) and A '̂̂ Mn'̂ ^O-, (e.g. 

BaMnOs), leading to mixed valence compounds such as (Ln̂ "̂ Â '̂ )(Mn̂ '*̂  Mn'̂ *)03. 

Therefore, when Lâ * in LaMnOa is progressively substituted by a divalent A^̂  cation as 

in Lni-xAxMnOs (A = Ba, Sr or Ca), the doping effect introduces Mn'** in place of Mn''̂  

ion. As the proportion of Mn'̂ * increases the orthorhombic distortion decreases. Generally, 

a sequence of Tetragonal —> Orthorhombic —> Rhombohedral -^ Cubic is found with 

increasing the Mn"̂ ^ ions in these manganates. The relative concentration of Mn̂ ^ and 

Mn'*'*' play an important role in determining the physical properties of these manganates. 

The substitution at the A-site not only alters the Mn-O bonds, but also the (Mn-O-Mn) 

bond angle, which is related to the A-site cation radius and tolerance factor as discussed 

in previous section. Substitution of different rare earths in A-site as in Lno?, 

xLn'xAo.aMnOa (Ln and Ln' are trivalent rare earth, A is divalent alkaline earth), allows 

one to vary the (Mn-O-Mn) angle without any change in the Mn-0 bond distances [6|. 

It is well known that the tilting of MnOe octahedra primarily controls the electron 

transfer between the neighboring Mn: eg orbital mediated by the O: 2p orbitals. Thus, the 

tilting of the MnOg reduces the e^, bandwidth with the decrease in (Mn-O-Mn) bond angle 

[7]. This finally affects the magnetic and electron transport properties of the pero\ skite 

manganates. 

1.5.1 Crystal field effects 

There are two characteristic distortions which influence the perovskite structure of 

rare earth manganates. First one is due to the cooperative tilting of the MnOe octahedra 



v\ hich is essentially established below 1000 K [2, 5]. This distortion is a consequence of 

the mismatch of the ionic radius and various factors as discussed in previous section. The 

other distortion arises from the Jahn-Teller (JT) effect due to Mn "̂  ion, which distorts the 

MnOfi octahedra in such a way that there are long and short Mn-0 bonds. This occurs 

below a characteristic temperature for particular compounds. This is well understood in 

terms of crystal field theory or the ligand field theory, which describes how the ti-electron 

of transition metal ions is perturbed by the chemical environment. The most effective 

distortion is the basal plane distortion (called Q2 mode) as shown in Fig. 1.4, with one 

diagonally opposite oxygen-pair displaced outwards and the other pair displaced inward. 

It is well established that a JT distortion involving a displacement of oxygen ions > 0. lA 

can split the e^-band of the manganate (which forms the conduction band) and opens a 

gap at the Fermi level. 

Figure 1.4 Jahn-Teller distorted MnOg octahedra. 

The magnitude of the crystal field splitting of J-orbital determines whether the transition 

metal ion occurs in the low-spin (LS) or high-spin (HS) configuration. Fig. 1.5, shows a 

10 



schematic of the band diagram of LaMnOs to elucidate how JT distortion splits the 

conduction band and makes the material insulating. The octahedral ligand environment 

around Mn-ion split the five J-orbitals into f2g-triplet (dxy,dy^and d^) and e ,̂-doublet {d/. 

y and dl') state. The t2^ orbitals have their lobes oriented between the oxygen neighbors, 

while e^ orbitals are directed towards the oxygen neighbors. 

^s * 

3d orbitals lODq /JH>^ 

'2g 

xy 

yz, zx 

Figure 1.5 Field splitting of the five-fold degenerate atomic 3id levels. 

Thus, the t2g orbitals have a lower energy compared to the eg orbitals because of the less 

electrostatic repulsion of electrons on neighboring sites. In this system, the resulting 

crystal-field splitting, Acf, between t2g and eg orbital is around 1.5 eV. The value Act {= 10 

Dq), can be estimated by comparing the spectra of Mn̂ "̂  in various distorted 

environments. Further splitting of the eg orbitals due to the JT effect opens a gap at the 

Fermi level. The intra-atomic exchange energy responsible for Hund's highest 

multiplicity rule, Aex (or JH), is greater than Acf i.e. Aex> Acf for Mn''"̂  ion. Therefore 

manganese ions are always in high spin state; the divalent manganese, Mn^̂  has a stable 

II 



3c/̂  electronic configuration, a half filled shell tjgCg with S = 5/2, the Mn̂ ^ is in 3</ 

configuration with t2geg^ and S = 2, where as Mn"*"̂  has stable let with tjg and S = 3/2. 

The spin only moments of manganese ions are 5, 4 and 3 |i,B> respectively. In this 

connection, it is necessary to mention another perovskite oxide LaCo03, which does not 

follow Hund's first rule and shows three spin states for Qc?* ion [8], The thermally driven 

spin-state transition in cobaltates is a consequence of the subtle interplay between the 

crystal field splitting (Acf) and the Hund's coupling energy (Aex). The Acf usually 

decreases as the temperature is increased, whereas Aex is insensitive to temperature since 

it's an atomic quantity [9]. The spin-state of undoped LaCoOs (Cô "̂  ion), exhibit a 

gradual crossover with increasing temperature from the low-spin (LS) state {t2ge^\ S = 0) 

to intermediate-spin (IS) state {tig^Cg'; S = 1) at around 100 K and finally to high-spin 

(HS) state {t2geg\ S = 2) [9]. This results from the competition of the crystal field with 

energy Acf {t2g- eg splitting) and the interatomic (Hund) exchange energy Agx, leading to 

redistribution of electrons between t2g and eg levels. 

In LaMnOs, it is well established that JT distortion due to the Mn̂ "̂  ion it2g^eg') 

plays a crucial role. The distorted Mn̂ ^ ions have three Mn-0 bonds (1.91, 1.96 and 2.19 

A) and the (Mn-O-Mn) bond angle is around ~ 150°. While in Lai.xAxMn03 the creation 

of Mn ^ ion removes the JT distortion leading to more cubic structure. The transfer 

interaction of e^-electrons is greater in rhombohedral or pseudocubic phase than in the 

orthorhombic phase because the (Mn-O-Mn) bond angle becomes closer to 180°. Clearly, 

the doping or the Mn"*̂  ion plays an important role in this material to provide the FM and 

metallic behavior by suppressing the JT distortion. 
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1.5.2 Magnetic and electron transport properties 

(a) Magnetic properties: The parent perovskite manganates such as LaMnOi, PrMnOs 

and NdMnOs are insulator at all temperatures and undergo an antiferromagnetic (AFM) 

transition at low temperatures. The AFM ordering is of A-type, where ferromagnetically 

aligned a&-layers are coupled antiferromagnetically along c-axis. The different types of 

magnetic ordering are discussed below. The insulating nature of the parent compounds as 

well as the anisotropic magnetic interaction is related to their structure, in particular the 

JT distortion around Mn '* ions. The A-site cation, as mentioned earlier affects the JT 

distortion, in particular the Q2 mode distortion which gives rise to long and short Mn-0 

distances, leading to the anisotropic exchange interaction. Removal of the JT distortion 

reduces the AFM interaction and this in turn destroys the AFM ordering. 

Wollan and Koehler [10] studied the magnetic and crystallographic lattices in the 

series of manganates with the compositions, Lni.xAxMnOa, as a function of Mn ^ ion. 

The data obtained from neutron diffraction study of these manganates are in good 

agreement with Goodenough's predictions for different kinds of magnetic ordering. 

Figure 1.6 Schematic representations of different types of magnetic ordering. 
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The mixed-valence manganates (Mn̂ * and Mn*"̂ ) can exhibit magnetic ordering, charge 

ordering and orbital ordering. Some of the simplest magnetic ordering for B-site cation is 

shown in Fig. 1.6. which represent one FM and four AFM (A-, C-, G- and CE-type) 

ordering. In Lni.xAxMnOa series, the magnetic lattice for Jt = 1 composition (i.e. CaMnOs) 

corresponds to the G-type, whereas the A: = 0 composition (i.e. LaMnOs) has A-type 

ordering. The other types are found across the series as x varied, corresponding to the 

AFM ordering of Mn moments, which are C or CE-type. In C-type AFM, Mn-ions order 

in alternate [ l l l j planes, whereas in the CE-type they order in alternate [110] planes. 

When these perovskite manganates are hole-doped as in Lnj-xAxMnOs (Ln = La, Pr or Nd 

and A = Ba, Sr or Ca) the proportion of Mn"** increases. The material becomes FM with a 

well defined Tc at a finite value of x and also metallic below Tc. The FM and I-M 

transitions in the Lai-xSrxMnOa compositions are well defined [11] as shown in Fig. 1.7. 

:rSr;̂ nOa 

(a) 
100 200 31X1 4O0 

Ti<np««\jni(Kl 

500 

IQQi '' I ' i T — I — 1 — I — I — ' — q 

PMM 

Figure 1.7 (a) Temperature variation of electrical resistivity and (b) magnetic phase 

diagram for Lai.xSrxMn03 [ref 11]. 
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Although, the compositions with x > 0.5 are essentially AFM, and the FM clusters would 

also be present in the AFM phase. The material is generally ferromagnetic metal (FMM) 

below Tc when 0.2 < x < 0.5, and become paramagnetic insulator (PMI) when T > Tf. 

Thus, I-M transition occurring around Tc (Fig. 1.7) is well understood on the basis of the 

Zener double-exchange mechanism, which is discussed in the following section [12]. 

Zener Double-Exchange (DE) 

The simultaneous observation of ferromagnetism and itinerant electron behavior 

(metallicity) in perovskite manganates is explained through Zener double-exchange 

model. This involves the hopping of an electron from Mn̂ "̂  (3^^, t2^e^; S = 2) to Mn"** 

(3c?"', t2g\ S = 3/2) via oxygen ion where the Mn''* and Mn"** ions exchange takes place i.e. 

The transfer of an electron occurs from the Mn site to the intervening O ' ion with a 

simultaneous transfer of an electron from the O "̂ ion to the Mn"** site. Such a double 

transfer is referred to as Double-Exchange (DE). The integral defining the exchange 

energy in such a system is non-vanishing only if the spins of the two ^-orbitals are 

parallel. That is, the lowest energy of the system is one with a parallel alignment of the 

spins on the Mn̂ "̂  and Mn'*'̂  ions. Due to this the spins of the incomplete J-orbitals of the 

adjacent Mn is accompanied by an increase in the rate of hopping of electrons and 

therefore by an increase in electrical conductivity. Thus, the mechanism which leads to 

enhanced electrical conductivity requires an FM coupling. It is assumed that the intra-

atomic exchange, 7̂ ,̂ , is large compared to the transfer integral, /y, between the two Mn 

sites [7]. The relation between the electrical conductivity and ferromagnetism by the DE 

mechanism is given by the magnitude of the exchange energy, Uex-, is given by 
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Ue.x = /lV/2 

Where v is the frequency of oscillation of the electron between two Mn sites and h is 

Planck's constant. The diffusion coefficient for Mn'*̂  is related to exchange energy by 

D = a^UeJh 

Where a is the lattice parameter. Making use of the Einstein equation relating 

conductivity, a, and D as, a = ne^DI kT 

Where n is the number of Mn * ions per unit volume, one obtains 

G = xe^UJahkT 

Here x is the fraction of Mn**"̂  ions in Lnj.xAxMnOs. Since in the FM transition Tc is 

related to the exchange energy by the approximate relation, Uex~ kTc, one can write: 

CT«(jce^/a/i)(Tc/T) 

This equation relates the electrical conductivity to ferromagnetic Tc and the fraction of 

Mn"*"̂  ions. We would therefore expect the IM transition in the manganates to occur at Tc. 

DE is strongly affected by structural parameters such as (Mn-O-Mn) bond angle or the 

Mn-Mn transfer integral {tij). 

The t2g electrons of the Mn̂ ^ ion are localized on the Mn-site giving rise to a local 

spin of 3/2, but the eg state, which is hybridized with the oxygen Ip state, can be localized 

or itinerant and only those electrons which have their spins parallely aligned give rise to 

conductivity in the hopping process. There is strong Hund's rule interactions between the 

eg and the tjg electrons. Goodenough [13] pointed out that FM interaction is governed not 

only by the DE interaction, but also by the nature of the super exchange interactions. The 

magnetic exchange is strongly dependent on the structural distortion, as indeed shown by 
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electronic structure calculations [12]. Recent investigations bring out the essential role of 

DE, along with the crucial role of the lattice and the electron-lattice interactions [12]. 

Superexchange interaction 

A pair of electrons of like spin, localized on degenerate orbitals, is lower in 

energy than a pair with opposite spins by an amount called the intra-atomic exchange 

energy. There are two classes of exchange interactions between spins on different atoms. 

(a) Direct exchange, occurs between moments on atoms that are close enough to have 

significant overlap of their wave functions and decreases rapidly with increasing 

interatomic distance and (b) Indirect exchange, where the spin moments are coupled over 

relatively large distances. Indirect exchange manifests through an intermediary 

nonmagnetic ion (Superexchange) or through itinerant electrons (Ruderman-Kittel-

Kasuya-Yoshida interaction; RKKY). Superexchange generally occurs in insulators while 

RKKY coupling is important in metal [14]. 

Superexchange or AFM interaction between localized moments of ions in 

insulators that are too far apart to interact by direct exchange operates through the 

intermediacy of a nonmagnetic ion. Superexchange is able to occur when localized 

electron states as described by the formal valances are stabilized by an admixture of 

excited states involving electron transfer between the cation and the anion. The DE 

discussed above is different from superexchange, which also describes cation-anion-

cation interactions. Different types of superexchange interaction are possible, depending 

on the structure of the oxide and the electronic configuration of the cations. Two 

important types are delocalized- and correlation- superexchange. Delocalized 

superexchange involves transfer of electron from one cation to another, as a result of 
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cation-cation or cation-anion-cation interaction. Correlation superexchange is restricted 

to cation-anion-cation interaction. The Anderson-Goodenough-Kanamori rules [14] apply 

to superexchange interaction, according to which, a 180° cation-anion-cation interaction 

in a (f-0- S system is AFM (Fig. 1.8(a)), but a rf^-0- (t interaction would be FM. 

Whereas, a 90° cation-anion-cation interaction between half filled orbitals is FM, 

provided the orbitals are bonded orthogonally (Fig. 1.8(b)). 

Figure 1.8 A cation-anion-cation interaction 
in a Mn-0- Mn system. 

Superexchange involving a bonds is stronger than those involving n bonds. In the 3d 

transition metal mono-oxides, the ordering temperature TN increases in the order MnO < 

FeO < CoO, because the a interaction increases in that order. For cations of the same 

electronic configuration, superexchange is stronger for the higher valency cation (e.g. 

Fê ^ > Mn^ )̂ [5]. 

Superexchange interaction would not, however, give rise to increased electrical 

conduction as in the DE mechanism. Zener's model has been extended or modified by 

several workers. In particular, de Gennes [15] has shown that the energy of the electrons 

gets lowered if there is canting of the sublattices, giving rise to a canted-spin AFM state, 

and a situation found when x in Lai-xAxMnOs is small. 
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(b) Electrical properties: Electrical conductivity, thermal conductivity, Seebeck effect 

and Hall effects are some of the common electron transport properties of perovskite 

oxides that characterize the nature of charge carriers. On the basis of electrical properties, 

oxides material may be classified into metals, semiconductors and insulators, wherein 

charge carriers move in the band states. The electron transport properties of oxides 

provide useful criteria for distinguishing localized and itinerant electron in solids. In 

certain semiconductors and insulators, charge carriers are localized, their motion involves 

a diffusive process. The semiconductor or insulator like transport behavior in oxide 

materials is characterized by three models defined by log p a 1/T" where n = 1, 2 or 4; (i) 

Here n = I, corresponds to a simple Arrhenius law, which describe the thermally 

activated behavior due to band gap or mobility edge, (ii) When, n = 2, the hopping is 

referred to as nearest neighbor hopping (NNH) of small polarons controlled by 

Coulombic forces and (iii) n = 4, correspond to variable range hopping (VRH). The 

hopping dynamics is controlled by the collective excitation of the charge carriers [16]. To 

understand the transport mechanism in rare earth perovskite oxides the data was analyzed 

based on these three models. 

The electron transport property of Lni.xAxMnOs has one to one correspondence 

with the magnetic properties, exhibiting low resistivities in the FM region and 

semiconducting or insulating behavior in the CO and AFM regions. The manganates with 

X < 0.5 have a conduction band more filled than half filled whereas those with x > 0.5 

have conduction band less than half filled. The number of charge carriers in the system 

can be assumed to be equal to the Mn * ion introduced into the lattice for small doping in 

the A-site. The process involves the transfer of electrons from Mn̂ "̂  to Mn"*"̂  by DE 
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mechanism. Most of the perovskite manganates (parent compounds) are paramagnetic 

insulators at room temperature and exhibit an increase in electrical resistivity with the 

decrease in temperature. Compositions that are PM show insulating behavior above Tc, 

but with decreasing temperature (below Tc) the resistivity decreases as in the metals. This, 

I-M transition is therefore associated with a peak in resistivity at a temperature TIM-

Generally, TIM is somewhat lower than Tc and the sharpness of the transition in 

polycrystalline samples as well as in films often depends on the sample quality. 

1.5.3 Colossal magnetoresistance 

The change in electrical resistance of a material in response to an applied 

magnetic field is referred to as magnetoresistance (MR). In general MR is defined by 

MR = [p(H) - p(0)]/ p(0) = [Ap/p(0)] 

Where, p(H) and p(0) are the resistivity in the presence and absence of magnetic field (H), 

at a particular temperature. MR can be positive or negative depending on the materials. In 

magnetic material MR is negative, because of the suppression of spin disorder by the 

magnetic field. Many solids exhibit small MR owing to the Lorenz force that a magnetic 

field exerts on moving electrons which is known from physics text book since 1950. Very 

large MR, referred to as giant magnetoresistance (GMR) was first reported by Baibich et 

al [17] in layered Fe/Cr metallic multilayer. Large MR was observed in powder and 

single crystals of doped manganates of the type Lni.xAxMnOs in mid 1980's. But the 

renewed interest in these manganates started with the report of negative MR in 

NdosPbosMnOs [18], which showed MR of 50 % near Tc (184 K). This report was 

followed by studies on thin films by several other workers [19]. In rare earth manganates, 

MR was found to be extremely large and hence termed as colossal magnetoresistance 
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(CMR) by Jin et al [19]. The discovery of negative GMR in perovskite manganates [19] 

has attracted wide attention. The magnitude of negative GMR in these materials can be 

very large, close to 100 %. Therefore many researchers prefer to call it CMR, as distinct 

from GMR in layered or granular metallic materials [20]. In metallic multilayers or 

granular alloys; the mechanism involves spin-polarized transport. Also, in rare earth 

manganates spin-polarized transport is responsible for the large negative MR, but it is 

distinctly different from the metallic multilayers. 

The application of a magnetic field (~ a few Tesla) leads to a significant decrease 

in the resistivity of perovskite manganates; the magnitude of decrease in resistivity (i.e. 

MR) is highest in the region of Tc or TIM- A typical example of Lai-xAxMnOs is shown in 

Fig. 1.9, where the magnetization, resistivity and CMR are plotted as a function of 

temperature at various fields. The highest CMR effect is observed for x = 0.25 

composition, the value is around 80 % for an applied field of 4 Tesla (T) [21]. 

Figure 1. 9 Temperature variation of 
Magnetization, Resistivity and MR for 
Lao.75Cao.25Mn03 (at different fields) 
[ref21]. 
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A self doped sample of the type Lai-sMrii-gOs also exhibit CMR effects similar to 

that observed in Lni-xAxMnOs compositions [22]. The effect of CMR and related 

properties have been studied in the Ruddlesden-Popper phases by Moritomo et al [23] 

and Mahesh et al [23], in (SrO)( Lai.xSrxMn03)n compound. Another class of compound 

is the ordered double perovskite (Sr2FeMo06), which exhibits tunneling 

magnetoresistance (TMR) at room temperature [24]. Other than the perovskite 

manganates, CMR is also found in Ti2Mn207 (with pyrochlore structure) which has only 

Mn̂ "̂  ions [25]. Rare earth cobaltates such as Lao.sBao.sCoOa [8] and Lai-xSr^CoOs [26] 

are also known to exhibit CMR effect at low temperatures. Although the MR in 

cobaltates is much lower than the manganates, the actual peak value is around 8 %. In 

cobaltates the highest MR ever observed is in layered perovskite based cobaltate oxides 

of the type LnBaCoaOs^ (Ln = Gd, Eu) [27]. 

1.5.4 Different types of ordering in rare earth manganates 

The parent compound of perovskite manganates, LaMnOs has a layered AFM 

structure, referred to as A-type AFM ordering as shown in Fig. 1.10(a) [10]. Orbital 

ordering of 3)^-r^ or 3y'-r' type accompanied by the JT distortion leads to a 

superexchange coupling in LaMn03, which is FM in planes and AFM between the planes 

(Fig. 1.10(a)). 
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Figure 1.10 Schematic representations of different types of ordering in LaMnOs. 
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Orbital ordering is shown in Fig. 1.10(c). Without JT distortion LaMnOs would have 

been an FM insulator instead of an A-type AFM insulator [28]. Since there is a doubly 

degenerate Cg orbital in each Mn̂ ^ ion, LaMnOs and NdMnOs show a fine interplay 

between spin and orbital ordering. The orbital ordering is coupled to JT distortion; Fig. 

1.10(b) describes the JT distortion in LaMnOs. 

Among these ordering the most important in manganates is charge ordering (CO), 

which is known since 1939 in the Fe304 [29]. Basically, the transition metal oxides with 

different charged cations of the same element show the phenomenon of CO, wherein the 

cations order on specific lattice sites. Such an ordering of the cation leads to the 

localization of the electrons rendering the material insulating in the CO state and is often 

accompanied by a change in crystal symmetry. In Lni-xAxMnOs, besides orbital and spin 

ordering, we can have CO because of the presence of Mn^* and Mn'*"̂  ions. The study of 

CMR in manganates has brought forth novel features related to the CO in these oxides. 

Figure 1.11 Temperature variation of the 
(a) magnetization, (b) lattice-parameters 
and (c) resistivity of Ndo.5Sro.5Mn03 -
[ref31]. 
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The CO in the manganates is interesting because DE gives rise to FM and metallic state 

while the charge-ordered state is associated with insulating and AFM (or paramagnetic) 

behavior. In general, small Ln and A ions stabilize the CO state. The lattice distortion 

plays a crucial role in the CO, orthorhombic distortion stabilizing the charge-ordered 

state. The charge-ordered state can be melted into a metallic state, by the application of a 

magnetic field. An observation on the manganates [30] reveals two types of scenarios, as 

exemplified by NdojSro.sMnOa and PrcssCaossMnOa. In Ndo.sSro.sMnOs an FM metallic 

state gives over to an AFM-CO state around 150 K (Tco) accompanied by a change in the 

lattice parameters as shown in Fig. 1.11 [31]. The CO state in this manganates is 

associated with CE-type AFM ordering. In the CE-type ordering Mn̂ "̂  and Mn*"̂  ions are 

arranged like a checker board and the Mn̂ "̂  sites are JT distorted [10]. The charged 

ordered states in the manganates exhibit CE-type AFM ordering at the same temperature 

as the CO transition or at a lower temperature (Tco ^ TN). For the case of 

Pro.esCaojsMnOs an insulating CO state (Tco ~ 200 K) becomes AFM around 140 K (TN) 

and then finally transforms to a canted-spin AFM state at a still lower temperature (~ 110 

K) [32]. 

Figure 1.12 Temperature variation of 
(a) resistivity and (b) magnetization of 
Pro.65Cao.35Mn03[ref32]. 
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The application of a magnetic field melts the charged-ordered state in most of the 

manganates giving rise to metallic behavior (Fig. 1.12). By increasing the size of the A-

site cations or by the application of pressure, the CO state in the manganates can be 

transformed to the FMM state [33]. 

1.5.5 Cation size effect 

In rare earth manganates CO, CMR and other interesting physical phenomena are 

governed by the width of the Cg band, which is directly determined by the average radius 

of A-site cation (TA) or the tolerance factor. This is because a distortion of the (Mn-0-

Mn> bond angle affects the transfer interaction of the eg conduction electrons (holes). In 

the manganates, the Tc, increases with (rA), whereas Tco increases with the decrease in 

(rA). The increase in (rA) is equivalent to increase in the external hydrostatic pressure and 

is therefore accompanied by an increase in the (Mn-0-Mn> angle and the Cg band width. 
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Figure 1.13 Schematic diagram showing the prevalence of CO and FM states in 
manganates depending on the (rA> or the eg bandwidth [ref 35]. 
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The sensitivity of Tco to (FA) is studied by several workers [34] and is generally attributed 

to an increase in tilting of the MnOg octahedra as the (rA> decreases. 

Figure 1.13, shows a schematic phase diagram of the rare earth manganates, 

which describe the FM metal, AFM insulator, spin and charge ordered insulating state 

with the variation of (TA) [35]. In region A, when (rA) is large (e.g. Lai.xSrxMn03), only 

ferromagnetism and the associated IM transition occur (with no CO). With a slight 

decrease in (FA) as in region B, the FM metallic state transform to AFM charge-ordered 

state (Tco = TN) on cooling the system (e.g. Ndo.sSrojMnOs, (rA) = 1.236 A). When (rA> 

is sufficiently small (region D) as exemplified by compounds ProyCao^MnOs with (rA> of 

1.17 A [36], no ferromagnetism is encountered and CO occurs in the paramagnetic state. 

Depending on the (rA> value, the CO state can be melt to FM metallic state by the 

application of magnetic field. However, in YosCao.sMnOa ((rA> -1.13 A), the charged-

ordered state (TN < Tco) is robust and is not affected at very high magnetic field (> 25T) 

[28]. Manganates in region C, show rather complex behavior; by the variation of (rA) one 

can bring manganates in the region of B and D to region C. Thus, in 

Lao.25Ndo.25Cao.5Mn03 with (TA) = 1.19 A, on cooling the system a novel re entrant FM 

transition occurs from a CO state [37]. There is coexistence of two phases in the 

temperature range of 150-220 K, around the CO-FM metallic transition. Thus, the 

formation of FM clusters in an AFM-CO matrix in the manganates give rise to interesting 

magnetic properties like CMR, electronic phase separation, spin-glass etc. The magnetic 

and electrical properties of the manganates are consistent with the occurrence of 

electronic phase separation and glassy magnetic behavior corresponding to a critical 

average radius (rA*̂ ) of 1.18 A [38]. 
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Cation size-disorder (a^) effect 

The effect of cation size-disorder on the various physical properties of 

manganates has been reported by several workers. As discussed in previous section, the 

ferromagnetic Tc and insulator-metal transition TIM increase with increase in (rA>. But, if 

there is considerable mismatch in the radius of the different A-site cations, then the Tc 

does not increase with increase in <rA> as shown in Fig 1. 14. 
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Figure 1.14 Magnetic phase-diagram of the A0.7A o.sMnOa series of manganates [ref 39]. 

The size-disorder effect arising from the mismatch of the A-site cation on the Tc 

or TIM has been analyzed by the ô  parameter, where o^ is defined as, cf̂  = E Xi r} - {x/^. 

Here .t, (S Xi = 1), is the fractional occupancy of the A-site ions, r, is the corresponding 

ionic radii and {rA> ((rA> = I Jt,r,) is the weighted average radius calculated from r, values 

27 



[39]. The Tc decreases significantly with increase in variance o ,̂ which is reported for 

both the manganates and cobaltates by several workers [40]. A similar study of the 

variation of Tec with a^ in manganates for fixed <rA) values of 1.17 and 1.24 A, has 

shown that Tco is not very sensitive to size mismatch [40]. 

1.6 PHASE SEPARATION IN PEROVSKITE OXIDES 

The coexistence of more than one phase at a particular temperature is referred to 

as phase separation; a new phenomenon recently found to occur in certain transition 

metal oxides [3, 41]. The phase separation gives rise to electronic inhomogeneity and is 

associated with a diverse variety of electronic and magnetic properties. This is not 

expected for nominal monophasic compound. This is due to non uniformity in impurity 

distribution, as it can have an electronic origin or could also arise from the presence of 

magnetic impurities. Intrinsic inhomogeneities are present even in the best quality crystal 

available. Such phase separation can be controlled or changed by temperature, magnetic 

fields and other external factors. In these types of phase separation, a high carrier density 

favors FM ordering and/or metallicity. If carrier concentration is low, the FM metallic 

phase can occur in one part of the crystal keeping the rest part as an insulating and AFM 

phase. Impurity phase separation is different from electronic phase separation (EPS), 

there is no mutual charging of phases in the former. The diffusion of impurity atom has to 

be sufficiently large to give rise to phase separation in such system. One such example is 

the case of oxygen-excess La2Cu04 [41]. The EPS has been observed in magnetic 

semiconductors such as heavily doped EuSe and EuTe [41]. In these systems, the crystal 

is AFM at low temperatures and the conducting electrons occur in the droplets. The EPS 
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is entirely reversible, and in general, is the result of a competition between charge 

localization and delocalization. The large concentration of charge carriers giving rise to 

FM metallic state in a part of the crystal causes mutual existence of two phases. At 

relatively small carrier concentration, the conducting FM regions are separated and form 

droplets (Fig. 1.15(a) & (b)) or stripes (Fig. 1.15(c)). With increasing carrier concentration, 

the volume of the FM phase increases rendering the droplets to coalesce and gives rise to 

a situation as shown in Fig. 1.15. 

Figure 1.15 Schematic representation of microscopic phase-separation between 
ferromagnetic metallic (hatched regions) and non-ferromagnetic insulating state (white 
regions). 

An interesting phenomenon of phase separation is that it covers a wide range of 

length scales anywhere between one to a few hundred of nanometer. The phase 

separation on a larger length scale is not possible because of strong Coulomb energy. In 

the presence of Coulomb interaction, the microscopically charged ordered state is 

stabilized giving rise to clusters of one phase embedded in another. The size of the 

clusters depends on the competition between DE and Coulomb forces. In phase 

separation, the phases of different charge densities are generally expected to give rise to 

nanometer (1-200 nm) scale clusters. This is related to the larger phase-separated 

po^ 29 Ace 
No. 

3 9 8 3 

LIBRA!-, i 



domains which would break up into small pieces because of Coulomb interactions. The 

JT distortion associated with the Mn̂ "̂  ions and CO of Mn̂ "̂  and Mn'̂ '̂ ions compete with 

DE interaction and promote the insulating AFM behavior [41]. The techniques used to 

probe the phase separation in different length scales (Fig. 1.15) are, scanning probe 

microscopy, atomic force microscopy, neutron diffraction, NMR and Mossbauer 

spectroscopies. Figure 1.16, shows the presence of electronic inhomogeneities in the La^ 

xCaxMnOs manganates observed by scanning tunneling microscope (STM) [42]. The dark 

field electron microscopy images of (Lai.yPry)i.xCaxMn03 shows a clear competition 

between CO-AFM versus FM phase, which can be tuned by varying the relative amount 

of La and Pr [38, 43]. 

Figure 1.16 STM-image of the local electronic 

structure of (La,Ca)Mn03 below Tc (scale bar: 

100 nm). Light colors represent the insulating 

whereas dark colors are metallic region [ref 42]. 

Renner et al [44] have reported the evidence of phase separation even at room 

temperature. High resolution X-ray and neutron diffraction investigations have shown 

that in NdcsSrosMnOs manganates three macroscopically different phases coexist at low 
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temperatures [45]. Recently, the phase separation scenario has been reported in rare earth 

cobaltates system, using X-ray photo electron spectroscopy. Also, Wu et al [46] have 

observed the magnetic phase-separated regions in Laj.xSrxCoOa. 

1.7 SPIN-GLASS SYSTEMS 

One of the main fields of research in condensed matter physics over the last few 

decades involves non-equilibrium dynamics of glassy systems. The spin-glass represents 

a non-equilibrium state which is a rather complex kind of condensed state in solid state 

physics. In 1970's the spin-glasses were all important, and enormous effort was made to 

measure and explain the unique freezing (an unconventional spin-glass transition) and the 

low temperature glassy behavior [47]. In the following years experimental and theoretical 

studies have revealed some strong support of this new magnetic phenomenon, which are 

associated with the frustration and disordemess of the magnetic system [48]. The nature 

of this new kind of material raises many fundamental questions and thus its complete 

theoretical description, is still under discussion. 

In brief, the spin-glass material can be described as, a magnetic system in which 

the interactions between the magnetic moments are "in conflict" with each other, due to 

some frozen-in structural disorder. Therefore, there is an absence of conventional long-

range ordering (FM or AFM type) in these systems. Thus, the spin-glasses consist of an 

ensemble of disorder spins, and represent a model system for the statistical mechanics of 

a system with quenched randomness. Nevertheless these systems exhibit a "freezing 

transition" to a state with a new kind of "order", where the spins are aligned in random 

directions. The actual spin ordering in the spin-glass is a problem belonging to the 
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physics of structurally disorder materials, and does not arise in more conventional regular 

systems. Because of the spin disorder at low temperature, the spins are subject to 

different types of interactions like: FM (positive) or AFM (negative). In this situation a 

particular spin will receive conflicting information on the way of ordering from its 

nearest neighbors and therefore it will not be possible for the system to arrange in a 

certain spin configuration to minimize its energy. This phenomenon is commonly known 

as frustration [49], which is shown schematically in Fig. 1.17. 

Figure 1.17 Schematic representations 
of spin-glass behavior. The positive and 
negative sign represents FM and AFM 
interactions. 

Figure 1.17(A) represents a square lattice without frustration, since all positive and 

negative interactions are satisfied. The spin on the upper left couple antiferromagnetically 

with the spins on the upper right and lower left, while the spin on the lower right couples 

ferromagnetically with them. In Fig. 1.17(B), the frustration appears, since there is no 

even number of positive and negative spins. Therefore, the frustration originates from the 

disorder of the interactions. Figure 1.17(C) represents different spin arrangements in the 

triangular lattices. In this case, there is no magnetic disorder, since all sites are occupied 

and there is no frustration, but it appears in Fig. 1.17(D) as in square lattice. 
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In order to perform experiments on SG, first of all it is necessary to make sure 

that the given system does not fall in the category of ferromagnet (disorder), 

antiferromagnet or paramagnet at all temperatures. Furthermore, the characteristic 

phenomena observed in spin-glasses; such as the sharp 'cusp' in the frequency-dependent 

ac-susceptibility in low fields, first observed by Cannela and Mydosh [47] is a fairly 

universal feature. The classical spin-glass materials are noble metals (Au, Ag, Cu etc.) 

weakly doped by transition metal ions (Fe, Mn etc.). In recent years, a lot of materials 

have been reported in the literature, which show spin-glass behavior with perovskite and 

other structures as discussed below. Experimentally, it has been amply demonstrated that 

both 3D Ising (Feo.sMno.sTiOs) and Heisenberg (Ag(Mn)) spin-glass systems exhibit 

dynamic critical behavior on approaching the spin-glass temperature, Tsg, which 

correspond to a second order phase transition [50]. At low temperature both Ising and 

Heisenberg spin-glasses exhibit similar non-equilibrium dynamics and an infinitely slow 

approach towards a thermodynamic equilibrium state. 
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Figure 1.18 Relaxation rate vs time plot for (a) Ag (11% Mn) (b) FeosMno.sTiOa [ref 51]. 
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This means that below Tsg, the ZFC spin-glasses never reach equilibrium, in other words 

the equilibration time is infinite for spin-glass state. Therefore the experiments on low 

temperature phases seem to be like a non-equilibrium system and the results are age 

dependent [48]. Once the system is kept constant at low temperature phase, it 

spontaneously and continuously reorganizes the spin-structure i.e. the system ages. Aging 

has a very good characteristic influence on the response function of spin-glass. Figure 

1.18 shows result from an isothermal aging experiment on an Ising and a Heisenberg 

system [51]. A striking feature between the behaviors of the two systems is that aging has 

much larger influence on the relaxation of the Heisenberg system than the Ising system. 

There are two main approaches to describe the spin-glass behavior; one is phase 

space (mean field) and another one is the real space (droplet scaling) model. The mean 

field model predicts a finite spin-glass temperature (e.g. Tsg) and also a persistence of the 

phase in an applied magnetic field, and the spin-glass and paramagnetic phases are 

separated by the Almeida-Thouless line [52]. On the other hand, the droplet scaling 

theory predicts that [53] in the thermodynamic limit, any finite magnetic field destroys 

the spin-glass phase. A crucial point in this model is the correspondence between the time 

and length scales. An experimental probe that measures at a certain frequency or time 

scale, can also probes the system on a length scale set by the observation time (and 

temperature). A finite field sets an upper limit to the correlation length scales in the spin-

glass; on shorter length scales the system appears to be unaffected by the field, but on 

larger length scales the system will be at equilibrium (paramagnetic) state. 

Therefore to establish the spin-glass behavior experimentally, the next question 

that arises, is what properties a system has in order to be a spin-glass? The defining 
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properties are i) frozen-in magnetic moments below some freezing temperature, T,„. and 

hence a cusp in the ac-susceptibility below Tsg, ii) absence of periodic long-range 

magnetic ordering and iii) remanence and magnetic relaxation on macroscopic time scale 

below Tsg, at sufficiently low field. Of course, whether the moments are frozen-in or not, 

depends on the time scale of the observation. In low field dc-magnetization, the spin-

glass transition, Tsg, is revealed by a maximum in the ZFC-magnetization, irreversibility 

between the ZFC and the FC-magnetization; and a continuous decay of the 

thermoremanent magnetization (TRM) to zero at the temperature where irreversibility 

between the ZFC and FC appears. An additional and remarkable feature of the non-

equilibrium spin-glass phase is "memory" phenomena. This is revealed by measurements 

according to a standard ZFC-magnetization protocol [54]. The memory-aging behaviors 

are manifestations of some crucial concepts-aging, rejuvenation and chaos that 

characterize the spin-glass phase and are the key factors for modeling spin-glasses (511. 

The frequency-dependent cusp was first reported in dilute metallic alloy of CuMn (with 

0.9 % Mn) and thereafter in concentrated insulator Eui.xSrxS [55]. In recent years, some 

of the perovskite manganates such as (Tbo.33Lao.67)o.67Cao.33Mn03, Yo.7Cao ^MnO-,, and 

Tho.35Bao.37Cao.28Mn03 [56] are considered to exhibit spin-glass behavior at tow 

temperatures. Recently, spin-glass behavior has been reported in an uranium based 

nonmagnetic atom disorder compound, U2AuGa3 [57]. Some of the manganates like 

Ndo.7Sro.3Mn03 and Lao.7.xYxCao,3Mn03 [58] show magnetic relaxation phenomena in the 

FM phase indicating magnetic frustration and disorder. 

There is another interesting and well known phenomenon of spin-glasses called 

re-entrant spin-glass transition, which occurs near the phase boundary between the spin-
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glass and FM phase [48, 59]. This re-entrant spin-glass behavior is reported in 

Yo7Cao3Mn03 [54] and very recently in Mn-rich YMnOs hexagonal manganates [60]. 

Therefore a study of re-entrant spin-glass transition in a dilute magnet by Abiko et al [61] 

has established a theoretical model that settles the most important issue of the re-entrant 

spin-glass transition. 

Rare earth cobaltate of the type Lni-xAxCoOs are somewhat similar in physical 

properties to the manganates. The spin-glass behavior in Lai-xSrxCoOs has been reported 

by a few workers [62]. Similarly, Burley et al [63] have reported the long-range 

feiTomagnetism and glassy behavior in Lai-xCaxCoOacobaltates. 

1.8 RARE EARTH COBALTATES 

Rare earth cobaltates with the perovskite structures, Lni-xAxCoOa (Ln = trivalent 

rare earth. A = divalent alkaline earth), have been investigated for several years due to 

their novel magnetic and electronic properties which include temperature-induced spin-

state transitions, cluster-glass like behavior, insulator-metal transition and so on [63-67]. 

The temperature induced spin-state transition from low-spin (LS) to high-spin (HS) or 

intermediate-spin (IS) state is well known for LaCoOs [64, 65, 68]. Recently pressure-

induced transition has also been reported in the literature for LaCoOs as well as for doped 

cobaltate [69]. The physical properties of perovskite cobaltates are sensitively dependent 

on the doping concentration of the rare-earth site. Doping brings up mixed valences in the 

Co-ions, similar to the Mn-ions in the manganates as discussed earlier. The substitution 

of A'^ for Ln̂ "̂  in Lni-xAxCoOs series [70] will favor the Co^^ to transform into Co"*"̂ , 

which will interact ferromagnetically obeying the Zener double-exchange mechanism. On 
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the other hand, Co '̂̂ -Co '̂' and Co'̂ ''-Co'*"' interacts antiferromagnetically due to super-

exchange interactions. Hence, there will be always a competition between these two 

interactions to dominate one over another giving rise to a tendency of electronic phase 

separation in the system [67]. Whether the ferromagnetism in cobaltates (similar to 

manganates) is mediated by a DE mechanism or not is clearly not understood at present. 

However, the absence of half filled t2g orbitals is providing core spin and strong Hunds 

rule coupling, unlike manganates, making this mechanism less feasible. .Similar to the 

manganates, the JT distortion of the CoOg octahedra has been reported by Fauth et al [71 ]. 

The JT distortion favored due to the IS state of Cô "" (^2/^/) and Co"̂ "" (tz/ej) ions occur 

in the cobalt structure. 

The magnetic phase diagram of A-site doped cobaltates, Lai-xSrxCoO^ is shown in 

Fig. 1.19, to illustrate the ferromagnetic Tc with doping concentration. There are two 

distinct regions in the phase diagram. For J O 0.2, one observes the onset of FM transition 

(denoted by Tc). 
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Figure 1.19 Magnetic phase diagram for Lai-xSrxCoOs [ref 26) 
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When r < 0.1. a spin-glass like phase is observed at lower temperatures, which has been 

discussed in details earlier. The value of MR even at Tc is much smaller in magnitude 

than the manganates. However, in the cobaltates large and negative MR , has been 

reported in the insulating compositions. In such system, the maximum MR is observed 

where it shows SG-type behavior [26]. Recently, researchers have begun to take 

substantial interest in perovskite related phases containing the smaller rare earth ions of 

the type Lni.xSrxCoOs [72]. Rare earth cobaltates of the type Lni-xCaxCoOs shows no 

long-range ferromagnetism or insulator-metal transition, instead they exhibit electronic 

phase separation and/or glassy magnetic behavior at low temperatures [63, 73]. 
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2. ELECTRONIC PHASE SEPARATION IN RARE EARTH 

MANGANATES (Lni.xAxMnOj) 

SUMMARY* 

Rare earth manganates of the general formula Lni-xAxMnOs (Ln = trivalent rare 

earth, A = divalent alkaline earth) have attracted considerable interest because of their 

fascinating physical properties. Electronic and magnetic properties of four series of rare 

earth manganates of the general formula Lao.v-xLnxBaojMnOa (Ln = Pr, Nd, Gd and Dy) 

have been investigated to examine the effect of large size-disorder (a ) in a system where 

the average radius of the A-site cations, (rA), remains high (1.216 -1.292 A) and the 

Mn^V Mn'*"*̂  ratio is kept constant. The size-disorder, as measured by the a^ parameter, 

has been varied over a wide range of 0.001 and 0.030 A .̂ As x is increased, the materials 

exhibit a decrease in the ferromagnetic (FM) Tc or lose ferromagnetism entirely. This is 

accompanied by an insulator-metal (I-M) transition, with the TIM decreasing with 

increasing x, or an entirely insulating behavior. The insulating behavior and loss of 

ferromagnetism occurs when c^ is close to 0.02 A .̂ Thus, in the manganates series Ln = 

Gd and Dy, the non-magnetic insulating behavior occurs at x values of 0.5 and 0.3 

respectively. Where an I - M transition with TIM < Tc indicates the presence of a FM-

* 
Based on these studies, papers have been published in; Solid State Comm. 125 41 (2003), J. 

Phys.: Condens. Matter 17 4171 (2005), J. Phys.: Condens. Matter 18 4809 (2006). 
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insulating regime. The absence of long-range ferromagnetism in some of the 

compositions is accompanied by the divergence between the zero-field-cooled (ZFC) and 

the field-cooled (FC) magnetization data. The FM or non-magnetic insulating state is due 

to phase separation wherein FM clusters are present in an insulating matrix. The non

magnetic insulating compositions can be rendered FM and metallic by decreasing a^ 

while keeping (rA> constant. This extraordinary effect of â  on the properties of the rare 

earth manganates is noteworthy. 

While Lao.yBao 3Mn03 is a FM metal (Tc = 340 K) with long-range ordering, 

Ndo.yBaojMnOa shows a transition around 150 K with a small increase in magnetization, 

but remains an insulator at all temperatures. GdojBaojMnOs is non-magnetic and 

insulating at all temperatures. Thus, NdojBaojMnOa and Gdo.vBaojMnOj represent 

insulators which are formally magnetic and non-magnetic respectively. Low-field dc 

magnetization and ac susceptibility measurements on Ndo.yBao.aMnOa reveal the presence 

of a transition around 150 K, and a complex behavior with different ordering/freezing 

transitions at 62, 46 and 36 K in the case of GdojBao.sMnOs, the last one being more 

prominent. The nature of the field-dependence of the magnetization combined with the 

slow magnetic relaxation, aging and memory effects suggest that Ndo^BaojMnOa is a 

cluster-glass below 150 K, a situation similar to that found in Lai.xSrxCoOs. 

Gdo.vBaojMnOs, however, shows non-equilibrium dynamics characteristic of spin-glasses, 

below 36 K. The difference in the nature of the glassy behavior between GdoTBaojMnOs 

and Ndo.vBao.sMnOs probably arises because of the larger disorder arising from the 

mismatch between the sizes of the A-site cations in the former. The disorder, in turn, 

promotes electronic phase separation. Furthermore, our results on NdojBaojMnOs and 
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GdojBao.sMnOa suggest that the magnetic insulating states often reported in the rare earth 

manganates of the type Lni.xAxMnOa are likely to be associated with glassy magnetic 

behavior. 

Some of the compositions of the half-doped rare earth manganates of the type, 

Lao.5-xLnxCao.5Mn03 (Ln = Pr, Nd) and Ndo.sCao.s-xSrxMnOs with relatively small A-site 

cation radius, (rA>, show an unusual behavior, wherein they become FM on cooling the 

charge-ordered (CO) state (charge-ordering temperature Tco > ferromagnetic transition 

temperature Tc). With increase in (rA>, however, the Tc becomes greater than Tco- Thus, 

plots of Tc and Tco against <rA> for Lao.j.xLnxCao.sMnOs (Ln = Pr, Nd) and Ndo.5Cao.5-

xSrxMn03 show cross-over from the Tco > Tc regime to the Tc > Tco regime around (rA) 

values of 1.195 ± 0.003 A and 1.200 ± 0.005 A, respectively. Between Tcand Tco, the 

CO and FM phases are likely to coexist. In Ndo.5Cao.5Mni.xMx03 (M = Cr, Ru), Tco> Tc 

when X < 0.10, suggesting the re-entrant nature of the FM transition. The reentrant 

transition is a result of electronic phase separation and accordingly in the temperature 

range between Tco and Tc, the CO and FM phases coexist. 
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2.1 INTRODUCTION 

Electronic phase separation (EPS) in metal oxides has emerged to become a 

phenomenon of importance, because of the diversity of properties found in rare earth 

manganates of the type Lni-̂ AxMnOs [1-4]. EPS gives rise to a variety of effects resulting 

in unusual magnetic and electron transport properties depending on x or the carrier 

concentration as well as the relative size of Ln and A ions. At relatively small carrier 

concentration, the high-conducting ferromagnetic (FM) region form separate droplets 

inside the insulating antiferromagnetic (AFM) matrix. In this case, concentration of the 

charge carriers in a portion of the crystal, when they cause appearance of the FM metallic 

and /or AFM insulating states, leads to the mutual charging of both phases (due to 

comparable energies of the states). We have seen in first chapter few possible scenarios 

of phase separation schematically and it is also evident from previous discussion that the 

different phases in rare earth manganates are governed by some external and internal 

factors. These factors can be induce different phases under one condition, such as 

temperature or pressure etc. As the different phases are separated from each other by the 

insulating regions, the crystal as a whole is an insulator at low temperature. Thus, FM 

clusters present randomly in an AFM host matrix often give rise to a glassy magnetic 

behavior. As the PTM clusters grows in size to become reasonably size domains, due to the 

effect of temperature, composition or some other factors, the system acquires the 

characteristics of a genuine phase separated system. On increasing the temperature, the 

phase-separated state should be broken, and the impurity distribution over the crystal 
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should become uniform. These scenarios roughly represent the experimental observations 

and therefore EPS has been observed recently in real space with atomic scale resolution 

[1]. The coexistence of the different types of electronic phases in Lai-xAxMnOs at various 

doping levels has been studied by various experimental techniques, which depends on the 

length scale [1-3]. Several recent papers on rare earth manganates reveal that in addition 

to microscopic phase separation, there can be macroscopic phase separation where the 

length scale is between 3-200 nm [2, 4, 5]. Structural and magnetic information from X-

ray and neutron diffraction bear signatures of EPS, when the length scale is large (few 

hundred of nanometers). Evidence of phase separation is also obtained from 

magnetization and electron transport measurements, which has been used in our present 

study. Our investigations on rare earth manganates have shown the occurrence of EPS as 

\^ell as disordered and frustrated ferromagnetic behavior for large A-site cations. Direct 

observational evidence is provided by images employing transmission electron 

microscopy, scanning probe microscopy and photo-emission spectroscopy. The phase 

separation reported by Uehara et al [5] was considered as disorder induced phase 

separation, rather than EPS, which was verified by Moreo et al [6]. The size of the 

clusters depends on the magnitude of the disorder. The smaller the disorder, larger would 

be the size of FM clusters. There are several reports on the EPS in the literature by 

different researchers [1, 7-9]. All these results are compatible with the theoretical model 

[6, 10]. These studies suggest that the EPS could also be the reason behind the large 

CMR effect in the rare earth manganates. The electronic phase separation scenario 

bridges the gap between the Zener double exchange model and the lattice distortion 

models. 
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2.2 SCOPE OF THE PRESENT INVESTIGATIONS 

The scope of the investigations carried out on rare earth manganates is presented 

in this section. Novel effects of cation size-disorder, electronic phase separation and 

related aspects of the hole-doped rare earth manganates have been studied. We have also 

probed the re-entrant ferromagnetic transition in rare earth manganates with relatively 

small size A-site cations, arising from electronic phase separation. 

2.2.1 Novel effects of size-disorder on the electronic and magnetic properties of rare 

earth manganates Lao.T-xLnxBaojMnOs (Ln =Pr, Nd, Gd and Dy) with large (r^) 

Among the several novel properties exhibited by the rare earth manganates, 

charge ordering and electronic phase separation are of particular interest [ 1. 11-14, 15-17]. 

Both these properties are highly sensitive to the <rA>, and the disorder arising from the 

size mismatch between the A-site cations [14, 17-20]. A detailed study of several 

compositions of Lao.T-xLnxCao.aMnOa series of manganates has shown the occurrence of 

electronic phase separation above a critical composition Xc [5, 19]. In this series of 

manganates, <rA) decreases markedly with increase in x, accompanied by an increase in 

size-disorder. Above Xc, the materials become insulating and do not show ferromagnetism. 

The Xc value corresponds to the critical <rA> value, (rA'̂ >, of 1.18 A. Electronic phase 

separation occurs in the region of (rA*̂ ) [5, 19]. In order to fully appreciate the effect of 

the size mismatch between A-site cations, we considered it important to investigate a 

series of manganates, where the (rA) remains substantially large and well above the (rA*̂ ) 
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throughout the series. However, in this series the size-disorder increases significantly. 

Lao vBaosMnOs with (rA> of 1.292 A is a good FM metal with a FM transition temperature, 

Tc- of around 350 K [21]. However, the Tcis lower than the value expected on the basis 

of the large A-site cation radius, because of the mismatch between the A-site cations [16-

20]. Thus, the size disorder, o ,̂ (see page 27 for definition of a^)is quite large, the value 

being 0.014 A'. Pro 7830 sMnOs [21, 22] with a <rA) of 1.266 A and o^ of 0.018 A^ shows 

a distinct FM transition around 190 K due to long-range FM ordering and an insulator-

metal (l-M) transition at a lower temperature (155 K). The properties of Ndo.TBao.sMnOs 

with a (rA) of 1.255 A and a^ of 0.020 A ,̂ however, appear to be quite different with an 

unusual insulating behavior [23]. We have investigated the effect of substitution of La in 

Lao vBaoiMnOj by the smaller rare earth ions Pr, Nd, Gd and Dy, on the magnetic and 

electron transport properties, to understand the evolution of the insulating behavior 

accompanying the disappearance of ferromagnetism, primarily arising from size-disorder. 

It is to be noted that in a given series of manganates, the size-disorder increases 

considerably with x, although the <rA> remains in the range of 1.216 - 1.292 A, and the 

canier concentration i.e. the Mn̂ VMn'*̂  ratio is constant. In order to evaluate the effect of 

size-disorder quantitatively, we have varied a^ in two series of manganates of the type 

Lno7xLn\Ao..vyA'yMn03, wherein (rA) is kept constant at 1.266 and 1.216 A, 

corresponding to the <rA> of Pro.yBao.aMnOs and Gdo^BacsMnOa respectively. 

2.2.2 Glassy behavior in the ferromagnetic and the non-magnetic insulating states of 

the rare earth manganates, Lno.7Bao.3Mn03 (Ln = Nd and Gd) 

As discussed in preceding section, in Lao.y-xLnxCaojMnOs series of manganates, 

electronic phase separation is found to occur above a critical composition X(, specially in 
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the regime when <rA> is close to 1.18 A or lower and favored by large size-disorder [18, 

20]. In this system, <rA) decreases with increasing x affecting the e,, bandwidth. A study of 

Lao.25oPro.375Cao.375Mn03 by Deac et al [24] have shown that two types of magnetic 

relaxation, one at low fields associated with the reorientation of FM domains and another 

at higher fields due to the transformation between FM and non-FM phases. The presence 

of FM-clusters and associated magnetic relaxation phenomena well below Tc has been 

reported in Lao.v-xYxCao.aMnOa by Freitas et al [25]. Ndo.ySro.sMnOi with a well defined 

FM transition Tc exhibits aging phenomena in the FM phase indicating magnetic 

frustration and disorder [26]. Lopez et al [27] have provided evidence for two competing 

magnetic phases in Lao.sCao.sMnOB based on the magnetic relaxation study. Previous 

investigations of the magnetic and electron transport properties of Laoy.xLnxBao îMnOa 

(Ln = Pr, Nd, and Gd) where the (rA) remains relatively large over the entire range of 

compositions (> 1.216 A) have shown that the FM or non-magnetic insulating 

compositions can be rendered to FM and metallic by decreasing the size-disorder. An 

insulating FM state is found in NdojBaojMnOs, but GdojBao.sMnOj is insulating and 

non-magnetic down to low temperatures, although the carrier concentration (Mn /̂Mn ^ 

ratio) is the same as in LaoyBaojMnOa which is a genuine FM metal [23, 28]. In this 

invesdgation we focus our interest on NdojBao.sMnOa and GdojBao sMnOs and have 

carried out a detailed study of the magnetic properties by employing measurements of 

low-field dc magnetization, ac susceptibility, magnetic-relaxation and memory effects. 

The study has revealed the presence of glassy magnetic phases in both these manganates, 

albeit of different varieties. 
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2.2.3 Occurrence of re-entrant FM transitions in rare-earth manganates on cooling 

the charge-ordered states: A consequence of electronic phase separation 

There have been extensive investigations on rare earth manganates of the general 

formula Lni-xAxMnOs (Ln = trivalent rare earth, A = divalent alkaline earth) over the last 

few years in order to understand the various phenomena and properties exhibited by them 

[I, 11, 13. 14, 29]. In particular, the competition between charge ordering and charge 

delocalization has received much attention. Charge ordering is specially favored in the 

manganates when the average radius of the A-site cations, <rA) is relatively small [14]. 

Charge ordering is destroyed by the application of magnetic field or by the substitution of 

certain cations in the B-site, provided the <rA> is sufficiently large «rA> > 1.17A) [30-32]. 

If (rA) is very small, such external factors have little effect on the charge ordering. The 

(rO regime of 1.17-1.20 A is especially interesting. In this regime the manganates show 

charge ordering near the room temperature and undergo a re-entrant transition to a FM 

state on cooling (Tc < Tco). Thus, Ndo.sCao.sMnOa «rA> = 1.17A) is a charge ordered 

insulator (Tco = 240 K) and does not show ferromagnetism at any temperature [33]. 

Ndo^sLaoasCaosMnOs «rA> = 1.185A), shows charge ordering at 239 K and undergoes a 

FM transition on cooling to -140 K [34]. By contrast, Lao.sCao.sMnOB with a (rA> of 

1.198 A has a FM Curie temperature, Tc, of 225 K and Tco = 135 K [2]. In the 

intermediate temperature range between Tc and Tco> these compositions show the 

coexistence of phases. 

Investigations of the manganates Lao.s-xLnxCao.sMnOs (Ln = Pr, Nd) in the <rA> 

region of 1.17-1.20 A showed that the Tc increases while Tco decreases with increase in 

(rA). The cross over between Tc and Tco takes place around (rA) = 1.195 ± 0.003A [36]. 
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While this is an interesting observation, there are very few experimental points in the 

region around 1.195A. We have, therefore examined the manganates of the type Laoj. 

xLnxCao.sMnOs (Ln = Pr, Nd) in the <rA) region of 1.194 - 1.197A. We also considered it 

important to explore whether a series of manganates obtained by substitution of Ca by Sr 

in Ndo.5Cao.5Mn03 would exhibit such re-entrant transition and if so how the Tc and Tco 

will vary with (TA). We have investigated the series of compositions Ndo sCao 5-KSrxMn03 

for this purpose. It may be noted that earlier studies of this system of manganates have 

not paid attention to the re-entrant transition and relative values of Tc and Tco [33J. The 

present study shows that there is indeed a re-entrant transition with Tco> Tc, and that the 

curve Tco- (rA> andTc- (rA) curves intersect around a <rA) value of 1.200 ± 0.005 A in 

Ndo.5Cao.5-xSrxMn03. An examination of the available data on Ndo.sCaosMni xM^Os (M = 

Cr, Ru), shows that Tco> Tc in these manganates as well, with a cross over around same 

value of dopant concentration, although (rA) remains constant. Between Tco and Tc. the 

manganates are phase-separated showing the presence of both CO and FM phases. 
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2.3 EXPERIMENTAL PROCEDURES 

2.3.1 Synthesis of samples 

Polycrystalline samples of the respective compositions were prepared by the 

conventional ceramic method. This method depends on the inter-diffusion between the 

rare earth and transition metal oxide powders and therefore it becomes necessary to use 

fine powders. The reaction also depends upon a few parameters, among them the most 

important being the diffusion length. In order to favor diffusion and obtain single phase 

compounds, we have to keep the reaction sintering temperature high so that the diffusion 

length 7' exceeds the particle size, which is given by / = V(2^r), where, k = diffusion rate 

constant and t = sintering time. These parameters depend on the respective precursor 

materials [38]. 

Rare earth manganates were prepared by starting with a stoichiometric mixture of 

rare earth oxide with respective alkaline earth carbonate and transition metal oxide 

thoroughly mixed in an agate mortar with propanol and milled for few hours. After the 

powder mixed homogenously and dried, the mixture transferred to an alumina/platinum 

crucible and preheated to 1173-1373 K for 12-24 h with repeated intermediate grindings 

[39]. The preheated sample was then ground thoroughly and palletized under a constant 

pressure of 50-60 kN in a steel dye. The pellets were then transferred into platinum boat 

and finally sintered at 1473-1673 K for 24 h at different atmosphere, which depends upon 

the precursor materials as discussed below. 
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(i) Preparation of Laoj-xLiixBaojMnOs (Ln = Pr, Nd, Gd and Dy) 

Polycrystalline samples of Laoj-xLnxBao.sMnOs (Ln = Pr, Nd, Gd and Dy) were 

prepared by the solid state reaction method. Stoichiometric mixtures of the respective 

rare earth oxides, BaCOs and Mn02 were weighed in the desired proportions and milled 

for few hours with propanol. The mixtures were dried, and calcined in air at 1223 K 

followed by heating at 1273 Kand 1373 K for 12 h in air. The powders thus obtained 

were pelletized and the pellets were sintered at 1673 K for 24 h in air. Two series of 

manganates of the general formula Lno.T-xLn'xAoj-yA'yMnOa, with fixed (rA> values of 

1.266 and 1.216 A were prepared by the same method. 

(ii) Preparation of Lao.s.xLnxCao.5Mn03 (Ln = Pr, Nd) and Ndo.5Cao.s.xSrxMn03 

Polycrystalline samples of Lao.5-xNdxCao,5Mn03, LaosxPfxCaosMnOs and 

Ndo.sCao.s-xSrxMnOa were prepared by the solid state reactions method. Stoichiometric 

mixtures of the respective rare earth oxides, alkaline earth carbonates and Mn02 were 

ground and heated at 1173 K in air followed by heating at 1273 and 1473 K for 12 h in 

air. The powders thus obtained were pelletized and the pellets sintered at 1673 K for 12 h 

in air. To improve the oxygen stoichiometry the samples were annealed in oxygen at 

1173 K. 

2.3.2 Characterization 

(a) Powder X-ray diffraction (XRD) 

The phase purity of the polycrystalline samples was established by recording the 

X-ray diffraction patterns using a Seiferts 3000 TT diffractometer. The data were 

recorded in the 29 range of 10°-90° using Cu-Ka radiation (1.5406 A). The lattice 
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parameters were calculated from the XRD patterns using PROSZKI and CELREF-

software packages. 

(b) Composition analysis 

The composition analysis of the powder sample was carried out by Energy 

Dispersive X-ray (EDX) analysis using a LEICA S440I scanning electron microscope 

fitted with a Si-Li detector. The oxygen stoichiometry was determined by iodometric 

titrations [40]. The error in oxygen content estimation was within ± 0.02. 

(c) Resistivity measurements 

The electrical resistivity measurements were carried out by standard four-probe 

method. The samples were mounted on a copper head using insulating tape and the 

contacts between the samples and the copper wires were made by silver epoxy which acts 

as electrode. The measurements were carried out in constant current mode in the 

temperature range of 20-320 K. 

(d) Magnetization measurements 

The magnetic properties of the samples were investigated by using a vibrating 

sample magnetometer (Lakeshore, VSM 7300), a Quantum Design MPMSXL 

superconducting quantum interference device (SQUID) magnetometer and a non

commercial low field SQUID magnetometer system [41]. The temperature dependence of 

the zero-field-cooled (ZFC) and field-cooled (PC) magnetization was measured in 

different applied magnetic fields. Hysteresis loops were recorded at some different 

temperatures in the low temperature phases of the system. The dynamics of the magnetic 

response was studied by ac-susceptibility measurements at different frequencies and 

measurements of the relaxation of the low field ZFC magnetization. 
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In the temperature dependent ZFC magnetization, the sample was cooled to 

lowest temperature in the absence of field, then the field was applied at the lowest 

temperature and the data were recorded on re-heating the sample. In the FC 

measurements the sample was cooled in the applied field to lowest temperature and the 

data were recorded on re-heating the sample, keeping the field applied. In the relaxation 

experiments, the sample was cooled in zero-field from a reference temperature to a 

measuring temperature, Tm and kept there during a wait time, tw. After the wait time, a 

small probing field was applied and the magnetization was recorded as a function of time 

elapsed after the field application [42]. 
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2.4 RESULTS AND DISCUSSION 

2.4.1 Novel effects of size-disorder on the electronic and magnetic properties of rare 

earth manganates of the type Laoj.xLnxBaojMnOa (Ln =Pr, Nd, Gd and Dy) with 

large <rA> 

All the manganate compositions of the formula Lao.T-xLnxBao.aMnOs (Ln = Pr, Nd, 

Gd and Dy) could be indexed on an orthorhombic structure with the Pnma space group. 

Table 2.1 Crystal Structure and properties of Lao.7.xLnxBao.3Mn03 (Ln = Pr, Nd, Gd and Dy) 

Composition 

.t = 0.0 

.X = 0 . 1 
X = 0.3 
X = 0.5 
X = 0.6 
X = 0.7 

X = 0.3 
.V = 0 . 5 
X = 0.7 

.V = 0 . 1 
X = 0.2 
.X = 0.3 
X = 0 . 5 
.t = 0.6 
.V = 0.7 

X = 0 . 1 
X = 0.2 
.X = 0.3 
.X = 0.4 

{̂ A> 

(A) 

1.292 

1.289 
1.281 
1.274 
1.270 
1.266 

1.276 
1.266 
1.255 

1.281 
1.270 
1.259 
1.238 
1.227 
1.216 

1.279 
1.266 
1.252 
1.239 

CT2 

(A2) 

0.014 

0.014 
0.016 
0.017 
0.017 
0.018 

0.017 
0.018 
0.020 

0.016 
0.019 
0.021 
0.025 
0.026 
0.027 

0.017 
0.020 
0.023 
0.026 

Space 
group 

Pnma 

Lattice 

a 

5.534 

Ln = Pr 

Pnma 
Pnma 
Pnma 
Pnma 
Pnma 

5.529 
5.527 
5.517 
5.520 
5.512 

Ln=Nd 

Pnma 
Pnma 
Pnma 

U 

Pnma 
Pnma 
Pnma 
Pnma 
Pnma 
Pnma 

Ln 

Pnma 
Pnma 
Pnma 
Pnma 

5.511 
5.507 
5.498 

i = G d 

5.527 
5.527 
5.521 
5.496 
5.496 
5.479 

1 = D y 

5.530 
5.521 
5.510 
5.507 

parameters (A)" 

b 

5.529 

5.514 
5.523 
5.510 
5.500 
5.495 

5.513 
5.506 
5.497 

5.524 
5.516 
5.511 
5.491 
5.487 
5.471 

5.515 
5.508 
5.501 
5.496 

C/V2 

5.529 

5.527 
5.519 
5.503 
5.507 
5.505 

5.524 
5.507 
5.498 

5.525 
5.517 
5.511 
5.497 
5.488 
5.477 

5.525 
5.511 
5.497 
5.496 

rc(K) 

340 

320 
285 
235 
210 
190 

250 
190 
150 

280 
210 
150 
— 
— 

— 

270 
190 
— 

— 

7iM(K) 

— 

270 
210 
175 
150 

240 
160 
— 

275 
190 
120 
— 
— 

— 

270 
170 
— 

— 

Uncertainty is approximately ±0.004. 
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We have presented the lattice parameters of the various compositions in Table 2.1 along 

with the values of (rA> and the size variance o^. The lattice parameters as well as the 

volume of the unit cell vary linearly with (rA) as expected. 

In Fig. 2.1, we show the magnetization and resistivity data of Lao.7-xPrxBao.3Mn03 

series of manganates. The Tc value decreases progressively with increasing x reaching a 

value of 190 K in ProjBaojMnOs. The value of the saturation magnetization decreases 

only slightly with the increase in x (35 to 29 emu/g at 60 K in the jc = 0.0 - 0.7 range). 
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Figure 2.1 Temperature variation of 

(a) magnetization and (b) electrical 

resistivity of Lao.y-x Prx BaojMnOa. 

Figure 2.2 Temperature variation of 

(a) magnetization and (b) electrical 

resistivity of Lao.7-x Ndx Bao.sMnOj. 

The material is metallic at room temperature up to x = 0.3 and exhibits a broad I-M 

transition when x > 0.3, the transition temperature, TIM, decreasing with increasing x. 

ProjBaojMnOs itself shows the I-M transition around 150 K (TIM) which is lower than 

the Tc value. This value of TIM is somewhat higher than that reported by Heilman et al 

62 



[22]. It is interesting that, as x approaches 0.7, the difference between Tc and TIM 

increases, with the latter becoming considerably lower than Tc. Pro.TBao.sMnOs is, 

therefore, a ferromagnetic insulator in the regime between Tc and TIM (190 - 150 K). The 

magnetization and resistivity data of Lao.T-xNdxBao.sMnOs are shown in Fig. 2.2. Here 

again, the Tc value decreases with increasing x, and there is a marked decrease in the 

value of the saturation magnetization as well. There is a sharp increase in magnetization 

with an apparent Tc of ~ 150 K, in NdojBao.sMnOs. But the saturation moment is small, 

suggesting there may be no long-range ferromagnetic ordering in the material. Thus, the 

saturation magnetization is 30 emu/g at jc = 0.3 and NdojBao.sMnOs (jc = 0.7) does not 

exhibit clear saturation down to low temperatures. The highest value of magnetization 

obtained for NdojBaojMnOs is 18 emu/g compared to 35 emu/g in Lao.TBaojMnOs (60 K). 
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Figure 2.3 Temperature variation of the magnetization, M, of (a) Ndo? BaojMnOs (b) 
Gdo.7 BaosMnOs (c) Lao.iGdo.sBaojMnOs and (d) Lao^DyojBao.sMnOs (at H = 500 Oe). 
The solid symbols represent FC and open symbols represent ZFC data respectively. 

The saturation magnetic moments in Ndo.yBao.sMnOs and Lao.TBaojMnOa are 0.8 and 1.5 

|iB respectively, while that in ProjBao.sMnOs is 1,2 |XB- Accordingly, the ZFC and FC data, 
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show considerable divergence below Tc (Fig. 2.3(a)), unlike in ProvBaoaMnOs. The 

resistivity behavior of Lao.T-xNdxBaosMnOs is quite different from that of Lao.?-

xPrxBao.3Mn03. The Laoj-xNdxBao.sMnOs compositions show a broad I-M transition 

when jc = 0.3 and x = 0.5, but the 0.7 composition is an insulator with high resistivity. The 

resistivity behavior of NdojBao.sMnOs found by us differs from the earlier report [23] to 

some extent. We do not find a distinct I-M transition in this material nor two resistivity 

peaks around TIM- We barely see a shoulder around Tc as shown in Fig. 2.3(b). Since, 

NdoyBaosMnOs does not show long-range ferromagnetic ordering; it would appear that 

the material contains ferromagnetic clusters in the insulating matrix. The double peaks in 

resistivity data reported earlier [23] or the shoulder near Tc found by us also suggest such 

phase separation. Ferromagnetic clusters in an insulating matrix would also be present in 

other compositions (0.0 <x< 0.7) where Tc < TJM-

Figure 2.4 Temperature variation of 

(a) the magnetization, (H = 500 Oe) 

and (b) the electrical resistivity of 

Lao.y-xGdx BaojMnOs. 

00 250 300 35( 

In the Lao.v-xGdxBao.sMnOs series, progressive substitution of La by Gd, causes the 

ferromagnetic features to disappear entirely when x > 0.5 (Fig. 2.4(a)). Even when x = 0.3, 
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the Tc is only 155 K and the saturation magnetization is 20 emu/g at 60 K. The x > 0.5 

compositions exhibit divergence between the ZFC and FC magnetization data (see Figs. 

2.3(b) and (c)), indicating the absence of long-range ferromagnetic ordering. AC 

susceptibility measurements reveal a weakly frequency-dependent peak at 50 and 40 K 

respectively in the x = 0.5 and 0.7 compositions. These compositions also fail to show the 

I-M transitions in the resistivity data, whereas the samples with x < 0.5 show distinct I-M 

transitions. The compositions with x > 0.5 are insulating just as NdojBao.sMnOs and the 

resistivity of Gdo.yBaojMnOs is higher than that of Ndo,7Bao.3Mn03 (Fig. 2.4(b)). In the 

LaoT-xDyxBaojMnOa series, ferromagnetism does not occur for x > 0.2 (Fig. 2.5(a)). The 

X = 0.2 composition shows an apparent Tc of 180 K, but the saturation magnetization is 

very low (18 emu/g). The x = 0.2 composition shows the I-M transition, but all the 

compositions with x > 0.2 are insulating, the resistivity being higher than that of the 

corresponding Gd and Nd substituted manganates. The ZFC and FC data of the x = 0.3 

composition shows divergence (Fig. 2.3(d)), indicating the absence of long-range 

ferromagnetic ordering. 

Figure 2.5 Temperature variation of 

(a) the magnetization (H = 500 Oe) and 

(b) the electrical resistivity of 

LaoT-xDyx Bao jMnOs. 
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In both the Lao.T-xGdxBao.sMnOs and Laoj-xDyxBao.aMnOa series of manganates, 

ferromagnetism disappears as x increases, accompanied by an insulating behavior. The 

apparent ferromagnetic transitions with a low saturation magnetization observed for x -

0.3 and 0.2 at 150 and 180 K respectively in the Gd and Dy derivatives, and associated 

with TIM values lower than Tc, pointing to the presence of a ferromagnetic insulating 

state. It is likely that in all the compositions where the ferromagnetic insulating state 

occurs, there is phase separation wherein ferromagnetic clusters are present in an 

insulating matrix. It is interesting that the difference between Tc and TIM manifests itself 

only when o^ is considerably large. In the four series of Lao.v-xLnxBao.sMnOa studied by 

us, the difference between Tc and TIM starts emerging when the cs^ = 0.016 A^, although 

the (rA> is relatively large, being around 1.28 A. Clearly the size disorder plays a crucial 

role in determining the properties of these manganates. 

Table 2.2 Crystal structures of Lno.7.xLn'xAo3.yA'yMn03 with fixed <rA) 

Lattice parameters (A) 

Composhioo (A^) group a b d ^ 

{/•A) = 1.266 A 

V 

(A^) 

LaojBao.uSro.isMnOj 

Lao.7Bao.21Cao.09 MnOs 
Pro.7Bao.3Mn03 
Lao.5Dyo.2Bao jMnOj 

Lao.7S^.08Cao.22Mn^ 
Ndo.7Bao.o«Siio^MD03 
Pro.7Bao.i25Cao.i25MD03 

Ndo.7Bao. ifisCao. i35Mn03 

Sino.7 B ao j4Cao.o6Mn03 
Gdo.7Bao,3Mn03 

0.008 
0.011 
0.018 
0.021 

0.001 
0.008 
0.009 
0,013 
0.021 
0.025 

Pnma 
Pnma 
Pnma 
Pnma 

5.520 
5.537 
5.512 
5.521 

{/•A) =1.216 A 

Pnma 
Pnma 
Pnma 
Pnma 
Pnma 
Pnma 

5.467 
5.474 
5.485 
5.490 
5.483 
5.479 

5.496 
5.508 
5,495 
5.508 

5.468 
5.464 
5.474 
5,473 
5.472 
5.471 

5.596 
5.501 
5.505 
5.511 

5.476 
5.469 
5.474 
5.469 
5,473 
5.477 

236 
237 
236 
237 

232 
232 
233 
233 
233 
233 
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In order to investigate the effect of size-disorder quantitatively, we have examined the 

compositions with constant (rA> values corresponding to Pro^Bao.aMnOs and 

Gdo.TBaojMnOs respectively, and varied the a^. In Table 2.2, we listed the structural 

parameters of two series of manganates. The magnetization and resistivity data of the 

compositions with (FA) = 1.266 A are shown in Fig. 2.6. We see that the Tc increases with 

decreasing a^ and the material becomes metallic at the lowest value of o = 0.008 A , 

while I-M transitions occur in the o^ range of 0.02-0.01 A .̂ This is indeed a nice result in 

that a system normally showing an I-M transition becomes metallic as the size-disorder is 

decreased. The effect of size-disorder is seen more vividly when the (TA) value is 1.216 A, 

corresponding to GdojBaojMnOs, a non-magnetic insulating material. 

200 250 300 350 

Figure 2.6 Temperature variation 
of (a) magnetization and (b) the 
electrical resistivity of Lno.?. 
xLn'xAo.3-yA'yMn03 with a fixed 
<rA> value of 1.266 A. 

0 50 100 150 200 250 300 350 
T(K) 

Figure 2.7 Temperature variation 
of (a) magnetization and (b) the 
electrical resistivity of Lno.?-
xLn'xAoj.yA'yMnOa with a fixed 
(r*) value of 1.216 A. 
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However, when the size-disorder is decreased, the material becomes ferromagnetic, with 

the Tc going up to ~ 300 K at the lowest value of a^ (Fig. 2.7(a)). As a^ decreases, the 

insulating behavior also gives way to metallic behavior. The Tc values (in Figs. 2.6(a) 

and 2.7(a)) vary linearly with o^ both slopes of 10 235 ± 2191 K k'^ and 17 068 ± 3260 

K A"̂  for (rA) of 1.266 A and (rA) of 1.216 A, respectively. The corresponding values of 

intercepts, T°c, are 374 ± 5 K and 305 ± 3 K, respectively. These values are comparable 

to those reported in the literature for other series of manganates [19, 43]. 

Conclusions 

The electronic and magnetic properties of the four series of Lao.7-xLnxBao.3Mn03 

(Ln = Pr, Nd, Gd and Dy) manganates have revealed certain interesting aspects, wherein 

the average radius of the A-site cation generally remains large (1.216-1.292 A), but the 

size disorder is considerable. Since the band narrowing due to small <rA) is avoided, the 

predominant effect in these materials is due to size-disorder. It is interesting that these 

materials show a progressive decrease in the FM Tc, eventually giving rise to a non-FM 

insulating behavior. Accordingly, with increasing x or o ,̂ the material exhibits a 

ferromagnetic insulating phase due to the presence of FM clusters in the insulating matrix. 

At large x or a ,̂ where some of the compositions lose ferromagnetism and become 

insulating, there is evidence for clusters with short-range FM interaction. In the insulating 

regime caused by size-disorder, there is clearly phase separation due to the presence of 

FM clusters in an insulating matrix. The phase separation is minimized or eliminated by 

decreasing a ,̂ as evidenced from the change of the non-magnetic insulating phase to a 

FM metallic state. 
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2.4.2 Glassy behavior in tlie ferromagnetic and tlie non-magnetic insulating states of 

tlie rare eartli manganates, LnojBaojMnOa (Ln = Nd and Gd) 

Rare earth manganates Lao.7Bao.3Mn03, Ndo^BaosMnOs and Gdo.TBao.aMnOa 

possess orthorhombic structures (Prima space group) and the lattice parameters decrease 

with the decrease in the size of the rare earth ion as expected. In Fig. 2.8, we show the 

variation of lattice parameters and cell volume with (rA> to demonstrate this feature. The 

<rA> values of LaojBaojMnOs, NdojBaojMnOs and GdojBao.sMnOs are 1.292, 1.255 and 

0 'J 

1.216 A respectively, the corresponding values of the size-disorder parameter, o , being 

0.014, 0.020 and 0.027 A^ respectively. Thus, Gdo.vBao.sMnOa has the smallest <rA> and 

the largest o .̂ 

Figure 2.8 Variation of lattice -

parameters and cell volume (inset-

figure) with (rA) of Lno.7Bao.3Mn03 

with Ln = La, Nd and Gd. 
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In Figure 2.9, we show the dc magnetization behavior of Lao.vBaojMnOs, 

Ndo.7Bao.3Mn03 and Gdo.7Bao.3Mn03 under FC conditions (500 Oe). Lao.7Bao.3Mn03 

shows a sharp increase in the FC magnetization around 340 K (Tc) corresponding to the 

ferromagnetic transition. There is evidence for saturation, the values of the saturation 

magnetization and the corresponding magnetic moment being 35 emu/g and 1.5 fis/fu. 

Ndo.7Bao.3Mn03 shows an increase in the magnetization around 150 K, but the maximum 
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magnetization value found is 18 emu/g (0.8 |iB/f-u.) at 40 K. GdojBaojMnOa shows no 

evidence for a magnetic transition and the magnetization value is 5 emu/g (0.25 î g/f-u.) at 

40 K. Clearly, the magnetic properties of the three manganates are distincdy different 

from one another. Whereas LaojBaosMnOs shows metallic behavior below Tc, 

NdovBaoaMnOa and GdojBao.sMnOs show insulating behavior over the entire 

temperature range (Fig. 2.9(b)). Thus, Ndo.TBao.aMnOa is insulating at and below the 150 

K transition and Gdo.TBaojMnOa is a non-magnetic insulator at all temperatures. 

40 f 1 I T ^ l I I 

(a) 

H =500 Oe 
Ln ,Ba„,MnO, 

0.7 0.3 3 

Ln = La 
Ln = Nd 

*— Ln = Gd 

100 200 300 400 
TrK^ 

Figure 2.9 Temperature dependence of (a) the FC magnetization, M, (at H = 500 Oe) and 
(b) the electrical resistivity, p, of Lno.7Bao.3Mn03 with Ln = La, Nd and Gd. Note that 
Ndo.7Bao.3Mn03 is insulating at 150 K where there is weak magnetic transition. 

Magnetization data of Lao.7Bao.3Mn03 at low fields were similar to those obtained 

at higher field showing little divergence between the ZFC and FC data. In Fig. 2.10, we 
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present the low-field ZFC and FC magnetization data of NdoTBaojMnOi and 

GdojBao.sMnOj. The FC magnetization of NdojEao^MnOs shows the transition around 

150 K. Gdo.vBao.sMnOs exhibits a rather complex behavior below 62 K where 

irreversibility between the ZFC and FC magnetization data first appears (Fig. 2.10(b)). 

The low temperature region is discussed later, but it is noteworthy that there are three 

characteristic temperatures: 62 K (onset of significant irreversibility between the ZFC 

and FC magnetization curves), 46 K (a maximum in the FC curve) and 36 K (a maximum 

in the ZFC curve), all indicating different ordering and/or freezing processes in the 

system. 
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Figure 2.10 Temperature dependence of the ZFC (open symbols) and FC (sohd symbols) 
magnedzadon, M, of (a) Ndo.TBao.aMnOs (at H = 10 Oe) and (b) Gdo.yBaojMnOs (at H = 
3 Oe). The features of the M-T curves remain same when the magnetic field is in the 1-10 
Oe range. 
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Figure 2.11 shows the field-variation of magnetization at three different 

temperatures for NdovBaosMnOa and Gdo.7Bao.3Mn03. Below 150 K, Ndo.TBao.sMnOa 

shows a behavior similar to a soft ferromagnet, the magnetization approaching saturation 

at high fields. GdojBaoaMnOa does not show the M-H behavior of a ferromagnet at low 

temperatures, and exhibit no tendency for saturation even at high fields. The shape of the 

M-H curve and the absence of saturation even at high fields found in GdojBao.aMnOs are 

reminiscent of magnetization curves of spin glasses [44]. The M-H behavior becomes 

nearly linear (paramagnetic) at 200 K in both the manganates. 
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Figure 2.11 Typical hysteresis curves for (a) Ndo.TBao.sMnOs (b) GdoyBaosMnOs at 
different temperatures. 

The temperature dependence of the ac susceptibility of NdojBao.sMnOj and 

Gdo7Bao3Mn03 is presented at different frequencies in Fig. 2.12. The in-phase % '(T) 

component of the ac susceptibility reveals similar features as the ZFC-magnetization at 

low-field in both the manganates. Ndo^BaojMnOs shows a sharp maximum below 150 K, 
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which is frequency-independent. However, there is weak frequency dependence at 

temperatures below 140 K, a behavior noted earlier in NdojSro.sMnOa [26]. 

GdojBao.sMnOs shows a shoulder around 62 K, a weak anomaly just above 46 K and a 

maximum at 36 K. The %'(T) data become strongly frequency-dependent below 36 K. 

This transition could arise from the presence of small magnetic clusters in a non

magnetic matrix. Other examples of oxide systems where only short-range ferromagnetic 

correlations occur are known [26, 45]. 

60 
20 60 100 140 180 

I '1 ' I ( ' ( I I 

Ndo.7Bao.3'̂ "03 

Figure 2.12 Temperature dependence of the in-phase ac-susceptibility at different 
frequencies for (a) NdoyBaoaMnOs and (b) GdoyBaosMnOs. 

Time-dependent ZFC magnetization measurements show that both 

Ndo.yBao.sMnOs and GdojBaojMnOs exhibit logarithmically slow dynamics and aging at 

low temperatures. In Fig. 2.13, we show the time-dependent ZFC magnetization, m(t), 

measured at Tm = 40 K, and the corresponding relaxation rates S(t) = 1/H 
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[dMzFc(T,tw,t)/dlogio(t)] for Ndo.TBao.sMnOa. The applied field was 1 Oe and the wait 

times were tw = 100, 1000 and 10000 s. The results of similar measurements on 

GdojBao.sMnOs at 30 K are presented in Fig. 2.14. The wait time dependence of the 

magnetic relaxation illustrated in Figs. 2,13 and 2.14 show that both the manganates are 

subject to magnetic aging at low temperatures. Relaxation experiments (not shown) at 80 

K (Nd) and 40 K (Gd) reveal slow relaxation and aging behavior at these temperatures as 

well, but with a much decreased relaxation rate compared to that at low temperatures. 
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Figure 2.13 ZFC-relaxation measurements Figure 2.14 ZFC-relaxation measurements 

on NdovBaosMnOs at T^ = 40 K for on Gdo.yBaojMnOs at Tn, = 30 K for 

different waiting times. different waiting times. 

Time-dependent thermo-remanent magnetization (TRM) measurements at the 

same temperatures yielded similar results for both systems. Magnetic aging is a signature 

of spin-glasses [44] and explained within the droplet (or domain growth) model the 
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maximum in the relaxation rate is associated with a crossover between quasi-equilibrium 

and non-equilibrium dynamics [46]. The slow relaxation and aging behavior of 

Ndo.7Bao.3Mn03 and Gdo.yBao.sMnOs demonstrate that magnetic disorder and frustration 

occur in the low temperature phases. 

Glassy dynamics in spin glasses is also manifested by a memory effect that can be 

demonstrated by dc-magnetization or low frequency ac-susceptibility experiments. We 

have employed zero-field-cooled magnetization vs. temperature experiments [42] to 

investigate possible memory phenomena in the two manganates. The experiment includes 

a reference measurement, according to the ZFC protocol described earlier, and a similar 

ZFC memory experiment, the protocol of which only includes one additional feature, the 

cooling down of the sample is halted at a stop temperature for some hours. In a spin-glass 

experiment, the memory curve acquires a weak dip at the temperature where the zero-

field cooling was halted. To illustrate the memory effect, it is convenient to plot the 

difference between the reference and the memory curve. A spin glass phase (ordinary or 

re-entrant) has a pronounced memory behavior, whereas a disordered and frustrated 

ferromagnetic phase shows little or no memory effect. In the case of Ndo.vBao.sMnOa, we 

carried out the ZFC experiment by cooling the sample from a reference temperature of 

170 K to 90 K, where the magnetic field (10 Oe) was applied and the magnetization 

recorded on reheating the sample to 170 K. The ZFC memory curve was recorded in a 

similar way with the additional feature that the cooling in zero field was stopped at 120 K 

for 3 hours. Figure 2.15(a) shows the two curves. A weak dip can barely be discerned in 

the memory curve (labelled 120 K). The difference plot showing Mmem(T)-Mref(T), shown 

as an inset in Fig. 2.15, reveals a broad but shallow memory of the stop at 120 K. In 
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contrast, the corresponding experiment on the GdojBao.BMnOs sample shows a prominent 

memory dip. The experiment was performed starting from 70 K and cooHng the sample 

continuously to 20 K, with an intermediate stop at 30 K for 3 hours in the memory 

measurement. Fig. 2.15(b) shows the two curves. There is a significant difference 

between the reference and the memory curves. The difference plot shown in the inset of 

Fig. 2.15(b) reveals a deep, broad memory dip. The dip abruptly ceases above 36 K. The 

memory behavior of GdojBaojMnOa at 36 K is clearly that of a spin-glass. 
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Figure 2.15 ZFC-magnetization memory experiment on (a) NdoyBaosMnOa; the 

temperature dependence of ZFC magnetization, M, (reference curve) and on 

imprinting memories at temperature stops (120 K) during cooling for 3 hours (H 

= 10 Oe) and the inset shows difference (Mmem-Mref) plot, (b) Gdo.vBaojMnOs; 

the temperature dependence of ZFC magnetization, M, (reference curve) and on 

imprinting memory at 30 K during cooling for 3 hours (H = 1 Oe). The inset 

shows the difference (Mmem-Mref) plot. 

Conclusions 

The present study on NdoyBaosMnOa shows an increase in magnetization at 150 

K, but the value of magnetization is small at low temperature. It is also an insulator. It 
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shows a pronounced aging behavior, but a rather weak memory effect below 150 K, 

probably due to the presence of FM clusters in an insulating matrix. Ndo.TBaojMnOs 

appears to be a cluster glass or a magnetically disordered system similar to Lai-xSrxCoOs 

[47]. GdojBao.aMnOs appears to contain small magnetic clusters, giving rise to a spin-

glass state below 36 K. Low-field magnetization experiments indicate that some kind of 

ordering/or freezing process occurs in this manganate even around 62 K, with an 

additional process at 46 K. The origin of these features is difficult to establish from 

macroscopic magnetization data. The small proportion of the clusters responsible for the 

weak 62 K transition does not result in a distinct glassy transition or a FM-like transition. 

This behavior of GdoyBaosMnOais attributed to the large size mismatch between the A-

site cations or large â  value (0.028 A^), the mismatch being considerably smaller in 

NdojBaojMnOa [23]. Such size mismatch favors chemical/electronic inhomogeneities. 

To our knowledge, this is a unique case of a perovskite manganate showing a size 

disorder-induced spin-glass behavior, occurring in spite of the relatively large A-site 

cations radius «rA> = 1.216 A). It appears that the so-called FM insulating state or non

magnetic insulating state often reported in the rare earth manganates of the type Lnj. 

xAxMnOs arises from the glassy behavior of the magnetic clusters in these materials, 

generally associated with electronic phase separation. 

2.4.3 Occurrence of re-entrant FM transitions in rare-earth manganates on cooling 

the charge-ordered states: A consequence of electronic phase separation 

In Table 2.3 and 2.4, we have presented the values of the lattice parameters, <rA> 

and a along with insulator-metal transition (TIM), ferromagnetic transition (Tc) and the 
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charge ordering transition temperature, Tec for Lao j-xLnxCao.sMnOs (Ln = Pr, Nd) and 

Ndo.sCao.s-xSrxMnOs series of manganates. The Tc values were obtained from the M-T 

curves, taking the point at which there is an abrupt increase in M as the Tc. The Tco 

values were also obtained from the inverse M vs T plots. The value of TIM or Tp is 

obtained from the electrical resistivity measurements, which corresponds to the 

maximum in the p-T curve. 

Table 2.3 Structure and properties of Lao.s.xLnxCao.5Mn03(Ln = Nd, Pr) 

Composition {rxl(k) a^(k^) bttioe parameter (A) Mn^(%) Tc(K) FpCK) 

Ui2N(fcjo^ito.3Mn(), 1194 0.00029 5.4105 7.6367 5.4258 45 

U»4iNdoAjCita.3Mn(), 1.195 0.00025 5.4149 7.6471 5.4241 46 
UijProjOjC^iMiiOj 1.196 0.00021 5.4150 7.6372 5.4307 46 
U^ojoiCi^jMnOj 1.197 0.00022 5.4124 7.6447 5.4401 46 

21g 
229 
235 
140 

- 1 7 7 

169 
- 172 
-138 

Table 2.4 Structure and properties of NdcsCao^ 

Composition {rA)(k) a'ik') Lattice parameter (A) 

a b c 

.xSrxMnOa 

Space group Mn*̂  •{%) Tc(K) TpdC) rco(K) 

NffejCaojMnOi 1.172 0.0001 5.401 7.619 5J85 Puma 
NdojCaojiiSroaMnQj U04 0.0038 5.4129 7.6331 5.4126 Pnma 
Nc^uCaojSraaMnOi 1.211 0.0043 5.4189 7.6404 5.4143 Fnm 
NdojCaaijSrajjMnOi 1217 0.0047 5.4167 7.6406 5.4345 Imm 
N(iojCao.iSra*MnOj 1.224 0.0050 5.4205 7.6330 5.4542 Imm 
N4)jCaoiHSra«MnQ3 U30 0.0053 5.4257 7.6279 5.4655 Imm 
N4,jSroiMnQ3 1^36 0.0054 5.426 7.634 5.475 Imm 

47 
46 
47 
49 
49 
48 
49 

-
155 
195 
218 
235 
250 
267 

-
(155) 
(178) 
202 
220 
236 
249 

240 
21414 
-
11013 
12413 
14412 
150 

We show the temperature variation of magnetization of Lao.s-xLnxCao.sMnOs (Ln 

= Pr, Nd) with composition in the (rA) regime of 1.194-1.197A in Fig. 2.16(a). The data 

clearly show how the Tc increases with increase in (rA) as expected. The plot of the 
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inverse magnetization vs temperature in the inset of Fig. 2.16(a) shows a clear minimum 

as evidence for charge ordering in the <rA> = 1.194 A case, but we could not obtain 

reliable values of the charge ordering transition temperature. Tec, in other samples. The 

temperature variation of resistivity of these materials (Fig. 2,16(b)) shows the occurrence 

of insulator-metal transitions in all the materials in this <rA> range. Although the I-M 

transition is broad, the data show that metallicity manifests itself when the material 

becomes ferromagnetic. 

Figure 2.16 Temperature variation of the 

(a) magnetization, M, and (b) resistivity, 

p, of Lao.s-xLnxCao jMnOs (Ln =Pr, Nd). 

Inset in figure (a) shows the variation of 

inverse magnetization with temperature. 

Values of <rA) are shown (in A). 

I I I I r>nLJ_> I I I I I I I I I I I I I I I I I I I I I I 

1.195 A -

0 50 100 150 200 250 3O0 
T(K) 

Clearly, the manganate compositions in this (rA> regime are ferromagnetic and 

metallic at low temperatures. The FM Tc values from Fig. 2.16(a) can be used along with 

the data from earlier studies to examine the relative variations of Tc and Tco with (rA) 
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[36]. We compared the available Tc and Tco data in Fig. 2.17. At (FA) > 1.195 A, Tc 

values can be obtained reliably, but not the Tco, the latter being associated with large 

uncertainties. Although the data suffer from the fact that we do not have sufficient Tco 

data between (FA) values 1.193 A and 1.20 A, the data do show that Tcand Tco curves 

intersect each other around <rA) value of 1.195 ± 0.003 A. 

1.170 1.175 1.180 1.185 1.190 1.195 1.200 

(r.XA) 

Figure 2.17 Variation of the ferromagnetic Curie temperature, Tc, and the CO transition 
temperature, Tco, with <rA) in Lao.s-xLnxCao.sMnOs (Ln = Nd, Pr). In the temperature 
range between Tco and Tc, the charged-ordered and FM phases coexist. 

We have carried out magnetization measurements on Ndo.sCao.s-xSrxMnOs system. 

When X = 0.5, the material shows the well known ferromagnetic transition around 250 K 

and undergoes charge ordering transition on cooling at 150 K, the material becoming 

antiferromagnetic around the same temperature (Fig. 2.18). Both the ferromagnetic and 

charge ordering transitions are sharp in this composition. As mentioned earlier, the x = 0 

composition (Ndo.jCao.jMnOa), shows only charge ordering (Tco = 240 K), but no 
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ferromagnetism. The Ndo.sCao.s-xSrxMnOa, compositions with x = 0.25-0.45 show 

ferromagnetic transitions in magnetization data (Fig. 2.18), with the Tc increasing with 

increase in x. Thus, the x = 0.25 composition has a Tc close to 150 K. 

16 

11 
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Figure 2.18 Temperature variation of magnetization of Ndo.sCaos-xSrxMnOa. The inset 
shows the variation of inverse magnetization with temperature. 

However it is noteworthy that when x < 0.35, there is no sharp drop in 

magnetization data corresponding to the charge ordering transition. We can however, 

obtain the Tco values for x = 0.35-0.45 compositions, from the magnetization data. The 

compositions with x = 0.25 and 0.30 are more like NdosCaosMnOs and the temperature 

variation of the inverse magnetization show a dip corresponding to Tco (see inset of Fig. 

2.18). The Tco values of x = 0.25 and x = 0.\ compositions are 214 K and 230 K 

respectively. In Fig. 2.19 we have plotted the data obtained by us on the Tc and Tco of 
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NdosCao.s-xSrxMnOs against (rA> along with data on two compositions (0.0 < jc < 0.25) 

from the literature [33]. Although there is some scattering in the points, the data clearly 

show that when (rA> < 1.20 A, the Tc < Tco, suggesting that we can consider the FM 

transition to be re-entrant in nature, just as the Lao.s-xLnxCao.sMnOs (Ln =Pr, Nd) (Fig. 

2.17). Furthermore, the Tc - (rA) and Tco - (rA> curves in Fig. 2.19, cross each other 

around (rA) = 1.200 ± 0.005 A, which is close to the cross-over (rA) value found in Lao.s-

xLnxCao.sMnOs (Fig. 2.17), within experimental error. It is possible that over the entire 

(rA) range of 1.17-1.24 A, there is co-existence of the charge-ordered and FM phases. 

This would certainly be true below Tc as evidenced from the diffraction data [48]. 

Figure 2.19 Variation of ferromagnetic Curie temperature, Tc, and the CO transition 
temperature, Tco. with (rA) in Ndo.sCao.j-xSrxMnOa. In the temperature range between Tco 
and Tc, the charged-ordered and FM phases coexist. 

In Fig. 2.20, we have plotted the available data for NdojCao.sMni.xMxOa (M = Cr, Ru), 

where (rA) is constant (1.17A) [30-32]. With the substitution of Cr and Ru in the Mn site, 

the material shows ferromagnetism as well as charge ordering. The Tco generally 
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decreases with increase in jc, while Tc increases specially in the case of Ru substitution. It 

appears that this ferromagnetic transition is re-entrant in nature in these manganate 

compositions. Fig. 2.20 also suggests that Tc and Tco curves cross each other at a 

specific value of x. In the temperature range between Tco and Tc, the charged-ordered 

and FM phases coexist. 

100 -

Solid symbol T^^ 
Open symbol T̂ , 

J 1 I • I • I 

0.00 0.02 0.04 0.06 0.08 0.10 
X 

Figure 2.20 Variation of ferromagnetic Curie temperature, Tc, and the CO transition 
temperature, Tco, with x in Ndo.sCao.sMui.xMxOs (M = Cr, Ru). 

The reason we find that Tco > Tcin manganates with small <rA> «rA> < 1.20 A), is 

probably because of electronic phase separation. It is known that only when <rA> < 1.20 A 

o 

or 1.19 A, charge-ordering and associated effects occur in the rare earth manganates [5, 

19]. The so-called FM transition is thus a consequence of electronic phase separation. 

The Tc's at small <rA> do not really correspond to genuine FM transitions, and 

accordingly the saturation magnetization values of these samples at low temperatures are 

small. It is only at large <rA>, ((rA> > 1.20 A) that genuine FM phases associated with high 

Tc values get manifested. 
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Conclusions 

In the current investigations magnetic and electron transport properties of three 

series of rare earth manganates can be understood in terms of electronic phase separation. 

The system becomes FM metallic on cooling the CO insulating state and this behavior is 

favored for small <rA> value. In these systems, the Tc increases with increase in <rA> while 

Tco decreases and accordingly the cross over between Tco and Tc takes place around (rA> 

value of 1.195 and 1.20 A for two series of manganates. It appears that in the 

intermediate temperature range between Tco and Tc, the FM metallic and CO insulating 

phases coexist for these compositions and such electronic phase separation is expected to 

be favored by small (rA> values [19]. 
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3. ELECTRONIC PHASE SEPARATION AND RELATED ASPECTS 

OF RARE EARTH COBALTATES (Lni.xAxCoOa) 

SUMMARY* 

Investigations have been carried out on magnetic and electron transport properties 

of the following four series of rare earth cobaltates: Laov-xLuxCaosCoOa (Ln = Pr, Nd, Gd 

and Dy). These materials were first studied in the form of polycrystalline pellets. 

Compositions close to jc = 0.0 contain large ferromagnetic (FM) clusters or domains, and 

show Brillouin-like features of the field-cooled magnetization with fairly high values of 

ferromagnetic Tc. They also exhibit low electrical resistivities with near-zero temperature 

coefficients. When x > 0.0, however, the zero-field-cooled magnetization generally shows 

non-monotonic behavior with a peak slightly below Tc. The ac-susceptibility data show a 

prominent peak corresponding to the Tc near x = 0.0 compositions. The ferromagnetic Tc 

varies linearly with x or the average radius of the A-site cations, <rA>. With an increase in 

jr or a decrease in (rA>, the magnetization value at any given temperature markedly 

decreases. Ac-susceptibility measurements show a prominent transition arising from-

* 
Based on these studies, papers have been published in: J. Phys.: Condens. Matter 6 415 (2004), J. 

Magn. Magn. Mater. 281 261 (2004), J. Phys. Chem. Solids 65 95 (2004), J. Phys.: Condens. 

Matter 16 7955 (2004), Solid State Comm. 134 307 (2005), Phys. Rev. B 72 144423 (2005), J. 

Solid State Chem. 179 923 (2006). 
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small magnetic clusters having slight spin-glass characteristics. Electrical resistivity 

increases with increase in x, showing a significant increase around a critical value of x or 

(rA>, at which composition the small clusters also begin to dominate. These properties can 

be understood in terms of a phase separation scenario wherein large magnetic clusters 

give way to smaller clusters with increase in x, with both types of clusters being present 

in certain compositions. The changes in magnetic and electrical properties occur 

simultaneously because the large FM clusters are hole-rich and the small clusters are 

hole-poor. Moreover, variable-range-hopping appears to occur at low temperatures. 

The above studies reveal that the properties of LnojCaosCoOa are strongly 

influenced by the (rA) value. Thus, unlike Lao^Cao.sCoOs, ProyCaojCoOs and 

Ndo.7Cao.3Co03 do not show distinct FM transitions; instead, they exhibit weak magnetic 

transitions, even at low temperatures. A detailed study of the magnetic properties of 

polycrystalline ProyCaojCoOs and Ndo^CaojCoOa shows that the materials are 

magnetically inhomogeneous, exhibiting properties similar to those of frustrated 

magnetic systems. In both of these cobaltates, small FM clusters are apparendy 

embedded in the antiferromagnetic (AFM) matrix. 

The results of our investigations of polycrystalline Lao.vCaojCoOa motivated us to 

study the magnetic and electron transport properties of single crystalline LaojCaojCoOs 

in detail. This oxide attains a spontaneous FM moment below 170 K and exhibits a re

entrant spin-glass behavior below 100 K. In the ordered and the re-entrant phases, the 

low-field magnetic properties are strongly direction dependent, showing considerably 

higher magnetization values perpendicular to the c-axis than parallel. Magnetic relaxation 

measurements show that both the FM and the re-entrant spin-glass phases are non-
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equilibrium states, where the system exhibits magnetic aging that is characteristic of spin-

glasses, as well as disordered and frustrated ferromagnets. 

To examine the effect of small A-site cations on the magnetic properties of 

Lno.7Cao.3Co03, we have investigated single-crystalline Pro.TCao.sCoOs and 

Ndo.yCao.aCoOs using low-field dc-magnetization, ac-susceptibility, magnetic-relaxation 

and memory effect measurements. Both Pro.7Cao.3Co03 and NdojCaojCoOs show 

frequency-dependent transitions at 70 and 55 K, respectively, in the ac-susceptibility data, 

which is associated with the onset of spin-glass behavior. Their magnetic relaxation 

behavior exhibits age dependence effects, and memory effects are found in the ZFC-

magnetization behavior. These characteristics establish spin-glass behavior in both these 

cobaltates, which is distinctly different from that of LaojCao.sCoOs and LaosSrosCoOs 

where a well-defined FM transitions occur, albeit without long-range ordering. 

We have also investigated the magnetic and electron transport properties of 

Gdo.sBaosCoOs for a comparison with the analogous FM cobaltates such as 

LnosAosCoOs (Ln = La, Nd and A = Ba, Sr). Our results show that Gdo.5Bao.5Co03, 

which exhibits A-site cation ordering at room temperature, does not become a genuine 

ferromagnet at low temperatures. The FM phase observed at 280 K changes to an AFM 

state on cooling to 230 K. The AFM state is rendered to FM state on the application of 

high magnetic fields. Such properties can be understood on the basis of phase separation 

induced by the large A-site cation-disorder, due to the size mismatch. 

We have also investigated three series of cobaltates Gdo5-xLnxBao.5Co03(Ln = La 

and Nd) and Lao.s-xNdxBao.sCoOs to demonstrate the effect of <rA) on the magnetic and 

electrical properties. Thus, the anomalous magnetic properties of Gdo.sBao.sCoOs (such as 
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the transitions in the range 220-290 K) disappear, even with a small substitution of La or 

Nd in place of Gd, and a gradual evolution of ferromagnetism occurs at low temperatures 

(130 - 190 K). On the other hand, GdosBaos-xSrxCoOa shows increasing FM properties 

with the increase in x, despite the decrease in (rA), suggesting the novel role of size-

disorder. Studies of Lno.s-xLn'xAo.s.yA'yCoOs with fixed (rA> values 1.317 and 1.289 A 

(with the latter corresponding to GdosBaosCoOs) reveal that, on decreasing the size-

disorder, the materials become FM with relatively higher Tc values. These cobaltates also 

exhibit size-disorder controlled insulator-metal transitions, wherein the compositions 

with higher disorder are insulators. 

Magnetic and electron transport properties of LnosBaosCoOs with Ln = Dy and Er 

have been studied to examine the effects of large cation size-disorder. The Dy compound 

shows a small magnetic anomaly around 290 K, similar to the Gd-derivative, whereas the 

Er compound is essentially paramagnetic due to the large cation size-disorder. The 

physical properties of DyosBao.sCoOa are consistent with the presence of size-disorder in 

Gdo.sBao.sCoOs and it appears that such size-disorder give rise to electronic phase 

separation in these systems. Compositions with the same (rA> (as in Dyo.sBaosCoOa and 

Ero.sBaosCoOs) but with smaller size-disorder show progressive evolution of 

ferromagnetism and metallic properties with decreasing size-disorder parameter, a . 
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3.1 INTRODUCTION 

The physical properties of the rare earth cobaltates Lni.xAxCoOs (Ln = trivalent 

rare earth and A = divalent alkaline earth) are somewhat similar to that of the rare earth 

manganates. Due to their fascinating physical properties, considerable research has been 

carried out on rare earth cobaltates for last few decades [1-6]. Unlike perovskite 

manganates, the rare earth cobaltates show spin-state transitions. The growth of interest 

in perovskite cobaltates LaCoOs and Lai.xAxCoOs is due to the expectation that, in 

addition to the lattice, charge and spin degrees of freedom found in many other transition 

metal oxides, the cobalt oxides also display a degree of freedom in the "spin-state" at the 

cobalt site. One of the fundamental aspects of the transition metal chemistry is ligand 

field theory, which provides the possible explanation for the spin-state transitions of rare 

earth cobaltate. For a particular cobalt ion, when the ligand field strength is progressively 

increased by chemical means, a change from a high-spin to a low-spin ground state 

occurs at the cobalt ion. Such a change can also occur by the application of some other 

external perturbation without any chemical composition change. This perturbation 

induced electronic spin-state transition in rare earth cobaltates has been of great interest 

in recent years. Perturbations which can initiate such a spin-state transition may be 

temperature, pressure or some other factors [4-6]. The spin-state transition was reported 

in LaCoOa several years ago [1-3]. Other rare earth cobaltates also show evidence for a 

spin-state transition. Moreover, the transition temperature increases with a decrease in 

rare earth ion size [2]. 
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Magnetic and electron transport properties of LaCoOs as a function of temperature 

have been investigated by several researchers for the last few decades [1,3]. The physical 

properties of the cobaltates are sensitive to doping concentration at the rare earth site. 

Accordingly, the other parameters such as the average radius of the A-site cation, (rA>, 

and size-disorder parameter, a , also vary due to doping at the rare earth site. These 

parameters crucially control the rare earth cobaltate properties, which are similar to the 

manganates [7, 8]. In the Lai-xSr^CoOs system, the studies till date have concentrated on 

the observed competition between ferromagnetism and cluster/spin-glass behavior. 

Doping with Sr̂ "̂  introduces hole into the system. It also introduces size variance in the 

A-site, which has been shown to affect the physical properties of cobaltates as discussed 

in first chapter. Studies on Lai-xCaxCoOa samples have suggested that there are no major 

differences from the Sr-doped system. Ferromagnetism is observed in both systems, with 

the Curie temperature being lower in Ca-doped materials at a fixed doping level. 

Magnetic and electron transport properties of different rare earth cobaltates have been 

investigated to examine the effect of (rA> and â  on these systems. Thus, while 

LaojCaojCoOs ((rA) = 1.354 A) shows ferromagnetism associated with metallicity at low 

temperature, LnojCao.aCoOs with a smaller (rA> of 1.179 A (Ln = Pr) and 1.168 A (Ln = 

Nd) shows no long-range ferromagnetism or insulator-metal transition [9]. Instead, the 

latter two systems exhibit electronic phase separation and/or spin-glass like behavior at 

low temperatures. A detailed study on rare earth cobaltates has shown the occurrence of 

electronic phase separation and glassy magnetic behavior for small (rA), and a large CT^ 

value. There is growing interest for small (rA>, rare earth cobaltates of the type Lni. 
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xSrxCoOs due to their fascinating physical properties. Recently, Kobayashi et al [5] have 

also reported the existence of room temperature ferromagnetism in this type of system. 

3.2 SCOPE OF THE PRESENT INVESTIGATIONS 

We present the results of our investigations on rare earth cobaltates in this section. 

Specifically, we explore the effect of A-site cation radius and size-disorder on the 

electron transport properties, as well as the factors that influence the electronic phase 

separation and/or spin-glass behavior. 

3.2.1 Magnetic and electron transport properties of the rare-earth cobaltates, 

Lao.T.xLnxCaojCoOj (Ln = Pr, Nd, Gd and Dy): A case of phase separation 

It has been reported by several researchers [7, 10-12] that the rare earth 

manganates Lao.y-xLnxCao.aMnOs (Ln = Pr, Nd, Gd and Y) undergo electronic phase 

separation beyond a critical composition Xc. The x < Xc compositions exhibit 

ferromagnetism and metallicity; however, for x > Xc, the materials become non-magnetic 

insulators and experience a sharp decline in magnetic moment [10-13]. Such property 

changes despite the constant carrier concentration or Mn̂ V̂ Mn^* ratio are indeed 

noteworthy. Accordingly, many of the rare earth cobaltates show ferromagnetism and 

metallicity, depending on the composition and the A-site cation size. The cobaltates also 

show some unusual features in their magnetic properties, as discussed in previous 

sections. For example, Itoh et al [14] have reported a spin-glass behavior in Lai-xSrxCoOj 

whenO.O< x < 0.18 and a cluster-glass behavior when 0.18 < x < 0.5. Ganguly et al [15] 

reported long-range freezing of super-paramagnetic clusters when x < 0.3. For x = 0.5, a 

96 



cluster-glass magnetic behavior has been reported by Kumar et al [16], who ascribed this 

property to magneto-crystalline anisotropy. Wu et al [17] suggested that Lai-̂ Sr̂ CoOa is 

best described as being dominated by glassy ferromagnetism and magnetic phase 

separation. Similarly, Burley et al [18] reported long-range ferromagnetism and 

giassiness in Lai-xCaxCoOs, as well as a structural phase transition for x > 0.1. 

We considered it important to investigate the magnetic and electron transport 

properties of Laoj-xLnxCaosCoOa (Ln = Pr, Nd, Gd and Dy), in view of the comparable 

nature of the cobaltates and the manganates, and also because of the likelihood that phase 

separation may occur in the cobaltate system as well because of the presence of strongly 

correlated electrons [7]. While the carrier concentration remains constant in Lao.?-

xLoxCaojCoOa, the (rA) and the associated factors vary. Furthermore, the Ca-substituted 

cobaltates were considered more likely to exhibit phase separation and related effects due 

to the smaller (rA> or the Cg band-width compared to the Sr-substituted materials. We first 

studied the physical properties of Lao.y-xLnxCao.sCoOa in the form of polycrystalline 

pellets. 

Properties of the rare earth manganates of Lni.xAxMnOa are crucially controlled 

by the (rA) [7, 8, 19-21]. For example, Lao,7Cao.3Mn03 ((rA> = 1.205 A) shows an 

insulator to metal transition and ferromagnetism, with the metallicity being associated 

with ferromagnetism at low temperatures [7, 19, 22], Pro.yCaojMnOa with a smaller <rA> 

o 

of 1.179 A shows no ferromagnetism or insulator to metal transition. Instead, it exhibits 

charge ordering, orbital ordering and electronic phase separation [7, 19, 23]. We were 

interested in exploring whether the analogous cobaltates Lni-xAxCoOs exhibit similar 

features. In these cobaltate systems, the x = 0.3 composition is FM and metallic when Ln 
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= La and A = Sr or Ca [14, 24-28] and also when Ln = Pr and A = Sr [13, 28-30]. These 

properties essentially arise because of the presence of Co^*-0- Co"*̂  states, where both 

Cô "̂  and Co"** possibly being in the intermediate-spin states [24, 31]. Electron transfer 

between the Cô "̂  and Co*"̂  ions is rapid and the materials are considered to be itinerant 

electron ferromagnets. The cluster-glass behavior has also been observed at low 

temperatures in these materials [14], but this has not been entirely established [25, 27]. 

We considered it important to investigate the properties of polycrystalline ProjCao 3C0O3 

and Ndo,7Cao.3Co03, with smaller (rA> values of 1.179 and 1.168 A respectively, to 

examine how their properties vary from those of Lao.7Cao.3Co03. 

3.2.2 Non-equilibrium magnetic properties of single crystalline rare earth cobaltates, 

LncrCaojCoOa (Ln = La, Pr and Nd) 

Previous investigations of the magnetic and electron transport properties of the 

polycrystalline samples of Lao.T-xLnxCao.sCoOs (Ln = Pr, Nd, Gd and Dy) reinforce the 

phase-separation scenario with the coexistence of large carrier-rich FM clusters and 

carrier-poor smaller clusters. The parent compound Lao.7Cao.3Co03 shows a divergence 

between ZFC and PC magnetization, and the MFC(T) curve does not show saturation even 

at low temperatures. In order to fully understand the unusual behavior of LaojCao 3C0O3, 

we have carried out detailed magnetic measurements on single crystal sample at very low 

fields and also along different crystallographic directions. More importantly, we have 

studied the magnetic relaxation to throw light on the nature of phase separation. The 

study has revealed that the FM phase below 170 K is a non-equilibrium phase similar to 

that observed in prototype re-entrant ferromagnets while below 100 K a low-temperature 

re-entrant spin-glass phase emerges. 
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Rare earth cobaltates Lni-xAxCoOa show interesting magnetic and electron 

transport properties those are sensitive to the (rA> [28, 31]. Some compositions show 

feiTomagnetic characteristics, but the ferromagnetism in these materials is generally not 

associated with long-range order [14]. Magnetic properties of these cobaltates are instead 

considered to be akin to those of cluster or spin-glasses [14, 17]. LaovCaosCoOs shows a 

behavior somewhat like a ferromagnetic material with a marked increase in 

magnetization around 170 K, ProjCaojCoOa and NdoyCaojCoOs with smaller (rA> values, 

do not show such distinct transitions [32]. The last two cobaltates exhibit low 

magnetization values down to low temperatures and an inhomogeneous magnetic 

behavior. In order to understand the nature of magnetism in these cobaltates, we have 

carried out a detailed study on single crystals at low fields along different directions, in 

addition to ac susceptibility and relaxation measurements. The study establishes that both 

Pro 7Cao 3C0O3 and Ndo.7Cao,3Co03 dynamically behave as spin-glasses at low 

temperatures. 

3.2.3 Cation size-disorder as the crucial determinant of the unusual magnetic and 

electronic properties of Gdo.5Bao.sCo03 

The rare-earth cobaltates Lno.sAo.jCoOa have been investigated extensively for the 

past several years [24, 28, 31, 33, 34]. A majority of the cobaltates, especially those with 

A = Sr, are FM and many of them exhibit metallic behavior. The ferromagnetic Tc in 

these cobaltates increases with the increase in (rA>. When A = Ba, ferromagnetism occurs 

with Ln = La, Pr and Nd, but when Ln = Gd, the material shows an unusual magnetic 

behavior. Furthermore, Gdo.sBaosCoOs is an insulator, unlike LaosBao.sCoOs which is 

metallic [35-38]. It has been pointed out that the (rA> as well as the cation size-disorder 
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arising from the size mismatch play important roles in determining the properties of the 

cobaltates [38]. It is to be noted that the (rA) and the variance â , which measures the 

cation size-disorder [39], are 1.485 A and 0.0156 A^ respectively, in LaosBaosCoOs, 

compared to 1.289 A and 0.033 Â  in the case of GdcsBacsCoOs. A careful examination 

of the literature on the magnetic and electronic properties of GdosBao.sCoOs reveals some 

inconsistencies and do not provide a clear picture. 

GdosBao.sCoOa is reported to develop spontaneous magnetization around 280 K, but 

the magnetization drops sharply around 230 K to an antiferromagnetic state. The highest 

magnetization value or the highest magnetic moment achieved is rather small. The 

material is insulating at all temperatures and shows a resistivity transition around 350 K 

[37, 38]. There is some evidence for cation ordering in the Ba-substituted rare-earth 

cobaltates around this temperature [37, 38, 40]. The 280 K transition has been classified 

as FM or meta-magnetic. The magnetic transitions in GdosBaojCoOa and other cobaltates 

of this family such as Lao,5(Ndo.5)Bao.5CoO 3 have not been distinguished, and have all 

been treated as FM transitions. There are, however, considerable differences amongst 

these cobaltates. The magnetic transitions in Lao.5(Ndo.5)Bao.5Co03 are distinctly FM, 

showing a sharp increase in magnetization at Tc, and the Tc itself is rather low (130-190 

K) [35, 38]. Gdo.sBao.sCoOs, with a much smaller A-site cation, should have been 

associated with an even lower Tc. No definitive resistivity anomaly occurs at the 230 K 

magnetic transition, although it somewhat resembles the charge ordering transition in 

Ndo.5Sro.5Mn03 [41, 42]. Considering this experimental situation, we considered h 

important to carefully investigate the magnetic and electronic properties of 

GdosBaosCoOa. 
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From the previous study, it is clear that, the large value of cr in the 

GdosBaosCoOa (0.033 A )̂ compared to LaosBaosCoOs (0.016 A )̂ could be responsible 

for the absence of ferromagnetisnTi and metallicity in the former. In order to understand 

the unusual properties of Gdo.sBaoiCoOs, we have carefully investigated cobaltates of the 

type Gdos-xLnxBao.sCoOa (Ln = La and Nd) and Gdo.sBaos-xSrxCoOs, wherein the (rA> 

varies progressively with increase in x. The latter system is of particular interest because 

Gdo5Sro5Co03 with a smaller <rA> shows a FM transition (Tc ~ 140 K), unlike 

GdosBaosCoOs. In addition, we have studied several cobaltate compositions, where <rA) 

was kept constant, but the magnitude of size-disorder, a^, was varied. For this purpose, 

cobaltate compositions, Lno.s-xLn'xAo.s-yA'yCoOa, with fixed <rA> values of 1.317 and 

1.289 A corresponding to Ndo.sBaosCoOs and Gdo.sBaosCoOs respectively have been 

investigated. In these studies, we have determined the oxygen stoichiometry of the 

samples by redox titrations and ensured that none of the observed trends in the properties 

arise from the differences in the oxygen content. The present study established that the 

unusual properties of GdosBao.sCoOs associated mainly with the disorder caused by the 

size mismatch between the Gd and Ba ions. 

3.2.4 Effects of large cation size-disorder on the magnetic properties of the rare 

earth cobaltates, Lno.sBao.5Co03 (Ln = Dy and Er) 

Our detailed investigations of Gdo.sBao.sCoOs have revealed that its distinctive 

properties mainly arise due to the disorder caused by the size mismatch between A-site 

cations. If size-disorder plays such a crucial role in the Lno.sBao.sCoOs cobaltate series, 

then rare earth ions of smaller than Gd should exhibit unusual magnetic and electrical 

properties. Therefore, it is possible that a very small rare earth ion in Lno.sBao.sCoOs may 
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even eliminate the magnetic anomaly, rendering the material to be paramagnetic. In order 

to investigate the effect of increased size-disorder in LnosBaosCoOs, we have studied the 

properties of Dyo.sBaosCoOs and Ero.sBao.sCoOs with the (7̂  values of 0.037 and 0.042 

A ,̂ respectively. Additionally, we have examined the properties of Gdo.s-xLnxBaojCoOs 

(Ln = Dy, Er), wherein <rA) decreases progressively with increasing x. In order to 

examine the effect of size-disorder quantitatively we have studied cobaltate compositions 

where (rA> was kept constant, but o^ were varied. For this purpose, cobaltate 

compositions, Lno.s-xLn'xAo.s-yA'yCoOs, with fixed <rA) values of 1.277 and 1.266 A 

corresponding to Dyo.5Bao.5Co03 and Ero.5Bao.5Co03 respectively have been investigated. 

102 



3.3 EXPERIMENTAL PROCEDURES 

3.3.1 Synthesis of poly crystalline samples 

Polycrystalline samples of the respective compositions were prepared by the 

conventional ceramic method as mentioned in chapter 2.3.1 (see page 57). 

(i) Preparation of Lao.7-xLnxCao.3Co03 (Ln = Pr, Nd, Gd and Dy): 

Polycrystalline samples of Laoj-xLnxCao.aCoOs (Ln = Pr, Nd, Gd and Dy) were 

prepared by the conventional solid-state reaction method. Stoichiometric mixtures of the 

respective rare earth oxides, CaCOs and C03O4 v^ere weighed in desired proportions and 

milled for few hours with propanol. After the mixed powders were dried, they were 

calcined in air at 1223 K followed by heating at 1273 and 1373 K for 12 h in air. The 

powders thus obtained were pelletized and the pellets were sintered at 1473 K for 12 h in 

air. To improve the oxygen stoichiometry the samples were annealed in an oxygen 

atmosphere at a lower temperature (< 1173 K). The oxygen stoichiometry was 

determined by iodometric titrations [43]. The estimated oxygen stoichiometry in the 

Lno.7Cao.3Co03-5 (Ln = La, Pr and Nd) were 2.97, 3.00 and 2.95, respectively, in the La, 

Pr and Nd derivatives. The oxygen stoichiometry in the other series of cobaltates was 

found to be 2.97 ±0.03. 

(ii) Preparation of Lno.5Bao.5Co03 (Ln = La, Nd, Gd, Dy and Er) 

Polycrystalline samples of Lno.sBao.sCoOs (Ln = La, Nd, Gd, Dy and Er) and 

Gdo.sSro.sCoOs, were prepared by the conventional ceramic method. Stoichiometric 
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mixtures of the respective rare earth oxides, alkaline earth carbonates and C03O4 were 

weighed in desired proportions and milled for few hours with propanol. The mixtures 

were dried, and calcined in air at 1173 K followed by heating at 1273 and 1373 K for 12 

h in air. The powders thus obtained were pelletized and the pellets were sintered at 1473 

K for 12 h in air. To improve the oxygen stoichiometry the samples were annealed in an 

oxygen atmosphere at a lower temperature (< 1073 K). The oxygen stoichiometry was 

determined by iodometric titrations [43]. The oxygen stoichiometry in the 

Lno.sBao.sCoOs-a (Ln = La, Nd, Gd, Dy and Er) studied by us was generally around 2.95 

± 0.05. The estimated oxygen contents are 2.95, 2.94, 2.90, 2.91 and 2.90 in the La, Nd, 

Gd, Dy and Er derivatives respectively. In Gdo.sSro.sCoOs, the exact oxygen 

stoichiometry was 2.95. 

(iii) Preparation of Gdo.5.xLnxBao.5Co03 (Ln = La, Nd, Dy and Er), Lao.5. 

xNdxBao.5Co03 and Gdo.5Bao.s.xSrxCo03 

Polycrystalline samples of Gdo.s-xLnxBao.sCoOŝ  (Ln = La, Nd, Dy and Er), Lao.5-

xNdxBao.5Co03-5 and Gdo.sBaos-xSrxCoOs^ were prepared by the conventional ceramic 

method. Stoichiometric mixtures of the respective rare earth oxides, alkaline earth 

carbonates and C03O4 were weighed in desired proportions and milled for few hours with 

propanol. After the mixed powders were dried, they were calcined in air at 1173 K 

followed by heating at 1273 and 1373 K for 12 h in air. The powders, thus obtained were 

pelletized and the pellets were sintered at 1473 K for 12h in air. To improve the oxygen 

stoichiometry the samples were annealed in an oxygen atmosphere at a lower temperature 

(< 1073 K). The oxygen stoichiometry in the cobaltates prepared by us was around 2.94 ± 

0.06. 
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3.3.2 Preparation of single-crystalline samples 

Floating zone melting technique: 

It is well known that polycrystalline samples are easier to prepare as compared to 

single crystal materials. Inspite of that researcher are interested in preparation of high 

quality single crystals which eliminate the impurities and defects in the material. There 

are several methods to grow single crystals: the Czochralski method, flux method, skull 

melting and Bridgman and Stockbarger methods [44]. The most popular technique for 

rare earth manganates and cobaltates single crystal, however, is the floating zone melting 

technique. The advantage of this technique is that it does not require any container; 

therefore, the contamination from the container wall is completely avoided. Moreover, 

the uniform distribution of chemical constituents can be obtained by eliminating 

heterogeneous nucleation. 

Figure 3.1 shows the schematic diagram of the floating zone image furnace. The 

furnace used in the present study was SC-M35HD, Nichiden Machinery Ltd., Japan. It 

consists of a pair of halogen lamps to generate infrared radiation, a pair of ellipsoidal 

mirror to focus the radiation onto the sample, a quartz tube enclosing the floating region 

for maintaining the required atmosphere, and two pulleys that can move independently or 

in a synchronized manner to control the growth rate. The growth rate can be varied from 

0.1-99 mm/h. The maximum lamp temperature can be achieved upto 2400 K and the 

corresponding maximum pressure inside the quartz tube is of six atmosphere pressure. 

Infrared radiation coming from a pair of halogen lamps is focused onto the 

polycrystalline rods by using a pair of gold coated concave ellipsoidal mirrors. 
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Figure 3.1 The cross section of the floating zone melting furnace 

At the focal point the rods melt. The melts between the two connecting feed and seed 

rods are held by surface tension force without any other support and hence the name 

floating zone melting technique. The stability of the molten zone can be controlled by 

changing the temperature, pressure, atmosphere, rod rotation speed and molten zone 

pulling rate. Fig. 3.2 shows the schematic presentation of different stages of the crystal 

growth using the floating zone furnace. 
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Figure 3.2 Crystal growths inside the furnace 

Fig. 3.3 shows the image of a crystal grown by the floating zone melting technique, in an 

oxygen atmosphere with a growth rate of 7 mm/h. The crystal diameter is generally 4 mm 

and length is around 25 mm. 
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Figure 3.3 Image of LaojCaosCoOssingle crystal 

(i) Preparation of Lao.7Cao.3Co03 

We used a floating-zone furnace to grow a Lao^Cao.sCoOs single crystal. 

Polycrystalline rods (feed and seed) were prepared by conventional solid-state reaction 
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method as discussed in the preceding section. Stoichiometric mixtures of the starting 

materials La203, CaCOa and C03O4 were weighed in the desired proportions and milled 

for a few hours. After the mixed powder was dried, it was calcined in air at 1223 K and 

after few intermediate grinding the powder was finally sintered at 1473 K for 24 h in air. 

The sample was then reground and mono-phasic polycrystalline powder was 

hydrostatically pressed and sintered at 1473 K for 24 h in air to obtain feed and seed rods 

with a diameter of 4 mm and a length of 100 mm. The single crystal was then grown 

under an oxygen flow of 3 lit/min at a growth rate of 7 mm/h. A part of the crystal was 

cut off and ground to a fine powder on which an X-ray diffraction was measured, 

(ii) Preparation of PrcvCacaCoOa and NdcTCaojCoOj 

Single crystals of Pro.yCaosCoOs and NdojCao.sCoOs were grown by the floating-

zone furnace. The polycrystalline rods (feed and seed) were prepared by conventional the 

solid-state reaction method, starting with stoichiometric mixtures of the rare earth oxides, 

with CaCOs and C03O4. The monophasic polycrystalline powders were hydrostatically 

pressed and sintered at 1473 K for 24 h in air to obtain feed and seed rods with a diameter 

of 3-4 mm and a length of 90-100 mm. Single crystals were grown under an oxygen flow 

of 2-4 lit/min at a growth rate of 3-7 mm/h. A small part of the crystals were cut off and 

ground to fine powder on which an X-ray diffraction was measured. 

3.3.3 Characterization 

The phase purity, composition analysis and the physical properties of the 

polycrystalline and single crystal samples were established by various techniques, which 

have been discussed in the experimental section of chapter 2.3.2 (see page 58). 

108 



3.4 RESULTS AND DISCUSSION 

3.4.1 Magnetic and electron transport properties of the rare-earth cobaltates, 

Lao.T-xLnxCaojCoOj (Ln = Pr, Nd, Gd and Dy): A case of phase separation 

The crystal structure and lattice parameters of polycrystalline Lao.T-xLnxCao.sCoOs 

(Ln = Pr, Nd, Gd and Dy) cobaltates are presented in Table 3.1 along with the <rA) value. 

The (rA) values were calculated using the Shannon radius for 12-coordination in the case 

of rhombohedral cobaltates and for 9-coordination in the case of the orthorhombic ones. 

Table 3.1 Crystal structures of Laoj.xLnxCaosCoOaCLn = Pr, Nd, Gd and Dy) 

Cainpasitioa 
X 

Q.O 

(A) 

U54-

Space 
group 

J13C 

Lattice pHrometen (A> 

a b c 

5J3906 — — 

Ln=I»r 

V 

111.6 

a i 

0.5 
0.6 
0.7 

U 4 7 use 5JSe9 — — 111.2 
1J40 lt3C SJ3837 — — 111.0 
1.194 i^nma S3S36 7.5858 53679 219.2 
1.187 Pnma S3723 7.5686 53663 218.2 
1.183 Pivna 53652 7.5731 53593 217.8 
1.179 Pnma 53577 7.5774 53436 216.9 

L i i = N d 

O.l 
0,2 
0 3 
0.4 

0.7 

1345 X3C 5J7S4 — — 1 i a 7 
1.336 Jt3C 53761 — — 1 i a 6 
1.189 I^nma 5.3795 7.5867 5.3732 2193 
1.184 f^nma 53700 7.5741 5.3642 218.4 
1.179 Pnma 53667 7.5766 53641 218.1 
1.16S Pnma 5.346 7.5638 53287 215.5 

L i i = O d 

O.l 
0.2 
0.24 
0 3 

133S R3C 53797 
1322 use 53785 
1.179 Pnma 5.3S38 
1.1725 Pnma 5.3513 

7.5846 
7.5814 

5.3797 
5.3624 

110.7 
110.4 
219.7 
218.8 

Ln = Dy 

OLl 
0.195 
0 3 

1337 R3C 53759 — — 110.1 
1.179 Pnma 53960 7J990 53729 2203 
1.165 Pnma 53813 7.5783 53583 2183 
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In Fig. 3.4, we show the temperature dependence of the dc magnetization of a few 

compositions of polycrystalline Lao,7-xLnxCao 3C0O3 (Ln = Pr, Nd). Both the ZFC and PC 

magnetization data are shown in the figure. The PC curve of the x = 0.0 composition 

shows a Brillouin-type temperature dependence, and a Tc value of around 170 K. With 

increase in x, the ZPC data show lower magnetization values and a non-monotonic 

behavior. Accordingly, we see a peak in the ZFC data, at a temperature, Tp, the peak 

temperature being slightly lower than the Tc value from the PC data. The maximum 

value of the magnetization attained as well as the apparent Tc value decrease with 

increasing x or decreasing (rA). At large x, we notice the appearance of a shoulder-like 

feature in the magnetization curve, the feature becoming clearly noticeable at J: > 0.6 and 

X > 0.4 respectively in the Pr- and Nd-substituted series of cobaltates. 

Figure 3.4 Temperature variation of the 

magnetization of LaoT-xLnxCao.aCoOs with 

(a) Ln = Pr and (b) Ln = Nd. ZFC data 

in broken curves and FC data in solid 

curves (at 1 kOe). 
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Accordingly, ac-susceptibility measurements of LaojCaojCoOa (x = 0.0, <rA> = 

1.354 A) show one major frequency-independent transition around 150 K corresponding 

to the FM transition, while Pro.TCaojCoOj {x = 0.7, <rA> = 1.179 A) shows two distinct 

transitions, the low temperature one with a greater frequency dependence as shown in Fig. 

3.5(c). Lao.4ProjCao.sCoOs «rA) = 1.194 A) also shows a single transition corresponding 

to the Tc which is frequency independent just as Lao.vCao.sCoOa. The frequency-

independent high-temperature transition in PTOTCHOSCOOS is due to the large magnetic 

clusters (the so-called cluster-glass [14, 31]) as in the x = 0.0 composition and the low-

temperature transition is due to small magnetic clusters which seem to show some spin-

glass characteristics. Thus, with the increase in x or decrease in (rA> in the Lao.?. 

xLnxCaojCoOs system, the large ferromagnetic clusters seem to progressively give way to 

the small clusters, giving rise to magnetic phase separation. 

Figure 3.5 Temperature variation of the 

ac-susceptibility of (a) Lao.7Cao.3Co03 

(b) Lao.4Pro.3Cao,3Co03 (c) Pro,7Cao.3Co03 

and (d) NdojCaojCoOa at two different 

frequencies. 
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The presence of very weak features at low temperatures in the ac-susceptibihty data of 

Lao.yCao.sCoOs (Fig 3.5(a)) indicates that the proportion of small clusters is negligible at 

X = 0.0. In Ndo.vCaojCoOs, on the other hand, we only see a frequency-dependent low-

temperature transition around 20 K due to the small magnetic clusters (Fig. 3.5(d)). 

The magnetic properties of the Gd- and Dy-substituted compositions, 

Lao.7-xLnxCao.3Co03 (Ln = Gd, Dy) shown in Fig. 3.6 are similar to those of the Pr- and 

Nd-substituted compositions, except that at low temperatures (< 30 K) an increase in 

magnetization is noticed. Such an increase arising from the contribution from the Gd and 

Dy ions has been observed earlier [45]. 

Figure 3.6 Temperature variation of the 

magnetization of (a) Laoj-xGdxCaojCoOa 

and (b) Laoj-xDyxCaosCoOa. ZFC data 

in broken curves and FC data in solid 

curves (1 kOe). 
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The Tc values obtained from FC magnetization data in the four series of 

cobaltates are plotted against x in Fig. 3.7. The Tc value decreases linearly with 

increasing x. These data can be rationalized in terms of the average radius of A-site 
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cations, (rA>. Thus, a plot of Tc versus (FA) is sensibly linear as can be seen from the inset 

of Fig. 3.7. 

Figure 3.7 Variation of the 
ferromagnetic Tc with x in-
Lao.T-xLnxCao.sCoOa. The inset 
shows the variation of Tc with 
<rA> (A). 
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We have recorded M-H curves of the four series of cobaltates and show typical data for 

two series of compounds in Fig. 3.8. The hysteresis curves do not show saturation in all 

the compositions. The absence of saturation is a characteristic of a glassy system. 

Figure 3.8 Typical hysteresis curves of 

LaoT-xLuxCaojCoOa at 5 K (Ln = Pr, Nd). 

1.0 

o.s 

0.0 

-0.5 

-1.0 

1.0 

0.6 

• La Pr Ca CoO 

T = 5K 

- ""1!*^^^^ 

x = 0.3 

^ ^ ^ - x - o y : 

-40 -20 0 20 
H(kOe) 

40 

3.0.0 
Z 

-0.5 

-1.0 

'La Nd Ca CoO 

: T - 5 K 

• '*j/^J 

J X « 0.49 

t̂o •20 0 
H(kOe) 

20 40 

113 



Furthermore, the remanent magnetization, Mr, decreases with increase in x or decrease in 

(rA). We have plotted Mr at 50 K against (rA> in Fig. 3.9, where we have also shown the 

variation of the magnetization, M, with <rA> at this temperature. Both M and Mr increase 

with (rA>, but their values become rather low when (rA) < 1.18 A. 

The electrical resistivities of the cobaltates show trends which are consistent with 

the magnetic properties. In Fig. 3.10 we show typical resistivity data for two series of 

cobaltates. The temperature coefficient of resistivity changes from a near-zero value to a 

negative value around Xc in some of the series, but in all the four series the magnitude of 

resistivity shows a marked increase around a critical composition jc,- or a critical radius 

<rA'> of -1.18 A. We observed this behavior at A: = 0.490 and 0.195 for the Nd and Dy 

series respectively (Fig. 3.10). 
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Figure 3.9 Variation of (a) the magnetic 
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Figure 3.10 Temperature variation 
of the electrical resistivity of 
Lao T-xLuxCao 3C0O3 (Ln = Nd and 
Dy). 
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In order to rationalize the resistivity data in the four series of cobaltates, we have plotted 

the resistivity data at 50 K against <rA> in Fig. 3.9 (c). There is a noticeable increase in the 

resistivity with decreasing <rA>, with a change in slope around 1.18 A. It is to be noted 

that below this value of the A-site cation radius, electronic phase separation and charge-

ordering occur in the rare earth manganates [13]. 

The <rA> value of 1.18 A in the cobaltates corresponds to jc = 0.6, 0.49, 0.24 and 

0.195 respectively in the Pr, Nd, Gd and Dy substituted series of cobaltates and we 

denote these compositions as Xc- It appears that the small magnetic cluster regime 

becomes prominent around Xc or (rA'̂ ). The low-temperature peak in the ac-susceptibility 

data is frequency-dependent; the small magnetic cluster regime at small <rA) in the Lao,?. 

xLuxCaojCoOa system can be considered as the regime to be magnetically 

inhomogeneous. The inhomogeneous nature of the cobaltates prevails over the entire 

range of compositions (x = 0.0 - 0.7). It seems that around a composition close to jĉ  or 

(rA>, there is a marked change in the distribution of the magnetic species. Thus, when x < 

Xc or <rA> > (rA*̂ ), relatively large ferromagnetic clusters or domains are present in the 

system, resulting in large magnetization and Tc values. When x > Xc or (T/^) < (tfi,'^), the 

magnetic clusters become small in size. The ferromagnetic clusters being hole-rich, the 

electrical resistivity data show changes around the same compositions as the 

magnetization data, the compositions with <rA) > (rA*̂ ) exhibiting lower resistivities and 

near-zero temperature coefficients of resistivity. While one may treat the change in the 

nature of magnetic species around Xc or <rA*̂> as a mere change in size distribution, we 

consider it more appropriate to treat it as a case of phase separation since we observe 

more than one transition in the ac-susceptibility data and the resistivity changes parallel 
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the changes in the magnetic properties. The phase separated regime here involves the 

coexistence of large ferromagnetic clusters which are hole-rich and small clusters which 

are hole-poor. 

It is instructive to examine the nature of the spin-states of cobalt in the 

Lao.7.xLnxCao.3Co03 system. We can estimate the magnetic moment of the cobalt ion from 

the inverse magnetic susceptibility data at high temperatures (180-300 K). The 

susceptibility value as well as the slope of the inverse susceptibility-temperature plot 

gives an average magnetic moment value of 4.5 (XB per cobalt ion in all the series of 

cobaltates. This value suggests that in the 180 -300 K range, the cobalt ions are in the 

intermediate-spin (IS) and or high-spin (HS) states. The IS and HS states of Cô "̂  

correspond to the electronic configurations t2^e^ (S = 1) and tj^e^ (S = 2) respectively, 

and those of Co'*"*' to tigCg (S = 3/2) and t2^eg (S = 5/2). Investigations of the spin-state 

transitions in the cobaltates have shown that at high temperatures, the cobalt ions are 

mostly in the IS or the HS state [46]. At low temperatures, some of the cobalt ions may 

go to the low-spin (LS) state, corresponding to the tz^ (S = 0) and ti^ (S = 1/2) 

configurations in Cô"*̂  and Co'*"'' ions respectively. The ferromagnetic clusters present 

prominently at jc < JCC or <rA) > (rA*̂ ) involve cobalt ions in the IS or HS states. The 

ferromagnetic regime will therefore be hole-rich, the size of the clusters or the domains 

decreasing with increasing JC or decreasing (rA). We would, therefore, expect a magnetic 

percolation threshold as well as electrical percolation in the system. We find that a plot of 

log p versus log ((rA> - (JK)\ is linear with a negative slope of around 0.5 at 50 K. 

We have explored whether the resistivity behavior of Laoj-xLnxCaojCoOs 

conforms to activated hopping, defined by log p oc (1/T") where « = 1, 2 or 4. Here, n - 1 
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corresponds to a simple Arrhenius behavior. When n = 2, the hopping is referred to as 

nearest-neighbor hopping (NNH), controlled by Coulombic forces. When n = 4, there 

would be variable range hopping (VRH) and the hopping dynamics is controlled by the 

collective excitation of the charge carriers [47]. 
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Figure 3.11 Fits of the resistivity data for Lao.T-xLnxCaojCoOs for x > Xc to the T""'̂  law 

in the 49 - 200 K range. The symbols represent experimental data points and broken lines 

represent the linear fits. 

The resistivity data in the 49 - 200 K range could be fitted to a T"''̂  dependence 

with the standard deviation varying between 0.008 and 0.016. The standard deviation for 

the T""'* fits is generally much smaller (0.005 - 0.012). In Fig. 3.11, we show typical fits 

to the T""'* law. The occurrence of VRH in the cobaltates is consistent with the earlier 

studies of Rao et al [48] on the rare earth cobaltates. 
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Conclusions 

Our investigations on the magnetic and electrical properties of 

polycrystalline Laoj.xLnxCaoaCoOs (Ln = Pr, Nd, Gd and Dy) can be understood in terms 

of a phase separation scenario wherein large carrier-rich ferromagnetic clusters and 

carrier-poor smaller clusters coexist at some compositions. Accordingly, at large x, we 

observe two prominent magnetic transitions, the one at low temperatures being associated 

with the small clusters. Since the ferromagnetic clusters prominent at small x are hole-

rich, we observe a change in the electrical resistivity behavior at a critical value Xc, where 

the size distribution of magnetic clusters undergoes significant changes. The critical value 

of X in the four series of cobaltates corresponds to the critical value of radius, (rA*̂ ), of 

1.18 A, a value where rare earth manganates of the type Laoj-xLuxCaosMnOs (Ln = Nd, 

Gd and Y) are known to exhibit charge ordering and phase separation prominently [13]. 

It appears that around <rA'̂ ) or Xc, a significant change occurs in the eg band-width and the 

charge carriers become more localized, causing changes in the magnetic and electron 

transport properties. It is well to recall that the electrical resistivity and ferromagnetism in 

the cobaltates are linked to the presence of the Co^^-0- Cd^^ species with the appropriate 

spin states of cobalt ions. 

Lnft^Can^CoOj (Ln = La, Pr and Nd) 

Preliminary measurements (at 1 kOe) of the dc magnetic susceptibilities of 

polycrystalline samples Lno.TCaojCoOa with Ln = La, Pr and Nd showed that while 

LaojCaoaCoOs clearly exhibits a ferromagnetic-type transition (Tc~175 K), 

Pro.TCao.sCoOa and Ndo.7Cao.3Co03 do not show distinct ferromagnetic transitions down 

to 50 K (Fig. 3.12(a)). There is a slight increase in the susceptibility of Pro.7Cao,3Co03 
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around 75 K, but this is not due to a genuine ferromagnetic transition. The magnetic 

behavior of a single crystal of Pro.TCao.aCoOs is similar to that of the polycrystalline 

sample (see inset of Fig. 3.12(a)). On the basis of the (rA> values, the ferromagnetic Tc's 

of Pro.7Cao,3Co03 and NdojCao.sCoOs would be expected to be well above 100 K. 

Electrical resistivities of these cobaltates are also much higher (Fig. 3.12(b)). The large 

drop in the magnetic moment at low temperatures in the Pr and Nd derivatives is 

noteworthy. In order to understand the nature of these materials, we have investigated the 

magnetic properties of ProjCaoaCoOsin detail, down to low temperatures. 
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Figure 3.12 Temperature dependence of (a) the magnetic susceptibility (H = 1000 Oe) 

and (b) the electrical resistivity of Lno^CaojCoOs (Ln = La, Pr and Nd). The inset in (a) 

shows the magnetic susceptibility and inverse magnetic susceptibility of ProjCaosCoOa 

for single crystal and polycrystalline samples. 

In Fig. 3.13 we show the temperature dependence of the dc magnetic 

susceptibility of ProjCaosCoOs in the ZFC and FC conditions (H = 100 Oe). There is 

considerable divergence in the ZFC and FC magnetization behavior just as in 

magnetically frustrated systems [14]. 
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Figure 3.13 Temperature dependence of 

magnetic susceptibility of Pro.yCaoaCoOs 

(H=100Oe). 
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The data show two broad transitions around 60 K and 30 K. Measurements carried out at 

5 kOe, however, do not reveal the two peaks (Fig 3.14), suggesting that the intermediate 

temperature range M-H behavior of this material is rather complex at low fields. The data 

in Fig. 3.14 suggest that magnetic ordering sets in around 75 K with the susceptibility 

going through a broad maximum around 15 K. Inverse magnetic susceptibility data, as-
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Figure 3.14 Temperature dependence of magnetic susceptibility of ProjCao.sCoOs. 

Inset shows the inverse magnetic susceptibility (H = 5 kOe). 
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shown in the inset of Fig. 3.14, yield a Curie temperature (Gp) of - 30 K. The high 

temperature linear region of the inverse susceptibility data gives a magnetic moment of 

4.7 jUa/f-u. The shape of x - Tplot below 75 K is rather complex, not typical of normal 

ferromanets. It appears as though there is a spread of magnetic transition temperatures 

due to local environmental effects. 

In Fig. 3.15, we show the M - H behavior of Pro,7Cao.3Co03. The behavior is 

rather complex especially in the temperature range of 25 - 60 K. The plots remain 

nonlinear upto 120 kOe even at 5 K. The behavior is unlike of ferromagnets and is 

somewhat comparable to that of frustrated systems. Extrapolation of the M - H data in 

the high field region to zero fields gives a saturation moment of around 0.4 He/f-u. 
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Figure 3.15 High field magnetization 
curve of ProjCao 3C0O3 at low 
temperatures. 
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Figure 3.16 Low field magnetic 
hysteresis of Pro.7Cao.3Co03 at low 
temperatures. 

The small value of the moment on cobalt in the apparently ferromagnetic state, 

compared with the value in the paramagnetic state, indicates itinerant ferromagnetism, 

which is possible because the material is conducting. From Fig. 3.16 we see that there is 
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hysteresis at 5 K even at low fields, suggesting a ferromagnet-like behavior. The width of 

the hysteresis loop decreases markedly with increasing temperature. The above results 

reveal that ferromagnetic and antiferromagnetic interactions coexist at low temperatures, 

with the small conducting ferromagnetic domains or clusters giving rise to a small 

magnetic moment. 

The ac susceptibility measurements on the polycrystalline samples (Fig. 3.17) 

show that the low-temperature transition has a frequency dependence of about 1.3 K, as 

the frequency is increased from 1.3 to 1330 Hz. The 60 K peak, however, shows little 

shift (Fig. 3.17). The position of the low temperature peak in the ac susceptibility data at 

1.3 Hz, for which the field of measurement is 1 Oe, occurs at 37.4 K, and shifts to lower 

temperatures at higher fields. 

Figure 3.17 Temperature dependence 
ac-susceptibility data of Pro.vCao.sCoOa 
at different frequencies. 
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Thus, for H = 100 and 5000 Oe, the peak occurs at 31.5 and 12.7 K respectively. Because 

of the inhomogeneous nature, it is difficult to clearly assign one temperature for the bulk 
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transition in this cobaltate, although the first transition clearly occurs around 60 K. We, 

therefore, conclude that the behavior of ProjCaojCoOa represents a special case of 

electronic phase separation. 

We have carried out studies on polycrystalline NdojCaojCoOs as well. This 

sample also shows divergence in the ZFC and FC behavior at H = 100 Oe (Fig. 3.18), but 

the divergence is not marked as much as in Pro.yCao.sCoOa. The ZFC data seems to 

suggest two close transitions between 0 and 20 K. The dc susceptibility data at high fields 

(H = 5 kOe) shows one distinct transition around 20 K (Fig. 3.19). The inverse magnetic 

susceptibility data yield a 9p value - 170 K. The M - H behavior of this cobaltate is also 

nonlinear just as Pro.yCao.sCoOs. The material shows narrow hysteresis below 5 K, at high 

fields (see inset Fig. 3.19). 
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Figure 3.18 Temperature dependence 
of the magnetic susceptibility, x, of 
Ndo.7Cao.3CoO2.95 (H = 100 Oe). 
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Figure 3.19 Temperature dependence 
of magnetic susceptibility, x, of 
Ndo.7Cao.3CoO2.95 (H = 5000 Oe). Inset 
shows low temperatures hysteresis. 

The electronic phase separation and associated magnetic properties of 

Pro.7Cao.3Co03 and Ndo.7Cao.3Co03 arise because of the small average size of the A-site 
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cations. In these two cobaltates, the average radius (for orthorhombic structure) is less 

than 1.18 A, which is the critical value only above which long-range ferromagnetism 

manifests itself [13]. It is known that increase in size disorder and decrease in size of the 

A-site cations favor phase separation. 

Conclusions 

Pro.7Cao.3Co03 does not show a sharp ferromagnetic type transition down to 50 K. 

There is large divergence between the dc magnetic susceptibility of the ZFC and FC 

sample. The magnetization is nonlinear with field. The ac susceptibility data show 

evidences for a magnetic transition around 60 K and a frequency-dependent transition at 

low temperatures. Properties of Ndo.7Cao.3Co03 are not unlike those of the Pr analogue. 

These various features indicate that these cobaltates are magnetically inhomogeneous, 

with small ferromagnetic clusters or domains being present in an antiferromagnetic 

matrix. 

JL 

3.4.2 Non-equilibrium magnetic properties of single crystalline'"' rare earth 

cobaltates, Lno.7Cao.3Co03 (Ln = La, Pr and Nd) 

LaftjCanjCoQi; The temperature dependence of the ZFC and FC magnetization of 

single-crystalline Lao.7Cao.3Co03 measured parallel to the c-axis of the sample at different 

JL 

^^nvestigations on poly- and single crystalline samples were carried out to examine the 

effect of magnetic and electron transport properties. It is assumed that a single crystal is 

monophasic with exact composition and with a well defined set of properties. These 

properties are strongly direction dependent. In our present investigations we have noticed 

some interesting features in single crystalline form, which were absent in polycrystalline 

samples may be due to grain size and/or grain boundary effects. 

124 



applied fields (10, 20, 100 and 1000 Oe) is shown in Fig. 3.20. A sharp increase of the 

magnetization occurs in the low-field FC data around 170 K indicating that the system 

orders and attains a spontaneous magnetization. A characteristic strong irreversibility 

between the low field ZFC and FC magnetization curves appears just below the transition 

temperature. 
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Figure 3.20 Temperature dependence 
of the ZFC and FC magnetization of 
Lao TCao.aCoOs at different applied 
fields (a) H = 10, 20 Oe (b) H = 100 Oe 
and (c)H= 1000 Oe. (Left) 

Figure 3.21 Temperature dependence of 
TRM, FC and ZFC magnetization 
recorded for Lao.vCao.sCoOs at H = 1 Oe. 

The ZFC data show a small peak close to 170 K and a second anomaly around 

100 K as a relatively sharp maximum, accompanied by a change in the slope of the FC 

magnetization curve, indicating a transition in the ordered spin structure. Fig. 3.21 shows 

the ZFC, FC and • thermo remnant magnetization (TRM) curves of Lao.yCaojCoOs 

measured in a weak field of 1 Oe. The transition at 100 K appears as a sharp dip in the 

TRM and a sharp maximum in the ZFC magnetization. 
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Some of the details of the temperature dependence of MZFC(T) in Fig. 3.20 are 

noteworthy. With increasing field (H = 100 Oe), both the peaks in the ZFC data shift 

towards lower temperatures. Furthermore, on increasing the field up to 1000 Oe, the high 

temperature MZFC(T) peak disappears, showing only a shoulder in this temperature region; 

the 100 K peak becomes broader at higher fields. Another interesting feature is that the 

irreversibility temperature. Tin-, (where FC and ZFC curves diverge) decreases with the 

increasing field, Tc being equal to Tirr at sufficiently low fields (10 and 20 Oe), however 

for higher fields Tirr < Tc. When the applied field is increased, the MFC(T) and MZFC(T) 

curves merge down to ~ 100 K (Tf), a behavior akin to that of ordinary spin-glasses [49]. 

Figure 3.22 Temperature dependence 

of the ZFC and FC magnetization of 

Lao.TCao.aCoOs. The inset shows the 

temperature dependence of inverse 

magnetization, M ' , (H = 1000 Oe). 
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In Fig. 3.22, the magnetization data of Lao.vCao.sCoOs at 1000 Oe are plotted in 

the temperature range of 100-320 K along with the high-temperature inverse 

magnetization data (see inset). The sample shows Curie-Weiss behavior in the 200-300 K 

range and a fit to the Curie-Weiss law yields a ferromagnetic Weiss temperature, 9p, of 

150 K and a peffof ~ 1.6 ^B/Co-ion, implying S ~ 0.6 |XB. The derived Weiss-temperature 

is lower than the ferromagnetic transition temperature (170 K), defined from the 
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inflection point of the inverse magnetization vs. temperature curves. The anomaly 

occurring around 100 K can be considered to represent a re-entrant spin-glass transition, 

similar to that found in Yo.vCao.sMnOs by Mathieu et al [50]. 

Figure 3.23 Typical hysteresis 

curves for LaojCaojCoOs at 

different temperatures. 
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In Fig. 3.23, we show M-H loops measured parallel to the c-axis of 

Lao.yCao 3C0O3 sample at different temperatures. A large hysteresis loop develops below 

the transition temperature at 170 K and attains a remanence value of ~ 0.6 fXB/Co-ion and 

a coercive force of ~ 0.6 Tesla (T) at the lowest temperature. The material becomes 

harder with decreasing temperature, with the coercive field increasing monotonically 

with decreasing temperature from 0.02 T at 160 K (near Tc) to 0.6 T at 10 K. At 

temperatures higher than Tc (T = 250 K), the M-H behavior is linear corresponding to a 

paramagnetic state. 

Figure 3.24 presents the MFC(T), MZFC(T) and M-H behavior for two different 

orientations of Lao yCaojCoOs crystal (H || c-axis and H 1 c-axis). The magnitudes of 
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MFC(T) and MZFC(T) are both higher in the perpendicular direction. Whereas the shape of 

MzFc(T) curve remains similar, the shape of MFC(T) changes considerably depending on 

the direction. In spite of the large c-axis dependence of the initial low-field behavior, the 

high field part of the M-H curves is almost independent of field direction as can be seen 

from Fig. 3.24 (b). The coercive field and remanent magnetization are almost the same 

for both the orientations; the magnetic moment at 5 T is the same (~ 0.9 fie/Co-ion). 
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Figure 3.24 Variation of (a) the 
ZFC and FC magnetization and 
(b) magnetic hysteresis curves 
of LaoyCaosCoOs for different 
field directions. 

Figure 3.25 The temperature 
dependence of the (a) In-phase and 
(b) Out-of-phase ac-susceptibility 
of LaojCaoaCoOa at different 
frequencies. 

Figure 3.25 shows the in-phase x'(T) and out-of-phase X'(T) components of the 

ac-susceptibility of Lao.7Cao.3Co03 below Curie temperature (Tc). A rather similar 

behavior has also been reported in some manganate systems by Nam et al [51]. The in-

phase component shows, in accordance with the low field ZFC magnetization, two 

distinct peaks: a frequency-independent high temperature peak at about 170 K that 
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indicates a ferromagnetic ordering and a lower temperature at 100 K peak that is sharper 

and frequency-dependent. The frequency-dependence of the ac-susceptibility near and 

below the 100 K anomaly is stronger than at higher temperatures. 

In order to explore whether the system is in a thermodynamic equilibrium state or 

in a non-equilibrium spin-glass like state, the relaxation of the ZFC magnetization of 

LaojCaojCoOa was measured at 40, 85 and 110 K after different wait times. The long

time relaxations of the magnetization and aging phenomena well known in spin-glasses 

[52] are commonly found in many other random magnetic systems. In Figs. 3.26, 3.27 

and 3.28 we present the results of MzFc(T,tw,t) and S(t) for Tm = 40, 85 and 110 K, 

respectively. It should be mentioned that all the magnetization relaxation curves are 

measured relative to the first measured data point at t ~ 0.3 s, which is set close to zero 

by a reset of the SQUID electronics. 
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Figures 3.26 (left) and 3.27 (right): ZFC-relaxation measurements on Lao.yCaojCoOs at 
Tm = 40 K (left) and T^ = 85 K (right) for different waiting times, tw= 100, 1000 and 
10000s (H = 1 Oe). 
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The relaxation rate S(t) is defined by, S(t) = 1/H [dMzFc(T,tw,t)/dlog(t)], and 

emphasizes the aging features of the relaxation curves. In all the ZFC-relaxation 

measurements the applied field was 1 Oe and the wait times chosen were tw = 100, 1000 

and 10000 s. The MzFc(T,tw,t) measurements show that the sample exhibits 

logarithmically slow dynamics and an aging effect at all temperatures below Tc. The 

aging phenomenon is revealed from the difference between the MzFc(T,tw,t) curves with 

different tw. 
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Figure 3.28 ZFC-relaxation measurements on Lao.TCao.sCoOs at Tm = 110 K for different 
waiting times, tw= 100, 1000 and 10000s (H = 1 Oe). 

We notice a striking aging behavior, similar to that of spin-glasses at all three 

temperatures as revealed by an inflection point in the magnetization vs log (t) curves and 

a corresponding maximum in the relaxation rate curves at an observation time close to the 

wait time. The relaxation at 40 K is almost two orders of magnitude weaker than the 

relaxation at the two higher temperatures. In spite of this, the aging character dominates 
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the measured relaxation at all three temperatures. The relaxation of the magnetization 

measured within our experimental time window (0.3 - 10 000 s) corresponds to a fraction 

of the total relaxation, and the equilibrium magnetization is far from being reached within 

this time window. The aging-dominated relaxation observed here is strikingly similar to 

the behavior of conventional spin-glasses. In the latter situation, aging is interpreted 

within the droplet model (or domain growth) model for spin-glasses [53] to reflect the 

growth of equilibrium spin-glass domains, with the maximum in the relaxation rate being 

associated with a cross over between quasi-equilibrium (from processes within ordered 

spin-glass domains) and non-equilibrium dynamics (processes governed by effects at 

domain walls). 

A key property to understand and model the dynamics of spin-glasses is the 

occurrence of memory. The memory phenomenon is observed in zero-field-cooled 

magnetization vs. temperature experiments as follows [54]. First a reference experiment 

is made, according to the ZFC protocol described earlier. A memory curve is then 

recorded, with the additional feature that the cooling of the sample is halted at a stop 

temperature for some hours during which the sample ages. This slows down the dynamics 

of the sample in a region around the stop temperature, which in turn causes a dip in the 

MzFc(T) curve. To clearly illustrate memory, it is convenient to plot the difference 

between the reference and the memory curve. A characteristic of the spin-glass phase 

(ordinary or re-entrant) is the memory behavior, whereas a disordered and frustrated 

ferromagnetic phase would show little or no memory effect. We carried out three 

experiments, one with a halt below 100 K (85 K), the second with the halt above 100 K 

(110 K) and the third with halts at both 85 K and 110 K. In Fig. 3.29 (a), we show the 
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reference curve and the two memory curves for LaojCaoaCoOa crystal. Fig. 3.29 (b) 

shows the difference plots. At 85 K, a clear memory dip is observed indicating that the 

system is in a spin-glass type phase. At 110 K, on the other hand, a memory dip can 

barely be discerned, indicating that the system is confined in a disordered ferromagnetic 

phase. 

80y^j^^120 160 

Figure 3.29 ZFC magnetization memory experiment on Lao.vCao.aCoOa; (a) the 
temperature dependence of ZFC magnetization, M, (reference curve) and on imprinting 
memories of two temperature stops (at 85 and 110 K) during cooling each for 3 hours and 
(b) the difference (M-Mref) plot of the respective curves. 
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Figure 3.30 Temperature dependence of electrical resistivity, p, of Lao yCao.sCoOs 
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The temperature dependence of electrical resistivity (p) of LaojCao.aCoOs single 

crystal is shown in Fig. 3.30. With decreasing temperature there is not much variation in 

the- magnitude of resistivity, but the temperature coefficient of resistivity (dp/dT) 

changes rapidly from room temperature to low temperatures. There is a change in slope 

around 170 K, above which dp/dT becomes negative. Below this temperature, dp/dT is 

positive indicating metallicity below Tc. Further decreasing the temperature, changes the 

slope from a positive to a negative value around 80 K, corresponding to an insulating 

behavior. In the 20 - 80 K range, the temperature variation of resistivity appears to 

conform to the variable range hopping regime [47] in accord with the results on 

polycrystalline samples discussed earlier. 

Conclusions 

Our investigation on single crystals of Lao.vCao.aCoOs is that the system enters a 

non-equilibrium magnetic phase at temperatures below an apparent ferromagnetic 

transition at 170 K. The non-equilibrium ferromagnetic phase experiences an additional 

transition into a non-equilibrium re-entrant spin-glass phase at 100 K. The system 

appears to be phase separated into large carrier-rich ferromagnetic clusters (involves Co 

in the intermediate-spin (IS) and high-spin (HS) states) and carrier-poor 

antiferromagnetic or non-ferromagnetic matrix. The M(H) measurements also support 

this model. The hysteresis curve does not saturate even at higher field 5 T and lowest 

temperature (10 K). The absence of saturation even at higher fields is a characteristic 

feature of spin-glass system [49]. Considering the above magnetic behavior in the low 

temperature region; we propose that the system goes to re-entrant spin-glass state below 

100 K. The magnetic moment of 1.6 ^s/Co-ion, found by us is related to the percentage 
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of Co * in the system. While the Co "̂  / Co * ratio is constant through out, the spin-state 

equihbrium varies with temperature. At low temperatures, both the cobalt ions would be 

in the low-spin (LS) state, but at higher temperatures the cobalt ions are mostly in the IS 

and HS states [46]. The value of peff obtained by us corresponds to a situation where both 

the Cô "*" and Co'*'̂  ions are in IS and or HS states. The positive 0p value can be interpreted 

in terms of the short-range ferromagnetic interaction between Co^^ and Co"*̂  ions, which 

dominates over the super-exchange interactions between Co'*'̂  - Co** and Cô "̂  - Co^* ions. 

PrnTCan^CoOi and Ndn 7CaniCoO^: 

Figure 3.31 shows temperature dependence of the ZFC and EC magnetization of 

single crystalline Lno.TCao.aCoOa (Ln = La, Pr or Nd) measured parallel and 

perpendicular to the c-axis in an applied field of 20 Oe. 

H = 20O( ^ 

50 200 

Figure 3.31 Temperature dependence of the ZFC and PC magnetization, M, of 
LnoyCaoaCoOs where (a) Ln = La (b) Ln = Pr and (c) Ln = Nd, at H = 20 Oe 
measured parallel (triangle) and perpendicular (square) to the c-axis. 
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The magnitudes of both MFC(T) and MZFC(T) are higher in the perpendicular direction, 

the behavior remaining similar down to low temperatures. LaojCao.sCoOs shows a 

distinct FM type transition in the FC data around 170 K (Tc) as expected, while the ZFC 

data show a cluster-glass transition around 95 K discussed in previous section. 

ProjCaojCoOa and NdojCaojCoOs do not, however, show such a ferromagnet type 

behavior down to low temperatures. On the other hand, they only show a slight increase 

in magnetization with decreasing temperature around 70 K, but the magnetization reaches 

values much lower than the theoretical saturation values even at 5 K. The irreversible 

temperature, Tin-, between the ZFC and FC data in Î o.7Cao,3Co03 and Ndo.7Cao.3Co03 

persists up to 200 K unlike in the La derivative where they merge around Tc. The Tjrr, 

however, decreases with the increasing magnetic field. The TRM changes with 

temperature in a manner similar to the difference between the FC and ZFC magnetization. 

Inverse magnetic susceptibility data of the cobaltates provide supporting information. 

The data could be fitted to Curie-Weiss behavior with the extrapolated Weiss 

temperatures, 0p, of 150 K, -180 K and -340 K for the La, Pr and Nd-derivatives 

respectively. The negative 6p values in the latter two cobaltates imply the presence of 

antiferromagnetic interactions in the high temperature region, while for La-derivative the 

interaction is FM. 

Fig. 3.32 shows M-H data of ProjCaojCoOs and Ndo.7Cao.3Co03 at different 

temperatures, measured parallel to the c-axis of the samples. These cobaltates show 

hysteresis loops at low temperatures (< 10 K) and a non-saturating behavior up to 5 Tesla 

(T). The values of the remanence magnetization and coercive field for the Pr compound 

at 10 K are 0.03^B/f.u. and 0.15T respectively while those for the Nd derivative are 
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0.01/XB/f.u. and 0.12T. The remanence magnetization and coercive field for 

LaojCaosCoOs at 10 K are 0.1/iB/f.u. and 0.6T respectively. In spite of the c-axis 

dependence of the low-field behavior, the high-field parts of the M-H curves are nearly 

independent of the field direction. The coercive field and remanent magnetization are 

almost the same in both the orientations. With increasing temperature, the width of the 

hysteresis loop decreases rapidly and finally the M-H behavior becomes linear at higher 

temperatures (see the 100 K curves in Fig. 3.32). 

_ H(kOe) 
-10 ^0 ' 10 

H(kOe) 

Figure 3.32 The hysteresis curves for (a) ProjCaojCoOs (b) Ndo.yCaojCoOa at different 
temperatures measured parallel to the c-axis. 

In order to further characterize the magnetic behavior of ProjCao.sCoOs and 

NdojCao.sCoOs, we have carried out ac susceptibility and magnetic relaxation 

measurements which are useful to investigate the magnetic glassy behavior [49, 52]. 
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Figure 3.33 shows the temperature dependence of the in-phase ZFC magnetization, x'(T) 

and the out-of-phase X"(T) components of the ac-susceptibility for Pro.vCao.sCoOs and 

NdojCaosCoOs. Both the systems show frequency-dependence below 80 K, down to low 

temperatures. A frequency-dependent maximum is observed around 70 K for 

Pro.vCaosCoOs in the in-phase as well as the out-of-phase components as can seen in Figs 

3.33 (a) and (b). With increasing frequency, the peak value shifts toward higher 

temperatures. NdojCao.aCoOs shows a peak around 55 K as shown in Figs. 3.33 (c) and 

(d). Thus, with decrease in the average radius of the A-site cations, <rA>, the magnetic 

transition temperature as revealed by the ac susceptibility maximum shifts to lower 

temperatures. 
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Figure 3.33 The temperature dependence of the In-phase and Out-of-phase ac-
susceptibility for (a, b) Pro.vCaojCoOs and (c, d) NdojCaoaCoOs at different 
frequencies (c-axis {| hac). 
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From the time-dependent ZFC magnetization measurements, we find that both 

Pro.7Cao.3Co03 and NdojCaosCoOs exhibit logarithmical dynamics below the transition 

temperature (70 and 55 K). Figs. 3.34 (a) and (b) present the time-dependent relaxation of 

the ZFC magnetization for ProjCaosCoOs,measured at 50 K (Tm) and the corresponding 

relaxation rates S(t) = 1/H [dMzFc(T,tw,t)/dlogio(t)]. In all ZFC-relaxation measurements, 

the applied field was 1 Oe and the wait times were 100, 1000 and 10000 s. 
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Figure 3.34 ZFC-relaxation measurements on ProjCaoaCoOs at Tm = 50 K for different 
waiting times, tw= 100, 1000 and 10000s (c-axis parallel to the field, H = 1 Oe). 

Results of similar measurements on NdojCao.sCoOs at 40 K are presented in Figs. 

3.35 (a) and (b). The relaxation rate attains a maximum at the elapsed time, close to the 

wait time, indicating a pronounced age-dependent effect. Such a behavior is generally 

observed in spin-glasses [49]. Such an effect is explained within the droplet (or domain 
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growth) model, by associating the maximum in the relaxation rate with a crossover 

between quasi-equilibrium and non-equilibrium dynamics [54]. 

Figure 3.35 ZFC-relaxation 

measurements on NdojCaojCoOa 

at Tm = 40 K similar to Pr. 
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We have investigated memory effects using the zero-field-cooled magnetization 

vs. temperature experiments. First, a reference experiment was made according to the 

ZFC protocol described earlier. Then, a memory curve was recorded, with the additional 

feature that cooling was halted at a stop temperature for some hours during which the 

sample ages (c.f. aging experiments). This slows down the dynamics at temperatures 

around the stop temperature, which sustains when the temperature is decreased, and 

appears as a dip in the MZFC(T) curve at the stop temperature on re-heating the sample. 

To clearly illustrate memory, it is convenient to plot the difference between the reference 

and the memory curve. It may be noted that a specific characteristic of a spin glass phase 

(ordinary or re-entrant) is the memory behavior, whereas a disordered and frustrated FM 

phase shows little or no memory effect. In the case of ProvCaosCoOs, the experiments 

were carried (a) with a halt at 30 K, (b) with a halt at 50 K and (c) with halts at both 30 
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and 50 K. The weak dc field applied in the measurement does not affect the non-

equilibrium process intrinsic to the sample, but only works as a non-perturbing probe of 

the system. 
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Figure 3.36 The temperature dependence of ZFC magnetization, M, (reference curve) 
and on imprinting memories of ProvCaojCoOs at two temperature stops (30 and 50 K) 
during cooling each for 3 hours. The inset shows the difference (M-Mref) plot of the 
respective curves (c-axis parallel to the field, H = 5 Oe). 

A memory effect is clearly observed as shown in Fig. 3.36, (a) at 30 K, (b) at 50 

K and (c) at both 30 and 50 K after direct cooling from 100 K. The memory dip appears 

even more prominently on subtracting the reference curve as shown in the inset of Fig. 

3.36.The memory experiments on Ndo.yCaojCoOs at three different temperatures show 

similar results (see Fig. 3.37). In Fig. 3.37 (a), we show the reference curve along with 

two memory curves with halts at 35 K and 45 K, the inset corresponding to a halt at 40 K. 

We observe memory dips at the stop temperatures. The observed memory effects clearly 
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establish that both Pro.7Cao,3Co03 and NdojCaojCoOs behave like spin-glasses at the low 

temperatures. 
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Figure 3.37 ZFC magnetization memory experiment on NdojCaosCoOs; (a) the 
temperature dependence of ZFC magnetization, M, (reference curve) and on imprinting 
memories of two temperature stops (at 30 and 50 K) during cooling each for 1 hour and 
(b) the difference (M-MreO plot of the respective curves (c-axis parallel to the field, H = 1 
Oe). The inset shows the memory curve corresponding to halting time 3 hours (T = 40K). 

Conclusions 

Although cobaltates of the type Lai.xSrxCoOs (x > 0.3) were considered to be 

itinerant ferromagnets, recent studies have revealed that these cobaltates show magnetic 

phase separation wherein relatively large FM clusters or domains associated with a 

distinct Tc, coexist with small magnetic clusters showing glassy behavior [17]. Lai. 

xSrxCo03 compositions also show an insulator-metal transition with increasing jr since the 

large FM clusters are metallic. Previous studies of polycrystalline samples of Lao.7-

xLnxCao.3Co03 (Ln = Pr, Nd, Gd and Dy) reinforce the phase separation scenario wherein 
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large carrier-rich FM clusters and carrier-poor smaller clusters coexist. Such magnetic 

phase separation would be expected to be sensitive to the size of A-site cations. As the 

size of the A-site cations decreases as in ProyCaojCoOs and Ndo.7Cao.3Co03, we would 

expect a situation where a small magnetic clusters to dominate, favoring glassy behavior. 

Evidence for such behavior was found in our studies of polycrystalline samples of these 

cobaltates. Measurements on single crystalline Pro.TCao.sCoOs and Ndo.TCao.sCoOs show 

these effects even more vividly. Thus, both these cobaltates do not exhibit a ferromagnet-

like magnetic behavior with well defined Tc (associated with large FM clusters or 

domains). Instead, they behave like spin-glasses at low temperatures. In other words, 

because of the small A-site cations radius, (rA>, these two cobaltates are genuine spin-

glasses. Accordingly, both these cobaltates are insulators. The properties of 

Pro.yCaojCoOs found here are comparable to those reported by Tsubouchi et al [55], but 

the interpretation of the results provided here in the light of the non-equilibrium 

properties is different. 

3.4.3 Cation size-disorder as the crucial determinant of the unusual magnetic and 

electronic properties of Gdo^Bao^CoOa 

The unit cell parameters are presented in Table 3.2 along with the weighted radius, 

(rA), and the cP' value for the cobaltates, LnosBaosCoOs (Ln = La, Nd and Gd). The (rA>-

Table 3.2 Structure and properties of Lno^BacsCoOs. s (Ln = La, Nd and Gd) 

Composition 

LaasBaojCoOifB 
NdaJSaiuCoOiM 
Gda3B^Co02.w 
GdasSroiCoOiss 

<^)(A) 

1.4S5 
U 1 7 
1.289 
1.2D9 

< (̂A )̂ 

0.016 
0.024 

tm 
0.010 

Lattice panmeten {kf 

a 

5.4859 
11.7165 
11.7077 
5J746 

b 

11.6842 
11.6334 
7i60l 

c 

7.6019 
7i332 
5J746 

Space group 

*3c 
Pimrnn 
Pmmm 
Puma 

v{k': 

165 
1041 
1026 
218 

* Uncertain^ is approximately ±0.004. 
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values were calculated using the Shannon radii for 12-coordination in the case of 

rhombohedral cobaltates and for 9-coordination in the case of the orthorhombic ones. 

In Fig. 3.38, we show the temperature variation of the dc magnetic susceptibility of 

Gdo5Bao,5Co02.9 measured at a relatively high field of 5 kOe. There is a definitive 

increase in the susceptibility around 280 K as in a ferromagnet, but there is no saturation. 
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Figure 3.38 Dc magnetic susceptibility of Gdo.5Bao.5Co02.9. The inset shows the FC and 
ZFC measurements. 

The highest value of susceptibility reached around 240 K gives an average 

magnetic-moment of only 0.21 JJ-B- This is to be contrasted with Ndo.5Bao.5CoO2.94 and 

Lao.5Bao.5CoO2.95 which exhibit sharp ferromagnetic transitions 

Figure 3.39 Temperature variation-

magnetization of Lao.5Bao.5Co02 95, 

Ndo.5Bao.5CoO2.94 and Gdo.5Sro.5CoO2.95. 
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with Tc values of 130 K and 190 K respectively with considerably higher saturation 

moments of 0.45 and 0.67 Î B respectively as shown in Fig. 3.39. The fact that these Tc 

values are much lower than the onset temperature of the so-called ferromagnet type 

transition of Gdo.sBaosCoOz.g at 280 K shows that the latter is not a genuine 

ferromagnetic transition. The inset in Fig. 3.38, shows the dc susceptibility of the ZFC 

and FC conditions (H = 100 Oe). There is no appreciable difference in the behavior of the 

ZFC and FC samples. Fig. 3.38, also shows a sharp drop in the susceptibility around 230 

K, suggesting antiferromagnetic ordering below this temperature. We observe low-field 

hysteresis at 250 K, which disappears below 230 K (Fig. 3.39), indicating the presence of 

ferromagnetic interactions in the 280-230 K regime. 

In Fig. 3.40, we show the temperature variation of the electrical resistivity of 

Gdo.sBao.sCoOa.g and Ndo.5Bao.5CoO2.94. There is sharp increase in the resistivity of 

Gdo.5Bao.5Co02.9 around 350 K, but no anomaly in resistivity is observed at the 230 K 

transition. We find that the 350 K transition is not accompanied by a change in crystal 

structure, in conformity with earlier observations. There is only the expected thermal-
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Figure. 3.39 Low field magnetic hysteresis 
of Gdo.5Bao5CoO2.9at 250 K and 175 K. 

Figure 3.40 Electrical resistivity of 
LnosBaosCoOa(Ln = Nd andGd). 

144 

http://Ndo.5Bao.5CoO2.94
http://Gdo.5Bao5CoO2.9at


expansion across the transition. The 350 K transition is unaffected by Nd substitution in 

the Gd site and occurs in pure Ndo.5Bao.5CoO2.94 as well (Fig. 3.40). The transition seems 

to be insensitive to oxygen stoichiometry and occurs in GdosBacsCoOis with only Co^* 

ions [56], showing thereby that charge ordering here involves the A-site cations, although 

there will be some associated ordering of the B-site ions in the mixed-valent 

Gdo.5Bao.5Co02.9. Charge ordering occurs in the paramagnetic regime. On cooling, the 

charge ordered-state in Gdo.5Bao,5Co02.9 transforms to a magnetic state where 

ferromagnetic interactions dominate, but this state is stable only in the 280-230 K range, 

becoming antiferromagnetic at 230 K. The transition at 280 K is somewhat comparable to 

the re-entrant ferromagnetic transition in rare-earth manganates of the type 

Lao.25Ndo.25Cao.5Mn03 where Tco> Tc [57]. The magnetic transition in Gdo.5Bao.5Co02,9 

at 280 K is, however, not to a ferromagnetic state as mentioned earlier. What we have is a 

system exhibiting paramagnetic-ferromagnetic-like-antiferromagnetic transitions. We 

have examined the antiferromagnetic state by measuring M - H data at high fields and 

observed an unusual high-field hysteresis at 175 K in the 30-80 kOe range as shown in 

Fig. 3.41. 
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Figure 3.41 High-field magnetic hysteresis of Gdo5Bao.5Co02 9 at 175 K, which 
disappears at higher temperatures. 
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The antiferromagnetic state is transformed to the ferromagnetic state on 

application of magnetic fields. The ac susceptibility measurements at different 

frequencies show a sharp peak around 275 K which is frequency-independent (Fig. 3.42). 

In addition, we see small broad peaks around the main peak, possibly representing 

transitions arising from different clusters or domains co-existing in the sample. These 

features suggest the presence of inhomogeneties or electronic phase separation in 

Gdo5Bao.5Co02.9 similar to that in Lao.25Ndo.25Cao.5Mn03 and other charge-ordered rare-

earth manganates [7, 57, 58]. The ferromagnetic interactions are comparable to those 

responsible for the cluster glass behavior reported in some of the Lao.s-xSrxCoOs 

compositions [14, 31]. 

It is instructive to compare the magnetic properties of Gdo.sBao.sCoOa.g with those 

of Gdo.5Bao.5CoO2.75 where only the Cô"*̂  ions are present [56, 59]. This material 

undergoes a metal-insulator type transition around 360 K in the resistivity data, which has 

been assigned to a low-spin state to high-spin state transition via an intermediate-spin 

state. This assignment seems to be wrong. The resistivity transition is more likely to be 

due to the charge-ordering of the A-site cations referred to earlier. There appears to be a 

paramagnetic-ferromagnetic-like - antiferromagnetic transition in the 300-250 K range in 

the Co''"̂  system as well. The ferromagnetic-antiferromagnetic competition here is 

reminiscent of a canted antiferromagnet such as La2Cu04, the antiferromagnetic ordering 

being quenched by magnetic fields. The presence of 33 % Co"*"̂  in Gdo.5Bao.5Co02 9 

would change many of these properties, and electronic phase separation and related 

factors assume greater importance. The crucial role of cation disorder in Gdo.5Bao.5Co02.9 

is clearly evidenced when we compare its properties with those of Gdo.5Sro.5Co02 95. The 
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Sr derivative shows a ferromagnetic transition with a Tc of 140 K (see Fig. 3.39) 

although the (rA> is considerably smaller (1.209 A). This can only be because the â  value 

.2 • 
is only 0.0103 A in the Sr derivative. Accordingly, Gdo.nPro.asBao.ssSro.isCoOa with (rA> 

equal to that of Gdo sBao.sCoOa.g is ferromagnetic (Tc= 155 K), since a is reduced to 
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Figure 3.42 The ac susceptibility data of Gdo.5Bao.5Co02.9. Inset shows expanded version 
over a narrow temperature range. 

Conclusions 

GdosBaosCoOa.g which is charge-ordered at ordinary temperatures, exhibits an 

increase in magnetization around 280 K, reaching a rather small value of the magnetic 

moment {~Q.2\\x.Qli.\i.) followed by a sharp drop in magnetization around 230 K to an 
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antiferromagnetic state. Application of high magnetic fields destroys the anti-

ferromagnetic state. The behavior is consistent with the presence of magnetic phase 

separation as supported by ac susceptibility measurements. The ferromagnetic metallic 

state generally found in LaosBaojCoOs and other analogous cobaltates of the type 

Lno5Ao.5Co03 does not manifest itself in Gdo.5Bao,5Co02.9 mainly because of the cation 

size-induced disorder, arising from the size mismatch between the Gd and the Ba ions. 

Gdft.s.vLnxBan.'jCoO^ (Ln = La and Nd) and Gdn «iBan !̂ .»Sr̂ CoQ:̂  

The crystal structure and unit cell parameters of Gdo.s-xLnxBaosCoOa (Ln = La 

and Nd) series of cobaltates are listed in Table 3.3 along with the weighted average radius 

(rA), and the o^ values. In Tables 3.4 and 3.5, we have presented the structural parameters 

of Lao.s-xNdxBao.sCoOs and GdosBao.s-xSrxCoOs respectively along with the 

ferromagnetic Tc values. 

Table 3.3 Structure and properties of Gdo.5.xLnxBao.5Co03 

Composition 

0.0 
Ln = Nd 

0.1 
0.2 
03 
0.4 
0.5 

Ln = La 
0.1 
0.25 
OJ 
0.4 
0.5 

(A) 

1.2S9 

1.29+ 
1.300 
1.305 
1.311 
1.317 

1.299 
1J16 
1.321 
1,459 

L4S5 

a2 

0.033 

0.031 
0.029 
0.028 
0,026 
0.024 

a030 
0.025 
0.024 
0,028 

0.016 

Space 
group 

Pmmm 

PiHnvn 
Pnnvn 
Pmmm 
Pmmm 
Pmmm 

Pmmm 
Pmmm 
Pmmm 
R3C 
R3C 

Lattice porameten (A) 

a 

11.706 

11.729 
11.752 
11.699 
11.759 
11.717 

11.673 
11.712 
11.717 
5,4ai 
5.486 

b 

11.633 

11,660 
11.668 
11.656 
11.686 
11.6S4 

11,687 
11.684 
11.683 
— 

— 

c 

7,533 

7.535 
7.548 
7.583 
7.586 
7.602 

7,575 
7.630 
7.640 
— 

— 

V 

a') 
1026 

1030 
1035 
1034 
1042 
1041 

1033 
1044 
1046 

164 

165 
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Table 3.4 Structure and properties of Laoj.xNdxBao.5Co03 

Composition 

X 

ao 
0.1 

a2 
0.3 

a4 
0.5 

(A) 

1.485 
1.476 
1.332 
1.327 
1.322 
1J17 

<T2 

(A2) 

0.016 
0.019 
0.019 
0.021 
0.022 
0.024 

group 

R3C 
R3C 

Pmmm 
Pmmm 
Pmmm 
rMMHt 

Lattice parametetB (A) 

a 

5.486 
5.482 

11.688 
11.711 
11.704 
11.717 

b 

— 

— 

lliSSl 
1.676 

11.691 
11.684 

c 

— 

— 

7.692 
7.622 
7.623 
7.602 

Tc 
(K) 

190 
ISO 
177 
l^ 
150 
130 

Table 3.5 Structure and properties of Gdo.5Bao5.xSrxCo03 

Compofiitioa 

X 

0.0 
0.1 
0.2 
0.3 

a4 
0.5 

{''A) 

(A) 

1.289 
1.273 
1.257 
1.241 
1.225 
1.209 

CT2 

(A )̂ 
0.033 
0.030 
0.026 
0.021 
0.016 
0.010 

Space 

group 

Pmmm 
Pmmm 
Pmmm 
Pmmm 
Pnma 
Pnma 

Lattice pBrajneters (A) 

a 

11.708 
11.653 
11.587 
11.582 
5.389 
5.371 

b 

11.633 
11.608 
11.571 
11.555 
7.599 
7.558 

c 

7.533 
7.522 
7.524 
7.499 
5.3SO 
5.371 

- Tc 

(K) 

— 

— 

— 

133 
145 
150 

Before we discuss the results of our investigations of the cobaltate compositions 

of the type Gdos-xLuxBao5C0O3 (Ln = La and Nd) and GdosBaos-xStxCoOs, it would be in 

order to briefly examine the properties of the parent compound Gdo.sBao.sCoOi.g based on 

the literature [35-37] and our own measurements. In Fig. 3.43 (a), we compare the 

magnetization data of Lno.5Bao.5Co03.5 with Ln = La, Nd and Gd to show how 

Gdo.5Bao.5Co02.9 is uniquely different from Lao.5Bao5CoO2.95 and Ndo.5Bao.5CoO2.94. The 

last two cobaltates show FM transitions around 190 and 130 K respectively with 
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saturation magnetic moments of 1.43 and 0.57 ^B- Gdo.sBao.sCoOa.g shows an increase in 

magnetization starting around 280 K, reaching a maximum value around 240 K, with an 

associated magnetic moment of only 0.21 JIB-

15 
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Figure 3.43 Temperature variation of (a) the magnetization and (b) the electrical 
resistivity of LnosBaosCoOa-s (Ln = La, Nd or Gd). 

The magnetization drops sharply around 230 K to an antiferromagnetic state, and 

the AFM transition is destroyed by magnetic fields. The increase in magnetization in 

Gdo5Bao.5Co02.9 at 280 K is clearly not due to a FM transition. A FM transition should 

have occurred at temperatures lower than 130 K, considering that Gd^* is much smaller 

than Nd^ .̂ The observed magnetic properties of GdosBaosCoOjo could arise from 

electronic phase separation arising from the large cation size-disorder. Electrical 

properties of Gdo.5Bao.5Co02.9 are also different from those of Lao5Bao.5CoO2.95 as can be 

seen from Fig. 3.43 (b). Thus, Lao.5Bao.5CoO2.95 shows a nearly temperature-independent 

resistivity from 300 K to 20 K. Ndo.5Bao.5CoO2.94 and Gdo.5Bao.5Co02.9, on the other hand, 

show transitions around 360 K due to charge-ordering. The resistivity of the Gd 

derivative is much higher than that of the Nd derivative, although both are insulators. 
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Figure 3.44 Temperature variation of (a) the magnetization and (b) the electrical 
resistivity of Gcio.5-xNdxBao.5Co03.8. 

In order to study the effects of cation size, we have examined the magnetic and 

electrical properties of several series of cobaltates. We show the magnetization and 

resisitivity data of Gdo.j-xNdxBao.sCoOs in Fig. 3.44. With increase in x, we observe the 

evolution of ferromagnetism. What is interesting is that the 280 K magnetic transition of 

Gdo.sBao.sCoOa.g disappears even when x > 0.1. When Ln = Nd, we observe a complex 

behavior for jc = 0.1, with a magnetic transition around 220 K. We observe no obvious 

magnetic transitions in the 200-280 K region for 0.1< jc < 0.4. The x = 0.3 composition 

shows a small increase in magnetization around 125 K, and the increase becomes more 

marked when x = 0.4. When Ln = La, there is no magnetic transition in the 200-280 K 

region for 0.1 <x < 0.25. A distinct FM transition occurs at A: = 0.5 in the case of Nd, and 

at X = 0.4 in the case of La. It is interesting that the FM characteristics start emerging at 

low temperatures (< 150 K) in these cobaltate compositions around a <rA> value of 1.30 A. 

Clearly with increase x, the size of ferromagnetic clusters increases, eliminating the phase 

separation at small x, caused by size disorder. It is noteworthy that in Pri.xAxGoOs (0 < x 

< 0.5, A = Sr, Ba) spin or cluster glass behavior has been found at low temperatures [60]. 
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spin glass behavior is found in Lai.xSrxCoOs (x < 0.1), but with increase in x 

ferromagnetism manifests itself [61].The resistivity data of the Gdoj-xNdxBao.sCoOa 

compositions show insulating behavior, but the resistivity decreases significantly with 

increase in x, the ;c = 0.5 composition exhibiting the lowest resistivity (Fig. 3.44 (b)). 

When Ln = La, the resistivity decreases with increase in x, becoming temperature-

independent for X = 0.5. All the other compositions are insulating. Considering that with 

increase in x, there is significant increase in (rA> in the two Gdo.s-xLnxBao.sCoOs (Ln = La, 

Nd) series of cobaltates, the changes observed can essentially be attributed to the effects 

of cation size. Our measurements on the Lao.s-xNdxBao.sCoOs system confirm this 

observation. In Fig. 3.45, we show the magnetization and resistivity data of this system. 

There is a decrease in Tc with increase in x in this series as expected, with an 

accompanying increase in the resistivity. Although the changes in the properties in this 

series of cobaltates is essentially due to cation size effects, it should be noted that there is 

also a small increase in o^ with increasing x in this system. 
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Figure 3.45 Temperature variation of (a) the magnetization and (b) the electrical 
resistivity of Lao,5-xNdxBao.5Co03.8. 
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In order to understand the role of size-disorder due to cation size mismatch, we have 

investigated two series of cobaltates with fixed (rA) values of 1.317 and 1.289 A, 

corresponding to those of Ndo.sBaosCoOs and GdojBaosCoOa. The structural parameters 

of Lno.5-xLn'xAo,5-yA'yCo03, cobaltates are given in Table 3.6, along with Tc values. 

Table 3.6 Structure and properties of Lnoj.xLn'xAo.5.yA'yCo03 with fixed (rA) values 

Compositioa 

<rA> = 1.317A 

Lao.22Proi2sBtta4Sro.iCo03 
ProjBao^SrojosCo03 
Nd<x iPro.*Bao.46SrojOiCo05 
NdftsBaasCoO, 
Pro.39Cjd ». u BBO jCoOj 

<rA} = 1.289A 

Lao;29<J<lo.2iB^.3 SrajCcOs 
Gda 17P«"0.33BBo.3sSro.i5Co03 
Gda22l*lo.28Baa4SriD.iCo03 
Gda iSino^Bafl42SraoeCo03 
GdaisNda isBaa45Sro.csCo03 

GdasBaas^oQj 

0^ 

(A^) 

0.0170 
0.0200 
0.0207 
0.0235 
0.0239 

o.oia4 
0.0211 
0.024a 
0.0276 
0.0287 
0.0329 

Space 
group 

Pnma 
Pmmm 
Pmmm 
Pmmm 
Pmmm 

Pnma 
Pmmm 
Pmmm 
Pmmm 
Pmmm 
Pmmm 

Lattice paiaineterB (A) 

a 

5.470 
11.688 
11^^82 
11.717 
11.715 

5.447 
11.633 
11.658 
11.658 
11.728 
11.708 

b 

7.726 
11.666 
11.650 
11.684 
11.674 

7.685 
11.591 
11.639 
11.638 
11.651 
11.633 

c 

5.471 
7,639 
7.634 
7.602 
7.609 

5.425 
7.600 
7.569 
7.551 
7.542 
7.533 

Tc 
(K) 

190 
166 
160 
130 
— 

220 
155 
128 
— 
— 
— 

We show the results of the magnetization measurements in Figs 3.46 (a) and 3.47 (a) 

respectively. The data in Fig. 3.46 (a) for a fixed (rA) of 1.317 A, show that the Tc -
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Figure 3.46 Temperature variation of (a) the magnetization and (b) the electrical 
resistivity of Lnos-xLn'xAos-yA'yCoOs with a fixed <rA> value of 1.317A. 
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decreases as cr increases, eventually destroying ferromagnetism at a high value of a^ (~ 

0.024 A^). The linear relation between Tc and a^ gives a slope of 10830 ± 300 K A"̂  with 

an intercept, Tc°, of 385 ± 2 K. Here, Tc° represents the Tc value of the disorder-free 

cobaltate in this series. 

The data in Fig. 3.47 (a), corresponding to a fixed <rA> of 1.289 A, are interesting. 

With decrease in a ,̂ the magnetic behavior of this system changes markedly. Thus, when 

0^=0.028 Al we do not see the magnetic anomaly of Gdo.5Bao.5Co02.9 at 280 K. When 

0^=0.021 Al we observe a ferromagnetic transition with a Tc of ~ 160 K. When a is 

0.0184 A ,̂ the Tc reaches 220 K, a value higher than that of Lao.sBao.sCoOs. 

50 100 150 200 250 300 
Trio 

0 50 100 15a,.200 250 300 

Figure 3.47 Temperature variation of (a) the magnetization and (b) the electrical 
resistivity of Lnos-xLn'xAos-yA'yCoOs with a fixed (rA> value of 1.289A. 

These data clearly demonstrate that the absence of ferromagnetism in 

GdosBaosCoOs, as well as its unusual magnetic properties, such as the magnetic anomaly 

at 280 K, are almost entirely due to the disorder arising from the cation size mismatch. 

Such size-disorder can give rise to electronic phase separation as in rare earth manganates 

[7, 13]. Thus, in the series of compounds Laoj-xLuxCaosMnOs (Ln = Pr, Nd, Gd and Y) 

the size disorder increases with the decreasing size of the Ln ion and increasing x. 
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Accordingly, phase separation occurs at lower x with decreasing size. The situation is 

similar to Gdos-xLnxBao.sCoOa (Ln = La and Nd) compounds. 

The electrical resistivity behavior of the two series of cobaltates with fixed (rA> 

values corroborates the results from the magnetic measurements. In Figs. 3.46 (b) and 

3.47 (b), we show the resistivity data for the two series to demonstrate how the resistivity 

increases with increase in o. Interestingly, we observe disorder-induced insulator-metal 

transitions in both the series of cobaltates, the cobaltate compositions with a < 0.02 A 

showing metallic behavior. Such disorder-induced insulator-metal transitions are indeed 

novel. Further support for the observation that cation size-disorder crucially determines 

the properties of Gdo,5Bao.5Co02.9 is provided by our study of the GdosBao.s-xSrxCoOs 

series of cobaltates. Here, the x = 0.5 composition, corresponding to Gdo.sSrosCoOs, has a 

smaller <rA> than Gdo.5Bao.5Co02.9, and yet it shows ferromagnetic features [Fig. 3.48(a)]. 
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Figure 3.48 Temperature variation of (a) the magnetization and (b) the electrical 
resistivity of the cobaltates Gdo.sBao.s-xSrxCoOa .̂ 

The 280 K magnetic anomaly of GdosBaosCoOs disappears even when x = OA 

and the apparent Tc increases with increase in x in the series. This behavior is clearly due 
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to size disorder, since o^ decreases with increase in x. Accordingly, this system exhibits 

an insulator-metal transition with increase in x or decrease in o^ (see figure 3.48 (b)). It 

appears that a c^ value larger than 0.02 A generally destroys ferromagnetism in the 

cobaltates and changes the metal into an insulator. 

Conclusions 

The present investigation shows that the ferromagnetic metallic state, generally 

found in Lao.5Bao.5CoO2.95 and other analogous cobaltates of the type LnosAosCoOs-s, 

does not manifest itself in Gdo.5Bao5Co02.9, mainly because of the disorder arising from 

the size mismatch between the Gd and the Ba ions. Accordingly, if the size-disorder is 

reduced, keeping the average size of the A-site cations the same, the material becomes 

ferromagnetic, reaching a Tc of 220 K. It appears that reducing the size-disorder 

diminishes the electronic phase separation in this system. The crucial role of size-disorder 

is also evidenced in the properties of GdosBao.s-xSrxCoOs-a, where with increasing x, the 

material becomes ferromagnetic, although the (rA> decreases. 

3.4.4 Effects of large cation size-disorder on the magnetic properties of the rare 

earth cobaltates, Lno.5Bao.sCo03 (Ln = Dy and Er) 

For, Gdo.5-xLnxBao.5Co03 (Ln = Dy or Er) series of cobaltates the unit cell 

parameters are presented in Table 3.7 along with the values of (rA> and a^. 

Table 3.7 Crystal Structure data of Gdoj.xLn3ao.5Co03 (Ln = Dy or Er) 

Ccmpostkm 

x=OJOO 
La=Dy 
x=Q.2S 
1=050 
Ln=Er 
i=QOJ 
1=0.25 
1=050 

WW 

1.289 

1.283 
1.277 

1.286 
1.277 
1.266 

<^{A') 

0.033 

0.035 
0037 

0.034 
0037 
0.042 

SpMX̂ OUp 

Pirtnm 

rtltftn 

ApHIVM 

i nwM 
Pittfvn 
P6}cm 

Lattice 1 

a 

11.708 

11.726 
II715 

I1J688 

lljfi55 
12.142 
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In Fig.3.49, we compare the temperature variation of the dc magnetization and 

electrical resistivity of Gdo.5Bao.5Co02.9 with that of Dyo.5Bao.5CoO2.91 and 

Ero,5Bao.5Co02.9. We notice that the Dy derivative exhibits a magnetic anomaly similar to 

that of the Gd compound, except that the transition temperature is slightly higher (290 K), 

indicating that the magnetic anomaly is related to the size disorder. The Dy compound 

becomes antiferromagnetic at ~ 245 K. When the size disorder is increased further as in 

Ero.5Bao5Co02.9, the material shows no magnetic anomaly and is instead paramagnetic 

down to low temperatures. The room-temperature electrical resistivity increases with 

decrease in the size of rare earth ion in the order Er > Dy > Gd. The charge-ordering 

transition found at 360 K in GdosBaosCoOa.g occurs at 320 K in Dyo.5Bao.5Co02.9), 

thereby decreasing the gap between the charge ordering and the magnetic transitions. 

Ero.5Bao.5Co02.9, on the other hand, does not exhibit the charge-ordering transition. 
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Figure 3.49 Temperature variation of (a) the magnetization and (b) the electrical 
resistivity of Lno.5Bao.5Co03 (Ln = Gd, Dy and Er). 

In Fig. 3.50 we present the magnetic properties of Gdo.s-xLnxBao.sCoOs with Ln - Dy 

^ ^ ^ 4^^ show that when x = 0.25, the behavior is intermediate between that of 

the Gd and Dy derivatives. When Ln = Er, even 5 % doping reduces the magnitude of 
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magnetic anomaly markedly. Thus, the magnetic anomaly and the antiferromagnetic 

transition are not seen as clearly. The material becomes paramagnetic when x = 0.25. The 

electrical resistivity increases with increasing x, the x = 0.5 composition exhibiting the 

highest resistivity. 

Figure 3.50 Temperature variation of the 

magnetization of Gdos-xLnxBaosCoOs, 

with (a) Ln = Dy and (b) Ln = Er. 
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If the size disorder is indeed responsible for the properties of LnosBaosCoOs (Ln 

= Dy and Er), we would expect major changes in the magnetic and the electrical 

properties if the size-disorder is varied, keeping <rA) constant. In order to understand the 

effect of size-disorder due to cation size mismatch on a quantitative basis, we have 

investigated two series of cobaltates with fixed <rA) values of 1.277 and 1.266 A 

corresponding to those of DyosBaosCoOs.p, and Bro,Bao.sCo02.9 respectively. The 

structural parameters for two series of cobaltates of the general formula Lno.s.xLn'.Aos. 

yA'yCoOs, with fixed <rA> values of 1.277 and 1.266 A are given in Table 3.8. 
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Table 3.8 Structure and properties of Liio.s.xLii'xAo.5.yA'yCo03 with fixed (FA) values 
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In Fig. 3.51, we show the magnetization and electrical resistivity data for the series 

with a fixed (rA> value of 1.277 A. With a small decrease in â  from 0.037 to 0.031 A^ 

the material shows a small magnetic anomaly at 280 K, much smaller in magnitude than 

that in Dyo.5Bao.5Co02,9i. With a further decrease in c^ to 0.02 A ,̂ the material shows a 

ferromagnetic transition with a Tc of ~ 180 K, the Tc increasing with decreasing o .̂ The 

material becomes metallic with decreasing CT^(Fig. 3.51(b)). 
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Figure 3.51 Temperature variation of (a) the magnetization and (b) the electrical 
resistivity of Lno.s-xLn'xAos-yA'yCoOa with a fixed <rA) value of 1.277A. 
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The data in Fig. 3.52 corresponding to a fixed (rA> of 1.266 A, are similar to those of 

the (rA> = 1.277 A series. The material remains essentially paramagnetic down to a a^ 

value of 0.02 A ,̂ below which a clear ferromagnetic transition occurs, the Tc increasing 

with decreasing o . Here again, the electrical resistivity decreases with decreasing o , 

becoming metallic at small a .̂ It appears that these cobaltates start exhibiting 

ferromagnetism and metallicity only when ô  is around 0.02 A^ or less. 
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Figure 3.52 Temperature variation of (a) the magnetization, M, and (b) the electrical 
resistivity, p, of Lnos-xLn'xAo.s-yA'yCoOs with a fixed <rA) value of 1.266A 

Conclusions 

Our present investigation shows that incorporation of large cation size-disorder in 

Lno.5Bao.5Co03.5 through small rare earth ions eliminates ferromagnetism, showing 

essentially paramagnetic behavior when the A-site cationic radius is very small or the 

disorder is large. Accordingly, keeping (rA> constant and decreasing the size-disorder 

results in the progressive appearance of ferromagnetism and metallicity. The complete 

elimination of the magnetic anomalies arising from significant ferromagnetic interactions 

by large size-disorder is noteworthy. 
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