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Abstract

The applications of magnetic materials are widespread and their importance es-

pecially in information storage devices is quite high after the discovery of Giant

Magnetoresistance (GMR) in magnetic multilayers. A potential candidate that could

replace the existing GMR read heads are the oxide based magnetoresistive materi-

als such as the substituted perovskite type manganese oxides of the general formula

R1−xDxMnO3 (R = rare earth ion and D = divalent alkaline earth ion). These mag-

netic oxides show huge changes in their electrical resistance at the respective Curie

temperatures, under a magnetic field, which is known as Colossal Magnetoresistance

(CMR). These materials gained much attention by the research community in the

recent past owing to a plethora of physical properties they exhibit and are usually

considered as strongly correlated electron systems.

Substitution of La by divalent ions introduces ferromagnetism as well as a transi-

tion from insulator to metallic behavior in an otherwise antiferromagnetic insulator

LaMnO3. In La1−xDxMnO3, the origin of the evolution of the interesting magnetic

and electrical properties has been explained on the basis of the formation of Mn4+

ions in equal amounts with that of the substituted divalent ions, which results in a

ferromagnetic exchange between Mn4+ and Mn3+ ions, usually known as the double

exchange. Self-doped compositions of the general formula La1−xMnO3 and those with

excess oxygen non-stoichiometry, LaMnO3+δ, also show physical properties similar to

the divalent ion substituted manganites. The highly susceptible nature of these ox-

ides to the changes in processing conditions result in many complex magnetic and

electrical transport characteristics. Non-stoichiometry at the cationic and/or anionic

sites in lanthanum manganites also affects the Mn3+/Mn4+ ratio and plays a crucial

role in deciding their electronic properties. These are not understood clearly and
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many properties of these materials remain unexplained and less understood.

This thesis is divided into seven chapters with proper references at the end under

the section of bibliography.

Chapter 1: General introduction to the perovskite-type manganese oxides and

their structural and electronic properties are reviewed in this chapter. Previous stud-

ies on the various issues dealt with the non-stoichiometry and related problems such as

effect of non-stoichiometry on structure, low-temperature magnetic properties, phase

separation, spin glass-type behavior, etc. are discussed.

Chapter 2: The methods employed for the synthesis of the mixed-valent man-

ganese oxides under the current investigation, are explained in this chapter. The

theory and experimental details of the characterization techniques such as powder

X-ray diffraction, estimation of the concentration of tetravalent manganese ions, var-

ious types of magnetic measurements using vibrating sample magnetometer and ac

susceptometer, electron paramagnetic resonance (EPR), and four-probe resistivity

method used in this work to study the electronic properties of the compounds are

described briefly.

Chapter 3: This chapter involves the studies on the magnetic properties of the

self-doped lanthanum manganites, La1−xMnO3. Careful studies on the structural,

magnetic, and EPR properties of these compositions revealed that the limiting value

of x as 0.125. This corresponds to a vacancy ordered structure (1/8 ordering). Any

values larger than this resulted in the formation of a second phase which is identified

as Mn3O4, from careful XRD analysis. The magnetic properties of different compo-

sitions in La1−xMnO3 have been studied by ac susceptibility and dc magnetization

measurements in the temperature range 10-300 K. All compositions show an anom-

alous decrease in the ac susceptibility and zero field cooled ZFC dc magnetization at

low temperatures, below the ferromagnetic ordering temperature. The temperature

below which this anomalous behavior is observed, Ta, varies with the degree of La
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vacancy in the series and varies with the Mn4+ content for a particular composition

with a given value of x. Various magnetic measurements, under different conditions,

have been carried out and the domain wall pinning effects are shown to be responsible

for the observed low temperature magnetic anomalies. The effect of self-doping on

the magnetic properties of certain Ca-substituted compositions is also discussed in

this chapter.

Chapter 4: The studies on the non-stoichiometric lanthanum manganites (rep-

resented as LaMnO3+δ) are discussed in this chapter. Comparing with some previous

reports, it is found that there is no correlation between the amount of Mn4+ or δ

and the magnetic transition temperature for the samples of LaMnO3+δ synthesized

by various methods. The dependence of oxygen non-stoichiometry, structure, and

magnetic properties on the processing methods used for the synthesis of LaMnO3+δ

is discussed in this chapter. From powder X-ray diffraction studies, it was found

that those LaMnO3+δ samples showing well-defined ferromagnetic transitions are of

mixed phase character; a self-doped phase (La1−xMnO3) and minor amounts of an

La-rich phase. The results give evidence to conclude that the self-doped, La-deficient,

phases formed are responsible for ferromagnetism in LaMnO3+δ. The complex mag-

netic properties are explained on the basis of the formation of unequal concentration

of cation vacancies.

Chapter 5: This chapter deals with the study of the origin of spin glass-type

features observed in some LaMnO3+δ compositions. Non-stoichiometry of oxygen in

lanthanum manganite, LaMnO3+δ, gives rise to vacancies at both the cationic sites

of the perovskite lattice. Accordingly, since the magnetic properties are very much

susceptible to small changes in the Mn4+ concentration, a variety of features can

be observed in manganite magnetism. Superparamagnetism is generally observed in

nanosized materials due to their single domain (superspin) nature. The magnetic

properties of certain LaMnO3+δ compositions with high values of δ were found to be
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similar to those of typical nanomagnets. The non-stoichiometry of oxygen creates va-

cancies at Mn-site thus causing a breakage of long range magnetic order and forming

tiny clusters that show single domain characteristics. The present work on the time-

dependent dc magnetic measurements by employing various cooling protocols reveals

the interacting superspin behavior (superspin glass) in an oxygen non-stoichiometric

lanthanum manganite as observed in certain interacting magnetic nanoparticle sys-

tems.

Chapter 6: Low temperature magnetic characteristics of some rare-earth substi-

tuted lanthanum manganites have been correlated in this chapter. La0.67Ca0.33MnO3

is a well characterized composition with a fairly high value of Tc of 260 K with a

perfect ferromagnetic character. The effect of partial substitution of La ions by other

rare earth ions is studied in detail. A magnetic anomaly observed at low temper-

atures in certain rare-earth substituted manganite compositions is explained as the

domain wall pinning effects where the pinning center is most probably the distorted

Mn-O-Mn bond angle due to the difference in rare-earth ionic radii. The superspin

glass and superparamagnetic nature of some Tb-doped manganites caused due to the

superspin clustering are also studied in detail.

Chapter 7: In this chapter, results on the studies of the electrical proper-

ties of lanthanum manganites have been discussed. A second peak in the temper-

ature variation of resistivity of certain manganite compositions, in self-doped and

La1−xCaxMnO3, has been observed at temperatures below the peak corresponding to

the Metal-Insulator transition. Based on the comparative studies on the transport,

structural and magnetic properties of a large number of compositions, it has been

concluded that small scale phase separation is the origin of the double peak-type

resistivity characteristics.



Chapter 1

Introduction

The fascination of magnets dates back at least three thousand years. Perhaps, the

first observations of magnetic phenomena were made by ancient Greeks. However,

the fact that the magnets align in a unique way together with the fact that the earth

itself is a magnet led to the discovery of the compass, an instrument used quite effec-

tively for navigation purposes, and this has aided the faster development of civiliza-

tion. Magnetism is one of the most interesting phenomena of materials and a major

breakthrough for understanding the principles of magnetism was made through the

discovery of the relation between electricity and magnetism in the 19th century. The

development of quantum mechanics gave more insights to the microscopic principles

of magnetism which has been able to explain various magnetic properties quite suc-

cessfully. The numerous applications of magnetism and magnetic materials (ranging

from Compass to Spintronics) make them one of the most important and extremely

interesting areas of modern materials research.

1.1 Magnetism in Materials

Magnetism is a universal phenomenon associated with any materials that are com-

posed of charged particles. Commonly, the origin of magnetic moment in the atoms

of a material is the motion of electrons. A material may respond to an applied mag-
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netic field in two ways, it may get attracted or repelled; accordingly, the magnetic

materials are said to be either paramagnetic or diamagnetic, respectively. Paramag-

netism is observed in materials that contain atoms with unpaired electrons whereas

paired electronic systems behave as diamagnetic. Diamagnetism can be regarded as

originating from the shielding currents induced by an applied magnetic field in the

filled electron shells. These currents are equivalent to an induced moment present

on each of the atoms. This could be better described by stating the Lenz’s law for

orbital motion of electrons. Lenz’s law states that if the magnetic flux enclosed by a

current loop is changed by the application of a magnetic field, a current is induced in

such a direction that the corresponding magnetic field opposes the applied field. The

magnitude of the diamagnetic response is very small in most of the materials except

for superconductors which are perfect diamagnets.

1.1.1 Paramagnetism

A paramagnetic substance consists of atoms or molecules each of which has a net

magnetic moment. In the absence of an applied field these atomic moments point

at random directions and cancel one another, so that the net magnetization of the

specimen is zero. When a magnetic field is applied, there is a tendency for each atomic

moment to turn towards the direction of the field. But the thermal agitation of the

moments opposes this tendency and tends to keep the atomic moments remained at

random orientations. The result is only a partial alignment of the moments in the field

direction. The atoms with incomplete inner electronic shells (transition metal ions

and rare earth ions) can have a large net moment and compounds of these elements

are strongly paramagnetic.

The magnetic moment due to the unpaired electrons is regarded as arising from

spin and orbital motion of electrons. So, the atoms or ions containing unpaired

electrons have an overall magnetic moment given by
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µJ = [4S(S + 1) + L(L + 1)]1/2

where S and L are the spin and L angular momentum quantum numbers, respectively

and J is the total quantum number resulting from the coupling of the spin and orbital

angular momentum. In most cases, especially in the case of the transition metal ions,

L is negligible and the spin only moment alone can be calculated as:

µS = g[S(S + 1)]1/2

where g is the gyromagnetic ratio ∼2. For a single electron, µS = 1.73 Bohr Magneton

(BM), which is given by

1BM =
eh

4πmc
= 0.927× 1020ergOe−1

where e and m are charge and mass of electron, respectively, h is the Planck’s constant

and c is the velocity of light. 1 BM is equal to the magnetic moment of an electron

in the first Bohr orbit.

If a substance is placed in a magnetic field H (expressed in Oe or A/m), then the

density of lines of force in the sample is known as the magnetic induction B (expressed

in Tesla), and is given as

B = H + 4πM

where M is the magnetic moment of the sample per unit volume, often called as

magnetization (expressed in emu cm−3). The magnetic susceptibility χ can be defined

as

χ = M/H

For diamagnetic substances χ is small and negative. In the case of paramagnetic

substances χ is small but positive.
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1.1.2 Temperature Dependence of the Magnetic

Susceptibility

According to the first systematic measurements of the susceptibility (χ) of a large

number of substances over a wide range of temperature made by the French physicist

Pierre Curie, χ was independent of temperature for diamagnetic substances but it

varied inversely with the absolute temperature for paramagnetic substances. The

magnetic susceptibility as a function of temperature can be expressed as,

χ = N
µ2

eff

3kT

where, N is the Avagadro number, k is the Boltzmann constant and µeff is the

effective magnetic moment and is given as

µeff = g[J(J + 1)]1/2

g is the gyromagnetic ratio and J is the total angular momentum quantum number.

When the orbital contribution is neglected, this reduces to the spin-only value,

µs.o = g[S(S + 1)]1/2

N
µ2

eff

3k
is a constant and therefore the magnetic susceptibility equation can be written

as

χ =
C

T

where, C = N
µ2

eff

3k
. This relation is called the Curie law and C is the Curie constant.

It was later shown that Curie law is a special case of a more general Curie-Weiss law;

χ =
C

T −Θ

Here, Θ is a constant with the dimensions of temperature and equal to zero for those

substances which obey Curie law. The paramagnetic substances obey the simple

Curie law usually at high temperatures.
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1.1.3 Ordered Phenomena

Ordering of magnetic moments in most magnetic systems is controlled by the magnetic

exchange interactions [Cul72, Oha00, Bus03, Dut03]. However, magnetic ordering

due to dipole-dipole interactions have also been found in some materials such as in

organometallic magnets. Magnetic ordering in materials is observed only below a

critical temperature; above this, the materials show paramagnetic behavior.

Based on the type of ordering or exchange, magnetic materials are classified into

four; ferromagnetic, antiferromagnetic, ferrimagnetic and helimagnetic. If all the net

magnetic moments in atoms or molecules in a solid are spontaneously aligned in a

parallel direction and the material possesses an overall magnetic moment, it is said

to be ferromagnetic. On the other hand, an antiparallel arrangement of the magnetic

moment vectors causes antiferromagnetism, which results in net magnetic moment

of zero. A simple antiferromagnet can be considered as consisting of two magnetic

sub-lattices each of which being ferromagnetically ordered but coupled antiferromag-

netically (moments in opposite direction) in the unit cell of a solid. Ferrimagnetic

substances are those with unequal adjacent moments, directions of which are opposite

to each other. This is because magnetic ions occupy different types of lattice sites,

which gives rise to a net magnetic moment. When the arrangement of individual

atomic moments deviate from either parallel or antiparallel configurations, the angle

between the magnetic moment vectors, θij becomes 0 < θij < 180◦ which results

in a net small magnetization in the material and such materials are classified under

helimagnetic materials.

Ferromagnetic substances show very large susceptibility. Above a certain temper-

ature called the Curie temperature, TC , (or often used as the critical temperature,

Tc) the material will no longer be ferromagnetic and converts to paramagnetic. The

Curie-Weiss behavior is usually obeyed at higher temperatures in the paramagnetic

region. For antiferromagnetic materials the value of χ increases with rising tempera-
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Figure 1.1: χ−1-T plot of various magnetic materials.

ture up to a critical temperature known as the Neel temperature, TN , above which

the material shows paramagnetic behavior.

The temperature dependence of various types of magnetic materials can be ex-

plained on the basis of the molecular field theory proposed by Weiss in 1907. Accord-

ing to him, in paramagnetic substances, the elementary moments will interact with

each other. This interaction can be expressed in terms of a fictitious internal field,

called as the molecular field Hm that acts in addition to the applied field, H. The

strength of this field depends on the extent of alignment already attained. Since the

molecular field is proportional to the magnetization M,

Hm = γM

where γ is called the molecular field constant and it is proportional to Weiss constant
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Figure 1.2: Basic magnetization processes in ferromagnetic materials.

Θ. The inverse paramagnetic susceptibility varies linearly with temperature and

intercepts the temperature axis at the origin (Curie behavior) or at T = Θ (Curie-

Weiss behavior) as shown in Fig. 1.1. The positive and negative values of Θ indicate

that the molecular field is either aiding or opposing the applied field, respectively. For

a ferromagnet, the value of Θ is approximately equal to Tc, which is large and positive

on the basis of which Weiss made an assumption of the existence of a molecular field

above and below the Curie temperature of the substance. The field is so strong that it

can magnetize the substance to saturation even in the absence of an applied field. The

substance is then said to be spontaneously magnetized. On the basis of his second

assumption a ferromagnet in the demagnetized state is divided into a number of small
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regions called domains. Each domain is spontaneously magnetized to its saturation

value of magnetization. But the directions of magnetization of the various domains

are such that the specimen as a whole has no net magnetization. The process of

magnetization is then one of converting the specimen from a multi-domain state into

a single domain state (Fig. 1.2a).

For a ferromagnetic material, the field dependence of magnetization is nonlinear

and at large values of H, the magnetization, M becomes constant at its saturation

value Ms, as shown in Fig. 1.2b. But once saturated, a decrease in H to zero does not

reduce M to zero. Hence it possesses some magnetization called remnant magnetiza-

tion (MR). In order to demagnetize the substance after saturation, a reverse field is

required. The magnitude of this field is called coercivity (Hc). The M-H curve in the

case of ferro- and ferrimagnets is called the magnetic hysteresis loop (Fig. 1.2c). It

represents an energy loss because during the process of magnetization and demagne-

tization in an alternating magnetic field some amount of energy is dissipated usually

as heat. During one complete cycle, this amount of energy (the hysteresis loss) is

proportional to the area inside the loop. In a typical M-H curve of a ferromagnet,

at low field region, magnetization increases due to domain wall motion, as a result,

domains which are favorably oriented to the direction of applied field grows at the

expense of others and beyond that magnetization occurs only by domain wall rota-

tion which occurs at higher field strengths (Fig. 1.2a). But when the temperature

increases the saturation magnetization of a ferromagnetic substance decreases and at

Tc the domain structure is collapsed, so it will act as a paramagnetic substance above

Tc.

1.1.4 Magnetic Exchange Interactions

The Heisenberg exchange interaction,
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H = −2Jij

∑
Si.Sj

is used to describe the tendency of the adjacent, localized spin moments (Si and

Sj) to align parallel (Jij is positive, ferromagnetic) or antiparallel (Jij is negative,

antiferromagnetic) to each other in a material consisting of magnetic atoms/ions. The

strength of the exchange interaction depends on the overlap of the wave functions.

The Heisenberg type of exchange (direct exchange) applies only to some localized

systems, and for oxides, one needs to consider indirect forms of magnetic exchange

[Oha00, Bus03, Dut03]. In oxides, the magnetic interaction between two ions should

be such a way that their spin moments have either parallel or antiparallel alignment.

In oxides, the distance between two magnetic ions are sometimes, two lattice constants

apart and no direct exchange or orbital overlap becomes possible. In such cases, there

may be an indirect exchange mechanism operating between the two magnetic ions.

A possible mechanism in oxides is the superexchange which explains the magnetic

interaction between two neighboring transition metal ions separated by an oxide ion,

based on the symmetry of p and d states and their occupancy [Goo70]. Another

type of indirect exchange interaction is Dzyaloshinskii-Moriya interaction, and its

hamiltonian is,

HDM
ij = −Dij · (Si × Sj)

where Dij is a constant vector. This coupling acts to cant the spins because the

coupling energy is minimized when the two spins are perpendicular to each other

[Mor60].

1.1.5 Spin Glasses

Spin glasses are magnetic systems exhibiting both quenched disorder and frustration

[Myd93]. Such a behavior is observed below a temperature called spin-glass transi-
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tion temperature (Tg) or freezing temperature (Tf ). The spin glass phenomenon was

first discovered in the magnetism of dilute alloys such as AuFe [Can71] where RKKY

(Ruderman-Kittel-Kasuya-Yoshida) interactions between the spins of magnetic atoms

and conducting electrons play a major role. Also, such behavior is observed in cer-

tain insulators such as EuxSr1−xS with exchange interactions between first and second

neighbors [Mal79, Hua85, Myd93]. It is believed that in spin glasses, a localized pair

of moments (spins) have equal probability of having a ferromagnetic or an antiferro-

magnetic interaction which results in frustration. The experimental and theoretical

features of spin glasses have been discussed in detail by Huang [Hua85] and My-

dosh [Myd93], and some important physical concepts about spin glasses are briefly

explained as follows.

The spin glasses are characterized by a remarkable thermomagnetic irreversibility

and relaxation properties. Several theoretical models have been developed in order

to explain the unusual behavior of these materials. The Sherrington-Kirckpatrick

model suggests a mean field approach and considers an infinite range of coupling

between the Ising spins to form infinite energy states [Myd93]. Whereas, the droplet

model by Fisher and Huse claims that the real, short-range systems, behave quite

differently and the glassy phase being described by only two pure states, related by

a global inversion of the spins, and no phase transition occurring in a magnetic field

[Fis88a, Fis88b]. Here, the important physical concepts being the domain growth or

the growth of the coherence length for equilibrium spin glass order and temperature

chaos [Vin00, Bou01, Jon04].

Aging, Rejuvenation and Memory Effects in Spin Glasses

The dynamic properties of a spin glass system is often experimentally studied by

the aging, memory and chaos effects [Vin95, Jon98a, Jon00, Bou01, Mat01b, Zot03].

The relaxation of a spin glass material is logarithmically slow, and it depends on
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the time spent at low temperature which is otherwise known as aging. Aging at a

temperature, T, is fully reinitialized by heating the sample above the Tg. It corre-

sponds to the slow evolution of the system towards equilibrium, starting at the time

of the quench below Tg. The peculiarities of aging and related magnetic effects in

spin glasses are observed during the small temperature cycles within the temperature

range of existence of spin glass features. It is important to note that aging at a higher

temperature barely contributes to aging at a lower temperature. Or in other words,

the state formed at a higher temperature does not normally affect the aging at a

lower temperature. This is explained by the chaotic aspect of the spin glass phase.

Also, interesting memory effects are observed during a reverse thermal cycle. Or in

other words, when the sample is heated back to the temperatures at which it has

been previously aged, it remembers the state formed during aging. There have been

various approaches derived from Parisi’s solution of Sherrington-Kirckpatrick model

[Myd93, Vin95, Jon98a, Jon00]. Here, the aging is described in terms of a random

walk in the space of metastable states, and the memory and chaos (rejuvenation)

effects in terms of a hierarchical organization of these metastable states, as a function

of temperature. The physical picture is of the existence of a large number of nearly

degenerate states at lower temperatures, these states merge again when the temper-

ature is raised back [Vin95, Jon98a]. A droplet picture as mentioned previously, is

also used to explain the aging, chaos and memory effects found in spin glasses in

which at each temperature, the equilibrium spin glass state is considered to consist

of a thermally activated droplet excitation of various sizes.

The existence of glassy dynamics and memory effects are also observed in some

ferroelectric materials, magnetic nanoparticles and dense, frozen ferrofluids [Kit02,

Pod02, Sun03, Cor04, Jon04, Par05, Sas05, Tso05, Zhe05]. They also show aging,

chaos and memory effects similar to the spin glasses, but the effects are weaker in

nanoparticles. The glassy nature is thought to be due to the interacting nature of
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magnetic nanoparticles.

1.1.6 Superparamagnetism

Magnetic nanoparticles are in the main theme of the research for the last few years

[Kod99]. The importance of such nanosized materials is for their fundamental nature

and varieties of applications such as high density magnetic storage media, ferrofluids,

biological applications, etc. The size confinement of the particles at the nano-regime

could be easily achieved by simple chemical methods. The intrinsic magnetic proper-

ties of a material, such as spontaneous magnetization, magnetocrystalline anisotropy

etc., are strongly influenced by the particle size. Thus, the particle size-property

correlation becomes important when it comes to the nano-regime.

A magnetic body, generally has a multidomain structure, i.e., it is divided into

uniformly magnetized regions called domains separated by domain walls or Bloch

walls in order to minimize its magnetostatic energy. By reducing the size of the

crystal, the size of the domains is also reduced. Consequently, the domain structure

and the domain wall width would undergo changes. This results in single domain

formation in magnetic nanoparticles.

The anisotropy energy in a single domain particle is proportional to the volume

V . For uniaxial anisotropy, the associated energy barrier, separating the easy mag-

netization direction is

EB = KV

Thus, as V decreases or particle size decreases, EB decreases and it becomes compara-

ble to the thermal energy kT . This implies that the energy barrier for magnetization

reversal may overcome and the magnetic moment of the particle could be thermally

fluctuated like a single spin in a paramagnetic material. Thus the total magnetic mo-

ment associated with the single domain particle may be as a whole rotated, whereas
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the spins within the single domain particles remain magnetically coupled. The mag-

netic behavior of such single domain particles is called superparamagnetism. For

superparamagnetic particles, the susceptibility increases as the temperature is de-

creased and then decreases after reaching a maximum value, below a certain temper-

ature called the blocking temperature, TB. The blocking temperature is related to

the anisotropy energy as KV ≈ 25kBTB. Below TB, a magnetic hysteresis loop is

observed, whereas no such loop is observed above TB.

For superparamagnetic particles, no magnetic hysteresis is observed and a reason-

able approximation is to regard these as individual spins and the Langevin equation

may be applied, which is given by,

M

Ms

= L(α) = Cothα− 1

α

where, α = µH
kT

and µ is the magnetic moment of the particle and H, the applied

magnetic field [Cul72].

Magnetism and Dipolar Interactions in Nanoparticles

Magnetic nanoparticles interact with each other, and this interaction is often of dipo-

lar nature [Dor88, Dor97]. Thus, the interactive nature of these particles can be tuned

by varying the particle concentration or by isolating the particles by using nonmag-

netic matrices [Dor97]. Depending on the strength of the interaction between the

particles, such magnetic nanoparticles are known to change their superparamagnetic

nature to spin glass-like nature [Dor92, Sas05]. Since these nanoparticles behave as

if they are single domains, each particle can be considered to posses a huge, single

spin called superspin [Dor92, Sah02, Sas05]. The strongly interacting superspins are

often known as superspin glasses whereas weak interaction of superspins results in

superparamagnetism [Sas05]. It is important in the applications of these materials

that these superspins are noninteracting or only weakly interacting. There are many
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recent reports available in the literature which deals with the studies on interaction

behavior of magnetic nanoparticles [Luo91, Jon95, Dju97, Jon98b, Pod02, Sun03,

Jon04, Sas05, Var05, Tso05, Zhe05]. Similar to the dispersed magnetic nanoparticles,

are the magnetic nanoclusters, which also behave individually like single domains or

superspins. These superspins may again interact with one another and the interaction

may be of dipolar nature or any other magnetic exchange types such as superexchange

or antisymmetric Dzyaloshinskii-Moriya interaction. Besides, the interaction between

superspins depend on the size, density and nature of the cluster. The physical con-

cepts used for explaining the conventional spin glasses can be extended in the case

of superspin glasses, due to the similarity of their response to magnetic field and

relaxation behavior.

1.2 Magnetism in the Perovskite Manganites

1.2.1 Perovskites

Perovskites are the large family of crystalline ceramics (metallic elements combining

with non metals, usually oxygen), which derive their name from a specific mineral

known as perovskite (CaTiO3). It was first described in the 1830’s by the geologist

Gustav Rose, who named it after the famous Russian mineralogist Count Lev Alekse-

vich Von Perovski. The general formula of perovskites is ABX3, and in the perovskite

structure the A-site is generally occupied by large cations such as rare earth ions or

alkaline earth metal ions, B-site by smaller cations such as transition metal ions and X

is an anion, usually oxide or halide. The basic structural unit of a perovskite is a cube

and this can be represented by a polyhedral one in which the six X anions surround

each B cation octahedrally. In such a model, the basic structural unit becomes a

group of eight corner-shared octahedrons around the A-cation. The cubic perovskite

structure (both A-type and B-type) is illustrated in the Fig. 1.3. The structure of
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Figure 1.3: Structural features of an ideal perovskite

the perovskite oxides, ABO3, can be considered as a cubic close packed array of O2−

anions and A2+ or A3+ cations (with radius rA), with small B cations (with radius

rB) in octahedral interstitial sites where, rA must be same as the radii of the oxide

ions, rO = rA = 0.14 nm and rB is (21/2 − 1)rO = 0.058 nm. Goldschmidt defined a

tolerance factor [Gol26],

t =
rA + rO√
2(rB + rO)

which is unity for ideally sized ions. The ideal perovskite structure is cubic, for which

t = 1. Generally, most of the perovskite oxides show a structural distortion due to

the ionic size mismatch and other factors, so that the crystal symmetry is reduced

to rhombohedral, orthorhombic, monoclinic and tetragonal. Also, the structures are

temperature dependent and reversibly or irreversibly converted to different structures

at different temperatures. Unit cells with low symmetries are possible within the

range 0.75 < t < 1 [Goo70]. There are two possible characteristic distortions, which
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influence the perovskite structure; one arises from the A-site size mismatch and the

other due to the Jahn-Teller effect of B-site ions (such as Mn3+). The B-O-B bond

angle is also sensitive to the size of the A-site ion and is reduced from 180◦. The

distortion of structure due to the A-site cation size mismatch is shown in Fig. 1.4(a).

Thus, if the tolerance factor is in the range 0.75 < t < 0.9, a cooperative buckling

of the corner shared octahedra to optimize the A-O bond lengths, enlarges the unit

cell which results in orthorhombic distortion of the ideal cubic perovskite structure.

When 0.9 < t < 1, such buckling may not be found, although small distortions

to rhombohedral symmetry occur. When t > 1, i.e., if the A-site ion is too large,

perovskite structure will be destroyed and a hexagonal close packing results.

The structural changes by collective electrons, is commonly observed in certain

ferroelectric materials, such as BaTiO3. The material undergoes a structural transi-

tion from orthorhombic to rhombohedral, due to the displacement of Ti ions along

the [111] direction of the crystal. Also, in multiferroics such as TbMnO3, a lattice

modulation is observed at low temperatures which results in ferroelectric properties.

1.2.2 Structural Distortions in Lanthanum Manganites

Lanthanum manganite is a perovskite type oxide where A = La and B = Mn. In

LaMnO3, the Mn3+ ions show Jahn-Teller effect (J-T effect) which distorts the MnO6

octahedra in such a way that there are long and short Mn-O bonds. A distortion of

this type is favored by certain conditions described by the Jahn-Teller theorem. The

theorem states that for a non-linear molecule, in an electronically degenerate state,

distortion must occur to lower the symmetry, to remove the degeneracy and lower the

energy. Consider a manganese ion surrounded by six oxygen atoms forming MnO6

octahedron, as in LaMnO3. This causes the 3d orbitals to split into a lower t2g and an

upper eg orbital. In the Mn3+ ion (3d4) three electrons occupy each of the t2g orbitals

and the fourth one occupies the upper eg orbital. The singly occupied eg orbital can
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Figure 1.4: Structural distortion in manganites (a) due to cation size mismatch and
(b) due to Jahn-Teller distortion of MnO6 octahedra.

be either d(z2) or d(x2-y2) and accordingly, in an octahedral ligand field, the eg levels

become non-degenerate. The J-T effect of Mn3+ ion in an octahedral oxygen ligand

field is shown in Fig. 1.5. A typical J-T distortion occurring in manganites is shown

in the Fig. 1.4(b). One of the most effective distortion arising from the J-T effect is

a basal plane distortion with diagonally opposite oxygen pair displaced outward and

the other pair distorts inward is called as orthorhombic distortion. It has been shown

that a J-T distortion involving a displacement of oxygen ions > 0.01 Å can split

the eg band of the manganites.

In the parent compound, LaMnO3 which contains 100% Mn3+ ions, the MnO6 oc-

tahedra in Jahn-Teller distorted in such a way that the long and short Mn-O bonds lie

in the ab plane, giving rise to orbital ordering. Due to this J-T distortion, LaMnO3

has the O′-orthorhombic structure. Below 900 K, the rhombohedral structure of

LaMnO3 changes to O′-orthorhombic, associated with the freezing of dynamic dis-
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tortion. This can be regarded as an order-disorder transition, where the static Jahn-

Teller effect becomes dynamic [Goo98, Coe99]. Here, the O′-orthorhombic structure

with c/a <
√

2 indicates that the Jahn-Teller distortions are superimposed on an

O-orthorhombic crystal with c/a >
√

2, which is already distorted due to ionic-size

mismatches [Goo61]. Nevertheless, the impact of these localized electronic effects on

the structure is of ten times less, when compared to that from the ionic size/charge

effects. The Mn-O-Mn bond angles are about 155◦ in LaMnO3 [Ele71].

1.2.3 Magnetic Properties

Due to the Jahn-Teller distortion of MnO6 octahedra in LaMnO3, eg orbitals loose

their degeneracy. Also, two new eg orbitals namely, 3x2− r2 and 3y2− r2 are formed

by the linear combination of x2 − y2 and 3z2 − r2 with the help of Q2 mode of Jahn-

Teller active lattice vibration [Cus01]. Now, hybridization with the oxygen 2p orbitals

gives antibonding nature to these new orbitals. Thus, eg orbital extending along the

longer Mn–O bond has lower energy and results in the ordering of 3x2− r2 and 3y2−
r2 orbitals in the ab-planes [Tok00]. In short, Mn+3-O-Mn+3 exchange interactions

become anisotropic and results in A-type antiferromagnetic spin ordering below 135 K,

but with a positive Θ. In the A-type AFM ordering, where ferromagnetically ordered

adjacent Mn-planes are coupled antiferromagnetically resulting in no net magnetic

moment.

The substituted lanthanum manganites of the general formula La1−xDxMnO3±δ

(D = Ca, Sr, etc.), have been extensively studied in the recent past. In LaMnO3, the

substitution of La3+ ions by divalent ions of suitable size is possible, which introduces

Mn4+ ions in the lattice for charge neutrality thereby reducing the J-T distortion. This

kind of substitution, due to the associated changes in the valency of Mn and structural

distortions, greatly modify the electrical transport and the magnetic properties of the

parent compound LaMnO3. Progressive substitution of rare earth ions by divalent
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ions like alkaline earths introduces Mn4+ in the structure corresponding to the doping

amount and the resulting composition shows ferromagnetism. The ferromagnetic

transition temperatures (Tc) of the divalent substituted compositions are found to be

highly susceptible to the amount of substitution and a fine-tuning of Tc is possible

by varying the degree of substitution. Apart from the divalent ion substitution, self-

doping and substitution at Mn-site by other transition metal ions are also known to

cause rich variety of magnetic and transport properties in the lanthanum manganite

family [Rao98, Coe99, Tok00, Sal01]. These effects can be either due to the amount

of Mn4+ in the structure or variation in the Mn-O-Mn bond angle or both. The

magnetic interactions and resulting nature are thus related to the crystal structures

and Jahn-Teller distortion around Mn3+ (t3
2g, e1

g) ions.

Another way of introducing ferromagnetism in LaMnO3 is by making the com-

pound non-stoichiometric by introducing vacancies at the La-site or by varying the

oxygen stoichiometry. Vacancies at the La-site or excess oxygen stoichiometry intro-

duces Mn4+ in the lattice and the resulting compositions become ferromagnetic and

show properties similar to that of the divalent ion substituted compositions.

An O′ →O orthorhombic →R (rhombohedral)→C (cubic)change in crystal struc-

ture has been suggested as the value of δ or Mn4+ is progressively varied [Mah96,

Rao98, Coe99] from nearly stoichiometric to large nonstoichiometric compounds. The

structural change of O′ →O→R,C, can also be observed with divalent ion substituted

lanthanum manganites. The increase in Mn4+ content, decreases the Jahn-Teller

distortion of the MnO6 octahedra which results in a more symmetric crystal struc-

ture. As a consequence of this structural change, a large change in Mn-O-Mn bond

angle from ∼155 to ∼168◦ results. This change considerably affects the magnetic

interactions in the manganites.

In manganites, which consist of MnO6 Octahedra, an important type of magnetic

exchange is the superexchange, where the oxygen p orbitals mediate the exchange
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Figure 1.5: Jahn-Teller effect of Mn3+ ions in an octahedral ligand field of oxygen
anions.

through the Mn-O-Mn linkage whose ideal bond angle is 180◦ [Goo55]. Depending

upon the nature, symmetry, and occupancy of the eg orbitals, the coupling results in

various types of magnetic ordering; the governing factors being the Pauli antisym-

metric principle and Hund’s rule of spin multiplicity. If the eg orbitals on both the

Mn ions are half-filled, an antiferromagnetic type of exchange results and if eg orbital

of one Mn ion is vacant, with the other half-filled, a ferromagnetic type of exchange

results.Fig. 1.6 (a) and (b) show the superexchange mechanism in manganites. How-

ever, certain correlated phenomena like co-existence of metal-insulator transition and

ferromagnetic-paramagnetic transition could not be explained by the simple superex-

change scenario. Hence, the concept of double exchange was suggested for explaining

this behavior in certain hole-doped manganites. The double exchange between the

Mn3+ and Mn4+ ions is maximum when Mn-O-Mn bond angle is 180◦. Thus, any

deviation of the bond angle towards 180◦ results in stronger magnetic exchange and
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Figure 1.6: Basic magnetic exchange mechanisms

hence an increase of Tc.

1.2.4 Metal-Insulator Transition

Quite unusual about such mixed-valent manganites are that they exhibit metal-

insulator transition around Tc (i.e., the compounds show insulating behavior above Tc

and metallic behavior below Tc). The simultaneous itinerant electron behavior and

ferromagnetism in the manganites is explained by the double-exchange mechanism as

proposed by Zener and developed by various researchers [Zen51, And55, Deg60]. The

double exchange involves the transfer of an electron from Mn3+ site to central oxide

ion and simultaneous transfer of an electron from oxide ion to an Mn4+ site as shown

in Fig. 1.6(c). The exchange energy of such a system is nonvanishing only if the spins
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of the two d shells are parallel. This is the lowest energy state of the system with

a parallel alignment of the spins on Mn4+ and Mn3+. Thus the mechanism which

leads to increased electrical conductivity (metallic property) requires ferromagnetic

coupling. When temperature is increased the configuration of the spin is dynamically

disordered and it will lead to enhancement of resistivity above Tc. The M-I transition

around Tc is also explained by Millis et al. by considering electron-phonon interac-

tions arising from J-T distortions [Mil98]. The J-T distortion essentially localizes the

conduction electrons as polarons (often called Jahn-Teller polarons) when T > Tc

and the delocalization of polarons occurs at around Tc below which metallic behavior

is observed.

Above Tc, it is generally accepted that [Mot90], the resistivity follows an expo-

nential relation

ρ ∝ exp (
E0

kT
)

where the gap E0 is typically 0.1 eV. Other models suggested include small polaron

formation, which is often explained by fitting the resistivity curve above Tc and is

given by the relation,
ρ

T
∝ exp (

E0

kT
)

Another possibility is the model of Mott’s variable range hopping conduction, which

has the following relation,

ρ ∝ exp (
T0

T
)1/4

Beznosov et al. have proposed a ∆mτ model of conductivity [Bez02]. This model in-

cludes a thermally activated mechanism of conductivity, dependence of the concentra-

tion and the effective mass (m) of the itinerant charge carriers on the magnetization,

and scattering of the charge carriers with characteristic time τ .
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1.2.5 Colossal Magnetoresistance - CMR

Magnetoresistance (MR) is the change in the electrical resistance of a material pro-

duced on applying a magnetic field, H. MR is given by,

∆ρ
ρ(0) = ρ(H)−ρ(0)

ρ(0)

Where ρ(H) and ρ(0) are the resistance at a given temperature in an applied and

zero magnetic fields, respectively. MR can be negative or positive. All the met-

als show some MR, but only a few percent. Very large MR, referred to as giant

magnetoresistance (GMR), was first observed on the application of magnetic fields

to atomically engineered magnetic superlattices (e.g., Fe/Cr). Several bimetallic or

multimetallic layers, containing ferromagnetic and antiferromagnetic or nonmagnetic

metals, have been found to exhibit GMR. The phenomenon is of vital interest be-

cause of its potential technological applications in magnetic recording, actuators, and

sensors. Some lanthanum manganite compositions, mostly with divalent ion dop-

ing with the general formula, La1−xDxMnO3 (D = divalent ion) having a perovskite

structure show very huge change in the electrical resistance when a magnetic field

is applied [Jin94, Jin95]. This change in resistance is called colossal magnetoresis-

tance (colossal means very large). The CMR effect in manganites is explained by

the double exchange model as illustrated in Fig. 1.7. The colossal magnetoresistance

(CMR) in these materials is about hundred percent in magnetic fields of few Teslas.

CMR offers potential in a number of technologies, such as for read/write heads in

magnetic recording media, sensors, and spin-polarized electronics, thus making them

an important class of compounds to be studied not only in the application point

view, but for the scientific understanding of the various interactions involved in these

[Rao98, Coe99, Tok00, Sal01, Dag03, Gor04, Van04].
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Figure 1.7: Illustration of possible double exchange mechanism in (a) LaMnO3, (b)
La1−xSrxMnO3, (c) the dependence of double exchange on the angle between the spin
vectors is shown by the sketch . The probable mechanism of spin dependent scattering
happening in CMR-type of manganites (d) in the absence of magnetic field (e) in a
magnetic field
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1.3 A Brief Background and Scope of the Present

Work

Hole-doped perovskite-type lanthanum manganites are known for their interesting

magnetic properties [Rao98, Tok00]. Divalent ion-substituted lanthanum manganites

are studied in detail with special relevance to their colossal magnetoresistive prop-

erties. The stoichiometric parent compound, LaMnO3, with 100% Mn3+ ions in its

crystal lattice is an antiferromagnetically ordered compound. By doping at the La-

site by divalent ions or by self-doping (creating vacancies at the La-site), Mn4+ ions

can be introduced into the lattice of LaMnO3, and this is responsible for the inter-

esting magnetic and electrical properties of these oxides. In both cases, the observed

ferromagnetic and the associated properties can be explained in terms of the double

exchange interaction between manganese ions in different oxidation states through

intervening oxygen ions. The possible competitions between charge, spin and orbital

degrees of freedom make the perovskite La-Mn-O system one of the most complicated

among the condensed matter systems.

1.3.1 La-deficient Manganites

One of the important aspects of the La-Mn-O perovskite system is the wide range of

non-stoichiometry possible and the related intriguing properties. The magnetic and

transport properties of the self-doped manganites, La1−xMnO3, resemble that of the

divalent element doped CMR manganites, La1−xDxMnO3 [Coe99]. This is because,

self or vacancy doping in the La-site of the perovskite LaMnO3 also produces Mn4+

in the lattice, as in the case of La1−xDxMnO3, which can explain the evolution of

the interesting magnetic and electrical properties, including CMR of La1−xMnO3 in

terms of the double-exchange interactions.

Compared to the large number of studies on La1−xDxMnO3, there are not many
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reports in the literature on the self-doped compositions. It is reported that the limit-

ing value of x in La1−xMnO3 is 0.1, based on the observation of Mn3O4 as an impurity

phase for x > 0.1 [Tak91, Sak96, Dez02]. However, still there are many reports in the

literature on the studies of the self-doped compositions in the doping range 0 ≤ x ≤
0.33 [Gup95, Hau96, Jim97, Che00, Kim01, Los01]. In many of these studies, minor

amounts of a second phase due to Mn3O4 is usually observed and this is ignored while

discussing the properties of the highly doped compositions. Similarly, in most cases,

the ferromagnetic Curie temperature remains constant for higher values of x and this

is also used to be ignored while discussing the properties of the studied composi-

tions. The second phase Mn3O4 formed must be having some roles in determining

the limiting value of x (a fraction y of Mn3O4 means the absence of three times of

Mn or larger La/Mn ratio in the perovskite than expected). Recent X-ray absorp-

tion studies by Dezanneau et al. also suggests that the structure is no longer stable

beyond a value of La/Mn = 0.9 and Mn3O4 is found as an impurity phase [Dez04].

Dezanneau et al. have also observed the similarity of the self doped compositions

with the other substituted manganites and that both classes of compounds undergo

a reduction in MnO6 disortions when the temperature is lowered which in turn im-

plies the weakening of the carrier-lattice interaction and strengthening of the double

exchange between Mn3+ and Mn4+ ions [Dez04]. Bosak et al. [Bos04] have found

the solubility limits for La1−xMnO3 thin films as sensitive to the oxygen partial pres-

sure during the post-deposition annealing. They have observed different secondary

phases depending on the annealing conditions. From the XRD and TEM analysis, a

Mn3O4 phase (hausmannite) was observed as a secondary phase in the La1−xMnO3

film with La/Mn = 0.76, when the film was oxygen-annealed. A diminished intensity

of Mn3O4, when La/Mn = 0.83 and absence of the impurity phase in XRD for lower

values of x suggested the possible limit of x in La1−xMnO3 as in between 0.17-0.1.

In the Ar-annealed films, an MnO phase was appeared as the impurity and the sol-
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ubility limit was also changed to La/Mn ∼0.95 as compared to La/Mn ∼0.80 in the

oxygen-annealed samples.

The magnetic properties of La-deficient manganites are found to be dependent on

the processing conditions [Nak03]. The defect chemistry of La1−xMnO3+δ has been

suggested as consisting of La and Mn vacancies as suggested in [Nak02a],

La1−x2xMnO3+δ → (La1−x2xMny)(Mn1−y2y)O3+δ

This suggests the possibility of occupancy of La-site vacancies partially by Mn3+ ions.

However, such a possibility is far too less because the large mismatch of the ionic radii

of the La and Mn ions. The origin of the anomalous electronic transport behavior of

oxygen reduced self doped compositions have been explained in the light of the above

model [Nak02b]. The effect of annealing conditions on the electronic properties of

self doped compositions have been studied extensively by several researchers [Pig97,

Qia02, Vin02, Tro03]. The structural, magnetic and transport properties of self-doped

compositions, La1−xMnO3 depend not only on the values of x, but a large extent to

the oxygen nonstoichiometry. Vincent et al. have observed structural transformations

of an La0.8MnO3−δ depending on the annealing conditions [Vin02]. The as deposited

film was found to be a monoclinic phase with space group I2/b which was partially

changed to monoclinic P21/a on annealing at 973 K for 3 hours.

Troyanchuk et al. have observed transition from an orthorhombic to a monoclinic

phase when the oxygen stoichiometry is varied from 2.82 to 2.96 where orthorhombic

phase is found to be stable up to a value of 2.90 and for higher values a monoclinic

stricture is observed [Tro04]. A ferromagnetic nature is observed when the oxygen sto-

ichiometry is higher than 2.86, below which an antiferromagnetic ordering is observed.

In a recent report, the effect of processing conditions on the self doped compositions

with values of x = 0.9 and 0.8 has been investigated and found that the structural

features vary significantly. For the sample with x = 0.9 [Dha04] when the annealing
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temperature was 973 K, a rhombohedral structure was observed, and correspond-

ingly a clear magnetic transition at ∼275 K and when the annealing temperature was

1773 K, an orthorhombic structure was observed for the sample, but showed no clear

magnetic transitions. A mixed magnetic phase behavior (a hole-free AFM insulating

phase and hole-rich FM regions) is reported for certain single crystals of self-doped

compositions [Mar03]. From the ferromagnetic resonance analysis, it was concluded

that in La0.87MnO3 sample, variety of ferromagnetic phases are coexisting, and this

is attributed to the strong inhomogeneity of the La vacancy distribution. It has been

suggested that the domains with higher concentrations of Mn4+ show higher transi-

tion temperatures as observed from the magnetic, transport, and electron magnetic

resonance studies.

Despite the numerous works reported so far, the defect chemistry, structural,

magnetic and transport behavior of the compositions, La1−xMnO3±δ with various

values of x have not been successfully explained so far.

1.3.2 Oxygen Nonstoichiometry in Manganites, LaMnO3+δ

Magnetic and electrical properties of the non-stoichiometric compound LaMnO3+δ

have been studied extensively for the past five decades [Rao98, Coe99, Tok00], after

Jonker and Van Santen [Jon50], in 1950, first observed the effect of Mn4+ in de-

termining the magnetic properties of LaMnO3. In the La-Mn-O perovskite system,

the stoichiometric compound LaMnO3 in which Mn is present in its trivalent form,

Mn3+, is an antiferromagnetic material. The antiferromagnetic transition at TN ∼
100-140 K is reported in the literature [Wol55, Mat70, Pav84, Ran96], with some of

the samples containing small amounts of Mn4+ (0-10%).

In the stoichiometric composition, the orbital degeneracy is lifted due to a coop-

erative Jahn-Teller distortion which leads to an anisotropic ferromagnetic ordering

of Mn3+ ions within the a-b plane of the orthorhombic unit cell (Pbnm) and along
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the c direction, the Mn3+ ions couple antiferromagnetically [Wol55]. Such a situ-

ation is often identified as A-type ordering. However, weak ferromagnetism owing

to a canted spin arrangement is also reported for LaMnO3, which results from the

Dzyaloshinskii-Moriya type of antisymmetric exchange [Mat70]. The Curie-Weiss be-

havior is observed for LaMnO3 with a large effective magnetic moment of 5.5 µB

per Mn ion, which suggests the existence of local, short range ordered magnetic

clusters well above the Neel temperature [Top97b]. The oxygen nonstoichiometry

in LaMnO3+δ, however, causes ferromagnetism due to the double exchange between

Mn3+ and adjacent Mn4+ ions through the oxide linkage. The structure of the com-

pound is also strongly dependent on the oxygen nonstoichiometry. Recent studies by

Laiho et al. on a series of compositions with values of δ in LaMnO3+δ, suggests an

orthorhombic structure for δ = 0 which varies to a rhombohedrally distorted cubic

structure for δ = 0.065-0.112, and then to a rhombohedral crystal symmetry for δ =

0.125-0.154 [Lai03]. Pavlov et al. from their neutron diffraction studies concluded

that an antiferromagnetic to a ferromagnetic character is induced when the oxygen

nonstoichiometry is varied, and this is due to the structural O′-O orthorhombic phase

transition [Pav84]. The O′-orthorhombic structure (c/a <
√

2) is conditioned by

the cooperative, static Jahn-Teller (J-T) distortion of the MnO6 octahedra. The

decrease of Mn3+ concentration leads to the partial removal of such J-T distortion,

which results in O-orthorhombic phase (c/a >
√

2). An A-type ordering as discussed

above operates and O′-orthorhombic lanthanum manganites are antiferromagnetic.

Whereas, in O-orthorhombic lanthanum manganite, with more than 14% Mn4+, fer-

romagnetism is observed which is explained by the isotropic indirect interaction of

Mn3+-O-Mn3+ caused by the dynamic J-T effect or it may be the double exchange

between Mn3+ and Mn4+ ions. A mixed ferromagnetic and antiferromagnetic behav-

ior is observed for compositions with Mn4+ in the range of 10-14% corresponding to

the mixed O′ and O-orthorhombic structural phases.
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Generally, it is not possible to obtain the compound in stoichiometric form under

the general preparation conditions (heating oxides of La and Mn in air), due to the

tendency of Mn to form tetravalent ions, so that the formula is generally written as

LaMnO3+δ which takes care of the presence of Mn4+ ions. Jonker and Van Santen

[Jon50] had commented that the tendency to take up excess oxygen might be an in-

dication of a region of mixed crystals extending from LaMnO3 to La2/3MnO3. As the

perovskite structure cannot accommodate excess oxygen, there have been attempts to

elucidate the structure and composition of the non-stoichiometric compound. Tofield

and Scott [Tof74], in 1974, from neutron diffraction studies, found that the actual

composition of LaMnO3.12 is La0.94Mn0.98O3 (∼La0.96MnO3) which is an La-deficient

compound. Later on, Van Roosmalen et al. [Van94a, Van94b], in 1994, from refine-

ment of their neutron diffraction data on LaMnO3+δ, have argued that the studied

composition contains equal amounts of La and Mn deficiency (La and Mn in 1:1

ratio), La1−yMn1−yO3, though they obtained a lower residual factor for unequal La

and Mn deficiency as found by Tofield and Scott [Tof74]. Recently, Malavasi et al.

have also explained the role of cation vacancy distribution in defining the magnetic

properties of such non-stoichiometric perovskites [Mal05].

The ferromagnetism and metal-insulator transition is observed in LaMnO3+δ with

high Mn4+ content and this has been explained in terms of the double exchange inter-

actions between Mn3+ and Mn4+ ions, as in the case of the divalent ion substituted

CMR manganites. It is generally considered that the ferromagnetic Curie temper-

ature increases with increasing Mn4+ content in LaMnO3+δ, due to the increasing

strength of the double exchange interactions [Tiw97]. However, several reports are

available showing a weak ferromagnetism or spin glass (or cluster glass) behavior for

sufficiently high values of δ [Hau96, Alo97a, Rit97, Ghi99]. Recently, the effect of

cooling rate on the magnetic properties of LaMnO3+δ has been studied and the un-

usual effects observed in the fast cooling magnetic measurements are attributed to
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the Dzyaloshinskii-Moriya interaction [Pap04].

The value of δ is found to be changing with the processing conditions and synthesis

methods which in turn affects the electronic properties significantly. Commonly,

high values of δ are observed when the samples are prepared by soft-chemical routes

[Ver93]. Heat treatment at higher temperatures cause reduction in the value of δ.

The heating conditions and availability of oxygen atmosphere drastically change the

situation [Pra99, Lai05]. Thus, the δ factor plays an important role in determining

the magnetic properties of these mixed oxides. The extent of vacancies both at La-

site and/or Mn-site produced due to the oxygen nonstoichiometry and its effects on

structural and magnetic properties are yet to be understood clearly.

1.3.3 Low-Temperature Magnetic Anomaly and Spin Glass

Behavior in Lanthanum Manganites

Some anomalous magnetic behavior at low temperatures is observed in the ferro-

magnetic regime of the CMR oxides La1−xAxMnO3 (A = Ca, Sr, Ba), for low-

concentrations of the substituted ions. This is observed in the form of a decrease

in the ac susceptibility or zero field cooled dc magnetization measured using very low

magnetic fields, at temperatures much below the paramagnetic to ferromagnetic or-

dering temperature of the specific compositions [Mit96, Kaw96, Bar98, Dho99, Lob00,

Gec01, Has04]. This is generally explicated as due to the glassy-spin configuration

or spin frustration, presence of a mixed state of ferromagnetic and antiferromagnetic

phases in the sample, ferromagnetic to antiferromagnetic transition, and sometimes

attributed to the effect of charge ordering. However, sufficient evidences for the

existence of long-range magnetic order in such samples have been obtained from

the neutron diffraction studies even at temperatures below the magnetic anomaly is

observed.[Hau96, Rit97, Bra03]

From 139La NMR studies, Dho et al. have attributed the origin of this low-
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temperature anomaly in La1−xCaxMnO3 (0.1 ≤ x ≤ 0.2) to mixed state of ferro-

magnetic and antiferromagnetic phases in the sample [Dho99]. On the other hand,

Castro et al. [Cas99] have concluded that the decrease in the ac susceptibility of

La7/8Ca1/8MnO3 at low temperatures is due to a magnetic transition from ferromag-

netic to antiferromagnetic phase with a possible charge ordering process. However,

Lobanov et al., from neutron diffraction studies [Lob00], have reported that their

La0.85Ca0.15MnO3 sample remains ferromagnetic down to low temperatures though

a decrease in the susceptibility is observed below ∼100 K. A similar magnetic be-

havior has also been reported for La0.83Sr0.17MnO3 by Kawano et al. [Kaw96]. This

compound exhibits only a ferromagnetic component down to low temperatures in

neutron diffraction measurements and the decrease in the ZFC magnetization of

the compound from the ferromagnetically ordered phase is attributed to a struc-

tural phase transition. Based on the observation of frequency dependence of the ac-

susceptibility and the thermomagnetic irreversibility in La0.82Ca0.18MnO3 single crys-

tal Markovich et al. have concluded that the composition shows cluster-glass prop-

erties [Mar02]. The models based on mixed ferro- and antiferromagnetic phases, two

different ferromagnetic phases, charge ordering, etc., as in the case of La1−xCaxMnO3

have also been used to explain the similar properties observed in La1−xSrxMnO3

[Yam96, Det96, Yun98, Sen98, Noj99].

A similar effect is also observed when the rare-earth (R) ion concentration in

certain La0.7−xRxCa0.3MnO3 (where R = Pr,Y, and Dy) compositions is increased

[Hwa95, Ter98]. De Teresa et al. suggests that the substitution by Tb ions at La-site

in La0.67Ca0.33MnO3, results in a spin-glass insulator state and is thought to be due

to the competition due to the ferromagnetic double exchange and antiferromagnetic

superexchange interaction, which prevents the occurence of a long range magnetic

order [Det96]. The evolution of a conventional spin glass state is suggested by Mathieu

et al. for Y0.7Ca0.3MnO3, based on their magnetic relaxation studies [Mat01a]. A
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reentrant spin glass behavior is suggested for certain Cr-doped manganites, which

exhibit similar low tempearture magnetic features [Dho02]. Magnetic anomalies below

the Curie temperature is also observed when Mn ions are partially substituted by Ni

and Cu ions [Sun00, Bla02].

Alternatively, a cluster glass behavior of manganites has been suggested [Rit97,

Wat01]. In the cluster-glass picture, magnetic clusters are formed as a result of

concentration fluctuations and at sufficiently low temperature, these clusters would

freeze with random orientation in a manner analogous to the spin-glass freezing. Such

isolated magnetic clusters have been observed in certain manganites from the low

temperature Neutron Scattering measurements [Det97]. It is also suggested that at

larger fields, such tiny clusters merge into one to form a single ferromagnetic domain

[Wat01].

Thus, several similarities in the magnetic behavior of conventional spin glasses and

some manganite compositions have been observed. However, it is not obvious that

they follow the typical conventional spin glass dynamics. The complicated nature of

manganites make them difficult to be categorised as canonical spin glasses or a totally

new kind of spin glass.

1.3.4 Phase Separation in Manganites

Lanthanum manganite compositions, even in the single crystalline form, exhibit com-

positional and electronic inhomogeneities arising from the existence of more than one

phase and this phenomenon is referred to as phase separation [Mor99, Rao03, Bel04].

The phase separation in manganites may be compositional or electronic type. This

depends on the size of the cations at the La-site in the lanthanum manganites, carrier

concentration (in case of hole doping), temperature, magnetic field etc. It is believed

that such a phase separation scenario has several important implications in defining

various magnetic and conducting features of manganites. The small scale phase sep-
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aration in manganites is sometimes explained in terms of droplets, domains, clusters

and polarons [Ueh99, Dag03].

In a substituted manganite, if the carrier concentration is less, ferromagnetic or-

dering would occur at one portion of the crystal forming droplets or domains, the rest

of the portions remains antiferromagnetic and insulating. Thus, depending on the

concentration of charge carriers, such an electronic phase separation may be ensued.

A similar feature would be envisaged when the carrier concentration is very high, in

which case, antiferromagnetic droplets or domains will be formed in a ferromagnetic

matrix. Another way of different phases getting separated in a crystal is due to the

impurity or disorder effects. The disorder would arise from the cation-size mismatch

in perovskite-type manganites. The size of the clusters depends on the magnitude of

disorder, and large clusters may be formed for smaller disorder.

In substituted lanthanum manganites, when the concentrations of Mn3+ and Mn4+

become almost equal, signatures of charge ordering is commonly seen at low temper-

ature magnetization studies, where a CE-type of antiferromagnetic ordering sets in

[Rao98, Tok00, Fre02, Dag03]. Thus, a competition between a charge ordered antifer-

romagnetic state and a double exchange ferromagnetic state becomes possible in the

crystal. Consequently, a ferromagnetic-charge ordered transition is observed in many

R1−xDxMnO3 compositions (R = rare earth ions and D = divalent ions), especially

in the concentration regime of x ∼ 0.5 [Rao98, Tok00, Par01, Fre02, Dag03]. At

low substitution levels of divalent ions, ferromagnetic clusters are formed in an anti-

ferromagnetic matrix, and such compositions are known to behave like spin glasses

[Rao98, Dag03]. A disorder effect may also result in the formation of ferromagnetic

clusters due to the restriction of double exchange mechanism. Such a phase separa-

tion scenario, thus, has a great significance in the manganite compositions and has

been used to explain various magnetic and transport characteristics including colos-

sal magnetoresistive behavior. Another closely related topic is the compositional
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inhomogeneity [Bel04]. Since the substituted manganites can form a wide range of

compositions and the method of synthesis and processing conditions are the same

to get different compositions, it is possible that all possible compositions will be

formed initially and the final composition depends on the processing conditions. If

the processing is insufficient, several compositions in the solid solution may co-exist

in a sample giving rise to compositional inhomogeneity. This also will give rise to

unusual and anomalous properties for the manganites [Kum98b, Bel04].

1.3.5 Quantum Critical Point in Manganites

It is very essential to understand the role of the La and the Mn-site ions (for fixed

concentrations of Mn3+ and Mn4+) in determining the magnetic properties of com-

positions of the class La1−xCaxMnO3. One of the ways to study this problem is by

partially replacing the Mn ions by other transition metal ions and the other by vary-

ing the Mn-O-Mn bond angle which is crucial in deciding the long range exchange

between the magnetic manganese ions. The Mn-site substitution of perovskite-type

manganite compositions, La1−xCaxMn1−y(T)yO3, by transition metal ions (T), like

Ti3+, Cr3+, Fe3+, Co3+ etc. has been studied in detail in the recent past. Substitution

with these ions is found to weaken the ferromagnetic exchange there by affecting the

magnetic long range to a considerable extent, which ultimately results in the lowering

of Tc. Also, substitution by other magnetic ions give rise to different kind of exchange

interactions involving two types of ions with different spin states (due to variable ox-

idation state of the transition metal ions) which result in complex magnetic behavior

of the material [Veg05]. A rather straightforward approach to study the weakening of

magnetic exchange interactions associated with the magnetism in manganites would

be substitution of the Mn ions by a nonmagnetic ion like, Ga3+, Al3+ etc. The sub-

stitution of Mn ions with Ga ions has recently been studied in detail and predicted

the possible existence of a quantum critical point (QCP) which is in fact, a second
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order phase transition, occurring at zero temperature when non-thermal parameters

such as pressure, magnetic field, or chemical composition is changed. Such a QCP is

observed when the concentration of the substituent ions (Ga ions) is increased. At

some concentrations of the substituted ions, the magnetic and transport properties of

the compounds are found to undergo sudden changes. The magnetic moments of the

compositions are found to decrease with the Ga concentration and a sudden drop is

observed at around 12%. Also coexistence of ferromagnetic and short range clusters

are observed for an intermediate range of Ga-substitution and above which only short

range clusters are observed. Similarly, when the concentration of Ga exceeds 11%, the

metal-insulator transition is found to be vanished and further increase in Ga concen-

tration results in perfect insulator behavior regardless of the same Mn3+/Mn4+ ratio

maintained through out the whole concentration range of Ga ions in the compositions

(5% to 30%). The effects of Mn-O-Mn bond angle on such short range ordering is

interesting and may be observed in heavier rare-earth substituted manganites and are

studied in the present work.

1.3.6 Anomalous Electrical Resistivity Behavior in

Manganites

The low temperature transport properties of poly crystalline manganites are sensi-

tive to the extrinsic effects such as grain boundaries and magnetic domain boundaries

[Mat99, Sal01, Ver01]. These effects are related to grain boundary tunneling. The

giant magnetoresistance observed in manganites are suggested to be due to spin de-

pendent tunneling of conduction electrons across grain boundaries [Zha97]. The spin

dependent tunneling, thus, depends on the grain size and the properties of inter-

granular material which constructs the intergrain barrier. It is suggested that these

materials show interfacial tunneling between adjacent grains due to the difference in

magnetic order between surface and core [Zha97].
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However, in some cases, a double peak behavior is observed in the temperature

dependence of resistivity, the first one commensurate with Tc and the second nor-

mally below Tc [Man97, Sun98, Abr99, See04, Bel05]. An important feature is the

processing dependence of the double peak resistivity. From a large number of available

literature on the resistivity behavior of manganites, it is concluded that the double

peak character is not always observed for the same composition prepared by same

or different methods [Zha97, Bar98, Rao98, Tok00, Ver01, Bel05]. Various reasons

for the observation of the double peak resistivity, those have been suggested include

inhomogeneous oxygen content, phase separation, grain and grain boundary effects,

intergrain tunneling, etc. as discussed in the section 7.1. The origin of this behavior

still remain unclear and an attempt to study the origin of such behavior has been

done in the present work.



Chapter 2

Experimental Methods

Various synthetic as well as materials characterization techniques have been used in

the present study on the rare-earth manganites. To study the processing dependence

of the physical properties changes in either the preparative methods or the processing

conditions are required. For the determination of the physical properties, mostly non-

destructive techniques are utilized. The characterizations have been made mostly at

or below the room temperature.

2.1 Synthesis Methods

The common methods of synthesis of oxide materials are the ceramic (also known

as solid state method and high-temperature method), sol-gel, combustion, coprecip-

itation, etc [Rao94]. Except the first one, all the other methods belong to the class

of soft-chemical routes of synthesis. Both the ceramic and some soft-chemical meth-

ods have been utilized in the present study. The sample purity is very important,

and hence the starting chemicals used for the synthesis in the present study were

of the purity ≥ 99.9%. Sensitive oxides such as La2O3 absorbs moisture and CO2

under normal atmospheric conditions to form La(OH)3 and La2O2CO3, respectively.

Hence, such oxides were preheated at 1273 K for 6 h and kept in a suitable desicca-

tor, prior to the synthesis of every batch of compounds. A furnace with controlled
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heating and cooling arrangements was used for heating the samples from 1273 K to

1723 K (Nabertherm, Germany) and the samples were heated in high purity alumina

crucibles or boats. A tubular furnace was used for heating the sample under dynamic

gas atmosphere.

2.1.1 Ceramic Method

Ceramic method involves heating the mixed starting solid chemicals at high tem-

peratures so that the ionic diffusion results in the formation of a stable compound.

The solid state ionic diffusion requires high thermal energy and is generally a slow

process. Hence, high temperatures and longer heating durations are required for the

movement of ions and reorganization of the structures. In a typical ceramic method,

the components in the form of metal oxides, carbonates, or other easily decomposable

salts of organic acids, etc., were taken in the required stoichiometric proportions. For

example, LaMnO3 can be prepared from a 1:2 stoichiometric mixture of La2O3 and

MnO2 or MnCO3, so that a 1:1 stoichiometric ratio of La:Mn is maintained. The

weighed components were mixed thoroughly in an agate mortar using a pestle. The

well-ground mixtures were then initially heated at 1273 K and further at various

temperatures with many intermediate grindings in order to ensure the sample ho-

mogeneity. In some cases, the powder samples were made in to the form of pellets

by cold pressing at a pressure of 10,000 psi and heated at high temperatures and

these pellets where then used for some of the measurements. All the samples were

characterized for their phase purity, after each heating cycle, using powder X-ray dif-

fraction method and accordingly, the processing conditions were modified to obtain

single phase materials.
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2.1.2 Low-Temperature Methods - Soft Chemical Routes

Several soft-chemical routes were employed in the present study. They are

Coprecipitation Method

Coprecipitation method is a precursor method for the solid state reaction. Here, the

components were taken in solution (commonly nitrates of the corresponding metals as

aqueous solutions) and precipitated together as easily decomposable salts (commonly

carbonates) by adding excess of precipitating reagent. This method ensures molecular

level mixing of the starting components in solution and small size of the particles of

the precipitate mixed homogeneously, and requires rather low temperature for the

diffusion of ions during the solid state reaction. In the present work, the reported

method using ammonium carbonate as the precipitation agent was used [Hau96]. The

component metal nitrates taken in the required stoichiometric ratio were individually

dissolved in water and mixed together. Ammonium carbonate was added to the mixed

nitrate solution with continuous stirring. A precipitate obtained was filtered, washed

several times and dried in an oven. The dried precipitate was then heated above the

decomposition temperature of the salts. The firing temperature was determined by

verifying the XRD patterns for any impurities present.

Combustion Method

The combustion method involves the spontaneous burning of the mixture of react-

ing ions which are in close proximity, in a very short time duration. In a typical

combustion reaction, a fuel and an oxidizer are required. The combustion reaction

ensures a better homogeneity for the products than those obtained by the ceramic

or the coprecipitation method. In the present study, metal nitrates were used as the

oxidizer and different glycine was used as the fuel. This method is known as the
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glycine nitrate process (GNP) [Chi90]. A well mixed aqueous solution of the metal

nitrates taken in the required stoichiometry is mixed with a water solution of glycine

ensures a molecular level mixing of the components. Glycine not only acts as a fuel

but act as a bidentate ligand and coordinates to the metal ions through its amino

and/or carboxylic groups.

Initially, the metal nitrates were dissolved in minimum amount of water and then

mixed together. Glycine, dissolved in minimum amount of water (2 moles of the

fuel for each mole of metal ions), is then added into this solution to form a water

soluble complex of individual metal ions. The final solution was taken in a 5000

ml beaker which was then covered with a stainless steel wire-gauze, and heated at

473 K on a laboratory hot plate. Auto-ignition starts as soon as the evaporation

of water is completed and a solid mass is obtained within 5 minutes. The resulting

mass contains the oxide phase, is then analyzed using various techniques and heated

further at higher temperatures in a furnace to form the desired phase.

This solution-combustion method has a serious disadvantage that the oxidation of

nitrogen and carbon results in toxic gases such as NOx and CO2. Hence this method

is not employed quite frequently for the synthesis of the samples during the present

study.

Citrate Method

The citrate gel method is commonly employed for the synthesis of oxides [Alo97a,

Tag97]. In this method also, the soluble metal salts are used and citric acid is used

as the complexating agent. For the synthesis of the oxides using this method, the

metal nitrates taken in the required stoichiometric ratio were individually dissolved

in water and then mixed together. To the mixed metal nitrates solution, citric acid

solution in water was added by keeping the metal to citric acid ratio as 1:2. This

mixed solution was then kept on a water bath for the evaporation of water and a gel
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formed was calcined in a furnace at 673 K. A powder obtained after the decomposition

of the metal-citrate complex is then heated at higher temperatures, as described in

the previous cases.

2.2 Characterization Methods

2.2.1 X-ray Diffraction

The powder X-ray diffraction (XRD) technique is used to identify which crystalline

phases are present in a solid material [Klu54, Cul56]. Each crystalline material has its

own characteristic powder X-ray diffraction pattern, which serves as a fingerprint for

its identification. The powder X-ray method serves to indicate the completeness of a

reaction and the presence/absence of unwanted side products and impurity phases.

By analogy with the diffraction of light by an optical grating, a crystal with their

regularly repeating structures should be capable of diffracting radiation that has a

wavelength similar to the interatomic separation (approximately 1Å). Diffraction of

X-rays from a crystal is illustrated in Figure 2.1.

Consider two X-ray beams 1 and 2 are reflected from adjacent planes A and B

separated by a distance d within the crystal, which is the interlayer spacing separating

the corresponding hkl planes. The rays 1′ and 2′ are in phase if path difference, XYZ

is equal to whole number of wavelengths. If θ is the angle of incidence,

XY = Y Z = dsinθ

XY Z = 2dsinθ

If 1′and 2′ are in phase,

XY Z = nλ
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Figure 2.1: Bragg’s law of diffraction.

Therefore,

2dsinθ = nλ

This is called the Bragg’s law.

When Bragg’s law is satisfied, the diffracted beams are in phase and interfere

constructively. At angles of incidence other than the Bragg angle, the diffracted

beams are out of phase and destructive interference or cancelation occurs. When

crystals diffract X-rays, it is the atoms or ions, which act as secondary point sources

and scatter the X-rays, since X-rays have an oscillating electric field, which sets each

electron of an atom into vibration. This vibrating charge emits radiation which is

in phase or coherent with the incident X-ray beam. The efficiency of scattering of a

given atom in a given direction is called as the atomic scattering factor f .

f =
Amplitude of wave scattered by anatom

Amplitude of wave scattered by an electron

The resultant wave scattered by all the atoms of the unit cell is called the structure

factor F . It is obtained by adding all the waves from individual atoms. If a unit cell
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contains n (n = 1,2, 3, etc.) number of atoms with fractional coordinates (un, vn,

wn) with scattering factors f1, f2,.....,fn,

Fhkl =
n∑
1

fie
2πi(hui+kvi+lwi)

(hkl) is a set of three numbers used for labeling lattice planes, usually called Miller

indices. Fhkl is an expression for any scattered wave from any crystal system.

Thus an X-ray diffraction pattern is a set of lines or peaks, each of different inten-

sity and position (usually measured as 2θ). The diffraction directions are determined

solely by the shape and size of the unit cell whereas the intensities of diffracted beams

are determined by the type of atom and the coordinates of the atoms within a unit

cell. Thus, from the position of the peaks in a typical X-ray powder diffraction pat-

tern, the structural information such as size and shape of the unit cell can be obtained

and from the intensities, the information regarding the atomic coordinates within the

unit cell can be obtained. Also, X-ray diffraction may be used to measure the average

crystallite size in a powder sample (from the Scherrer formula), provided the particle

has the average diameter less that 1000Å. The peaks in a powder diffraction pattern

are of finite breadth, but if the crystallites are very small the peaks are broader than

the usual. The Scherrer formula is given by,

t =
0.9λ

BcosθB

where, t is the thickness of the crystal (in Å), λ, the X-ray wavelength and θB, the

Bragg angle and B is the line broadening which is the full-width at half maximum.

B is corrected for the instrumental line broadening using the diffraction pattern of a

standard material having very large crystallite size in the range of µm.

In the present study, a Philips PW1830 powder X-ray diffractometer was employed

for the structural characterization of the polycrystalline samples. Cu Kα radiation

was used with a wavelength of wavelength of 1.5418 Å, using Ni filter. The calibration
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of the instrument was done by using a standard (oriented Si wafer). For the usual

phase analysis, a scan rate of 4◦/minute was used and slow-scan measurements were

done at a scan rate of 0.25◦/minute, to identify the presence of small amounts of

impurity phases. The least-squares method was used to fit the powder diffraction

data in order to calculate the unit cell parameters. The computer programs used for

the powder XRD analysis were Lazy-Pulverix [Yvo77] (Yvon, K., Jeitschko, W., and

Parthe, E.), Powder Diffraction Package 1.1 (Calligaris, M. and Geremia, S.), and

PowderCell 2.3 (Kraus, W. and Nolze, G., downloaded from web www.ccp14.ac.uk).

2.2.2 Determination of Mn4+ Concentration by Iodometric

Titration

The concentration of Mn4+ in the perovskite manganites can be determined by redox

methods such as the iodometric method,by the estimation of the liberated iodine in

a chemical reaction by titrimetry [Lic96, Jef97]. The redox reaction involved in the

acid solution of potassium iodide can be represented as,

M(n+1)+ + I− → Mn+ + 1
2
I2

The liberated iodine is then titrated against standard thiosulphate solution.

2 S2O3
2− + I2 → S4O6

2− + 2 I−

Standardization of thiosulphate solution is usually done by titrating against stan-

dard potassium dichromate solution. Cr6+ in dichromate solution is reduced by an

acid solution of KI and iodine is set free which reacts with thiosulphate as already

discussed.

Cr2O7
2− + 6 I− + 14 H+ → 2 Cr3+ + 3 I2 + 7 H2O
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Perovskite manganites contain manganese ions in mixed valence states, normally in

trivalent (Mn3+) and quadrivalent (Mn4+) states. The amount of Mn4+ in the man-

ganite compositions can be determined by dissolving a known quantity of a sample

in dilute hydrochloric acid where Mn3+ and Mn4+ ions are reduced to divalent state.

The chlorine gas evolved reacts with the iodide ions present in the solution and iodine

is liberated. The amount of liberated iodine can be estimated by titrating against

standard thiosulphate solution using starch as indicator. The endpoint of the titra-

tion is indicated by the disappearance of blue color. The concentration of Mn4+ can

be calculated by taking the mole fraction of the manganese ions in the compound.

2.2.3 Magnetic Measurements Using a Vibrating Sample Mag-

netometer (VSM)

A Vibrating Sample Magnetometer (VSM) was used for the magnetic characterization

of the sample. Its working is based on Faraday’s law, which states that, an emf, V,

will be generated in a coil when there is a change in flux with time (dB
dt

) linking the

coil [Fon59, Bus03]. For a coil with n turns of cross-sectional area a,

V = −na
dB

dt

If the coil is positioned in a constant magnetic field,

B = µ0H

where H is the external magnetic field applied and µ0 is the permeability in vacuum.

When a sample of magnetization M is brought into the coil,

B = µ0(H + M)

The corresponding flux change is

∆B = µ0M
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Figure 2.2: Main components of a VSM.

Thus the voltage induced in the coil is,

V dt = −naµ0M

This means that the output signal of the coil is proportional to the magnetization

M, but independent of the magnetic field in which the size of M is to be determined.

In the VSM, a sample is subjected to a sinusoidal motion (with frequency, ν) and

the corresponding voltage is induced in suitably located stationary pickup coils. The

electrical output signal of these pick up coils has the same frequency. The magnitude

of the signal is proportional to the magnetic moment of the sample, the vibration

amplitude, and the frequency ν. A simplified schematic representation of a VSM is

as given in figure 2.2.

The sample to be measured is centered in the region between the poles of an
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electromagnet, which generate the measuring field H. A thin vertical sample rod con-

nects the sample holder with a transducer assembly located above the magnet. The

transducer convert the sinusoidal ac drive signal, provided by an oscillator/amplifier

circuit, into a sinusoidal vertical vibration of the sample rod. The sample is thus

subjected to a sinusoidal motion in the uniform magnetic field H. Coils mounted on

the poles of the magnet pick up the signal resulting from the motion of the sample.

This ac signal at the vibrating frequency ν is proportional to the magnitude of the

moment of the sample. However, since it is also proportional to the vibration ampli-

tude and frequency, the moment readings taken simply by measuring the amplitude

of the signal are subject to errors due to variations in the amplitude and frequency of

vibration. In order to avoid this difficulty, a nulling technique is employed to obtain

moment readings that are free of these sources of errors. This technique makes use

of a vibrating capacitor for generating a reference signal that varies with vibration

amplitude, and vibration frequency in the same manner as the signal from the pick

up coils. Thus, it is possible to eliminate the effects of vibration amplitude and fre-

quency shifts. In that case, one obtains readings that vary only with the moment of

the sample.

M vs T, M vs H and M vs t Measurements

A PAR EG&G 4500 VSM was used for all the DC magnetization measurements. In

addition to the magnetometer set up, the assembly consists of a closed cycle helium

refrigerator (CCR) or a liquid nitrogen cryostat, a turbo vacuum pump and a tem-

perature controller which measures and control the temperature. The temperature

measurement was carried out using a Pt-100 resistance thermometer which is placed

in very close proximity with the sample.

Mainly two protocols were used for the measurement of temperature (T) variation

of magnetization (M)- one is the zero field cooled (ZFC) and another the field cooled
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(FC) protocol. In the ZFC method, the sample was cooled to the lowest temperature

(12 K by using the helium CCR and 80 K by using the liquid nitrogen cryostat) in

the absence of an applied field and the measurement was carried out while heating

the sample to room temperature in an applied field. On the other hand, FC method

involves cooling the sample in the presence of an external magnetic field and measure-

ments taken while cooling or heating. In most of the ZFC and FC experiments, low

magnetic fields are employed in order to be useful for the studies related to domain

wall motion, spin glass-type of behavior and superparamagnetic character of various

manganites.

The Field dependence of magnetization (M-H behavior) was studied for various

samples using an electromagnet with maximum field up to ±15 kOe. The M-H curves

were recorded at various temperatures with different field sweep rates. For the M-H

measurements, the samples were cooled to the required temperature in zero applied

field. The variation of the coercivity and saturation magnetization were studied

in detail for various manganite compositions. Also, the calculation of differential

susceptibility has also been made in order to study the low-field domain properties

of the materials.

The relaxation studies are generally been carried out mainly by employing ei-

ther the ZFC protocol or FC protocol, where the latter method is commonly known

as thermoremnant magnetization. In the present work, mainly the ZFC relaxation

method is used. For this, the sample was cooled under zero magnetic field to the

required temperature and the magnetization was measured by applying a low mag-

netic field (50 Oe in most of the experiments), as a function of to time, keeping the

temperature constant.

Degaussed magnetization studies were performed in certain cases, where, the sam-

ple after cooling under zero field conditions was subjected to a field for magnetic

saturation and the remnant magnetization was reduced to zero by degaussing. The
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method was useful to investigate the low-temperature magnetic anomalies due to

domain wall pinning effects.

Aging, Rejuvenation and Memory Studies

Aging, rejuvenation and memory experiments were used for various samples which

showed spin-glass type behavior and for magnetic nanoparticles. Here, two methods

were employed, FC and ZFC protocols with temperature steps and cycling. The spin

glass systems are known to show aging and memory effects. Recent interest in vari-

ous magnetic nanoparticle systems also makes them important to study such closely

resembling properties. For this, commonly multiple memory experiments are used.

In the present work, single or double memory experiments are mainly employed. A

typical memory experiment (by dc method) employed in the present work is as illus-

trated in figures 2.3, (a) and (b) for FC and ZFC methods, respectively. The sample

was initially cooled to a lower temperature below the existence of spin glass-like phase

by FC or ZFC methods. Sufficient waiting time is given at one or more temperatures

during cooling. The magnetization was then recorded on heating. It is important

that the heating/cooling should be in a controlled fashion and a heating/cooling rate

of 2K/min has been used in the present work.

2.2.4 ac Susceptibility

A versatile method for studying the magnetization dynamics of materials is by ac

susceptibility method [Van82]. This technique generally uses very low ac magnetic

fields and are very important in probing the effects on domain wall motion and spin

glass-type of compounds. The technique is based on the change of the mutual induc-

tance of a pair of coils or the self-inductance of a single coil due to a magnetic sample.

In a typical ac susceptibility measurement, an ac field is applied through a primary

coil, and in a secondary coil where a magnetic sample isplaced, an emf is generated
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Figure 2.3: Typical memory experiments following (a) FC protocol and (b) ZFC
protocol. T1 and T2 are two temperatures in the spin glass-like regime where the
sample is aged or allowed for waiting times of tw(1) and tw(2), respectively. Field, H
= 0 at the halts, but a finite value of H (say, 50 Oe) is maintained during cooling in
the FC method. The measurement was carried out during heating by applying a low
field (say, 50 Oe).
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corresponding to the magnetization of the sample. A lock-in amplifier is used for the

separation of the in-phase (real, χ′) and the out-of-phase (imaginary, χ′′) components

of the resulting ac signal in the secondary coil. The susceptibility χ is then,

χ =
√

χ′2 + χ′′2

During the present study, an ac susceptometer coupled with a closed cycle helium

refrigerator (APD cryogenics) assembly was extensively used for the characterization

of various samples. Low field strengths of 0.5, 2, or 5 Oe has been applied and the

frequency dependence was studied by varying the frequency of the applied ac current

using an external function generator (General Radio 1310-B). A PAR EG&G 5210

lock-in-amplifier was used for the analysis of the signal from the secondary coil, and

for continuous data collection through a computer.

2.2.5 Four-probe Method for Resistivity Measurement - van

der Pauw Method

For semiconducting materials, a four-probe method for the resistivity measurements

is often performed [Sin01]. In the four-probe method, separate pairs of wires are used

for providing the current through the sample and measuring the voltage across it.

The advantage of such a four-wire method over the conventional two-wire method

is that the contact resistance due to electrical contacts with the material and the

wire resistance can be avoided. Another effect that may arise during the resistance

measurement is due to the dissimilar metal contact, which results in a thermal voltage.

This can be nullified by changing the direction of the current. For a four-probe

measurement, sample geometries and contacts type are important. In studying the

bulk materials, measurements are usually made on rod-shaped samples. Contacts are

either soldered, evaporated or glued using electrically conducting paint to the faces

of the rod-shaped sample. Commonly the contacts are given in-line. An alternate
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Figure 2.4: Four-probe resistance measurement using van der Pauw method.

four-probe method is van der Pauw method [Van58]. In this technique ideally the

sample should be of the clover-leaf shape (Figure 2.4a). But it is successfully applied

to quite arbitrarily shaped samples (Figure 2.4b).

The method for obtaining the resistivity is as follows,

1. A current IAB is driven from contact A to contact B, the resulting voltage VCD

is measured between contacts C and D. The resistance RAB,CD = VCD / IAB.

2. A current IBC is driven from contact B to contact C, the resulting voltage VAD

is measured between contacts A and D.The resistance RBC,AD = VAD / IBC .

3. The resistivity can be calculated using the formula,

ρ =
π

ln2
d
RAB,CD + RBC,DA

2
f

Where the function f depends on the ratio

RAB,CD

RBC,AD

or on the geometry of the contacts, often known as the van der Pauw factor and d is

the sample thickness.
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A Keithley model 220 dc current source and a Keithley model 196 digital multi-

meter were used for the resistivity measurements. A Keithley model 705 scanner was

used for changing the contacts. The temperature dependence of the resistivity was

studied using an APD cryogenics closed cycle helium cryostat (15–300 K).

2.2.6 Electron Paramagnetic Resonance (EPR)

The EPR technique is based on the following principle. In a magnetic field, dif-

ferent energy states arise from the interaction of the unpaired elecron spin moment

(given by ms = ±1/2 for a free electron), which is called the Zeeman effect. The

difference between the two spin states, ms = +1/2 and ms = −1/2 corresponds to

frequencies in the microwave region. Thus, for a particular applied field strength, an

absorption of microwave radiation of a particular frequency results in the resonance.

However, in a typical EPR spectrometer, the experiments are generally carried out at

a fixed frequency of microwave radiation and varying the applied field. Two common

frequencies are in the X-band frequency range (∼9.5 GHz, where a field strength

of approximately 3400 gauss is employed) and the so-called Q-band frequency (35

GHz, where a field strength of approximately 12,500 gauss is used). However, in the

present study of the strongly exchange coupled systems [Ben90], only the X-band

EPR measurements have been carried out.

In the manganites, where the interacting spins becomes very large, the extended

interactions have to be considered. The interactions can occur in various dimensions,

with almost infinite number of possible variations. An immediate consequence is

the appearance of a broadened EPR signal in the spectrum. Thus, two important

parameters are measured in the current study. The first one being the peak-to-

peak line width represented by ∆Hpp and second is the integrated intensity (I). The

present studies have been made on a Bruker ER-200D-SRC spectrometer at the X-

band frequency regime at the room temperature.



Chapter 3

Studies on Self-doped Lanthanum
Manganites

One of the important aspects of the La-Mn-O perovskite system is the wide range

of non-stoichiometry possible and the related intriguing properties. The magnetic

and transport properties of the self-doped lanthanum manganites, represented as

La1−xMnO3, resemble that of the divalent ion doped CMR manganites, La1−xDxMnO3

[Coe99]. This is because, self or vacancy doping in the La-site of the perovskite

LaMnO3 also produces Mn4+ in the lattice, as in the case of La1−xDxMnO3. This can

explain the evolution of the interesting magnetic and electrical properties, including

CMR of La1−xMnO3 in terms of the double-exchange interactions.

3.1 Limiting Value of Self-doping

The self-doped lanthanum manganites, La1−xMnO3, must be tolerating large struc-

tural strains for high values of x. As a result, the structure may collapse and stability

of the structure will be controlled by the extent of vacancy at the La-site. The theo-

retically possible value of x is 1/3 (based on the maximum amount of Mn4+ possible).

Compared to the large number of studies on La1−xDxMnO3, there are not many

reports in the literature on the self-doped compositions. Especially, the phase diagram

of La1−xMnO3 is not yet established. There are many reports in the literature on the
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studies of the self-doped compositions in the doping range 0 ≤ x ≤ 0.33 [Gup95,

Hau96, Jim97, Che00, Los01, Kim01, Qia02, Dha04]. The limiting value of x in

La1−xMnO3 has been suggested as ∼0.1, based on the observation of Mn3O4 as an

impurity phase for x > 0.1 [Tak91, Sak96, Dez02, Dez04]. However, such a conclusion

is based on the studies on very few self-doped compositions. The observation of phase

separation in self-doped compositions, La1−xMnO3, with high values of x has been

observed recently from the XANES analysis [Dez04]. The above reports suggest the

possibility of a maximum limit for the vacancy concentration which the perovskite

manganite structure can withstand. Hence, a detailed analysis has been made in the

present work to determine the limiting value of x in La1−xMnO3.

3.1.1 Synthesis

Different compositions in La1−xMnO3 (the values of x were taken as fractions in the

range 1/32 ≤ x ≤ 1/3) were synthesized by the ceramic method from the correspond-

ing oxides La2O3 and MnO2. The mixture of the two oxides, taken in the appropriate

stoichiometric ratio, were initially heated at 1273 K for 48 h with an intermediate

grinding. The polycrystalline materials obtained were then heated at 1473 K for 48

h with an intermediate grinding and then pressed into the form of pellets and finally

heated at 1473 K for 24 h. All the compositions were prepared under identical condi-

tions, as the properties and Mn4+ content are known to be sensitive to the preparation

conditions [Mai97].

3.1.2 Results and Discussion

The powder X-ray diffraction (XRD) patterns of some compositions in La1−xMnO3

are shown in Fig. 3.1. The diffraction patterns correspond to a rhombohedral per-

ovskite structure and all compositions in the range 1/32 ≤ x ≤ 1/3 showed reflections
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Figure 3.1: Powder X-ray diffraction patterns of some compositions in La1−xMnO3

(n = 1/x). The reflection marked by arrow is due to Mn3O4.
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Figure 3.2: Powder X-ray diffraction patterns of some compositions in La1−xMnO3,
recorded at a very slow scan rate, in the 2θ region where the most intense peak of
Mn3O4 is observed. The numbers on the curves indicate the value of n = 1/x.

due to a rhombohedral perovskite lattice. Maignan et al. [Mai97] found that though

the powder XRD patterns of some of their La0.9MnO3 samples could be indexed on

the classical rhombohedral cell with the space group R3̄c, the actual symmetry is

monoclinic with space group I2/a and additional weak reflections due to this sym-

metry change could be observed only in the electron diffraction patterns. The XRD

patterns in Fig. 3.1 are compared with the simulated patterns (using the powder cell

software) of the rhombohedral (R3̄c) and the monoclinic (I2/a) unit cells. Both the

simulated patterns are almost identical and therefore, the rhombohedral structure is

used for the analysis of the data in this work.

Presence of an additional weak reflection at 2θ = 36.2◦, is indicated in the XRD
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Figure 3.3: Variation of the rhombohedral angle, α, as a function of x in La1−xMnO3.

pattern of the x = 1/4 sample. This weak reflection is found to be due to Mn3O4 and

is observed for all compositions for x > 1/8. The XRD patterns of some compositions,

in the 2θ region where the most intense peak of Mn3O4 is observed, are compared

in Fig. 3.2. The patterns, shown in Fig. 3.2, were recorded at a very slow scan

rate, as this procedure [Tay95] is known to be highly efficient in detecting very small

quantities of impurity phases. It may be seen that the peak due to Mn3O4 impurity is

suddenly appeared when x > 1/8. The intensity of the additional reflection increases

with increasing x, above x > 1/7.

The rhombohedral angle, α, decreases initially with increasing x and then becomes

almost constant for x > 1/8, as shown in Fig. 3.3. These results point to the fact

that x = 1/8 may be the limiting value of vacancy doping in La1−xMnO3 and that

at larger values of x, the composition of the self-doped manganite is adjusted to this
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Figure 3.4: ac susceptibility curves of two La1−xMnO3 compositions with 1/x = 3
and 9. The peak observed at 40 K in the ac susceptibility of La0.67MnO3 is shown to
be due to that of Mn3O4, present as an impurity.

value of x = 1/8 and the excess Mn used is converted to Mn3O4. The increasing

intensity of the reflection from Mn3O4 and the constancy of the lattice parameter, α,

with increasing x above 1/8, is in agreement with this conclusion.

Mn3O4 is paramagnetic at room temperature and undergoes a ferrimagnetic tran-

sition below ∼43 K [Goo63]. The ac susceptibility measurements on Mn3O4 and the

self-doped manganite compositions in the temperature range from 15-300 K were

carried out which revealed the presence of Mn3O4 in heavily doped composition

La0.67MnO3 as shown in Fig. 3.4. This clearly indicates that the impurity peak

observed in slow-scan XRD patterns is due to Mn3O4.

Fig. 3.5 shows the zero field cooled (ZFC) magnetization curves of the different

La1−xMnO3 compositions, measured in the temperature 80-300 K. Some of the impor-

tant features observed are; a) a monotonous increase in the ferromagnetic transition
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Figure 3.5: Temperature dependence of the ZFC magnetization of La1−xMnO3 (H
= 50 Oe) for various values of x. The numbers on the curves indicate the value of
n = 1/x.

temperature (Tc) with increasing x up to x = 1/7 (n = 7 in Fig. 3.5) and b) increas-

ing sharpness of the magnetic transition as x is increased. The trend in the variation

of Tc as a function of x is shown in Fig. 3.6. Tc is defined as the temperature at

which dM/dT is maximum. Tc increases almost linearly with increasing value of x

and a maximum Tc = 251 K is obtained for x = 1/7, after which Tc remains almost

constant. Similarly, the saturation magnetization, measured at 82 K and a maximum

applied field of 15 kOe, as a function of x, shows the same trend as in the case of Tc,

as shown in Fig. 3.6. The magnetization increases with increasing x till x = 1/8 and

then decreases and becomes constant. The lower values of M for x > 1/8 may be due
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Figure 3.6: The variation of Mn4+ concentration (upper panel), Curie temperature
(middle panel), and saturation magnetization at 82 K (lower panel), as a function of
x in La1−xMnO3. The numbers indicate the value of n = 1/x.
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Figure 3.7: X-band EPR spectra of some La1−xMnO3 compositions; n = 1/x.

to the presence of the impurity phase Mn3O4 which is not ferromagnetic at 82 K.

The Mn4+ concentration in the different compositions, as a function of x, is also

compared in Fig. 3.6 with the expected Mn4+ concentration assuming the formula

La1−xMnO3. The theoretical Mn4+ concentration increases linearly from 0 to 100%

for x = 0 to 1/3. On the other hand, the experimentally determined Mn4+ concentra-

tion, calculated neglecting the Mn3O4 content in the samples for x > 1/8, decreases

continuously with increasing x and a very low value of 9% Mn4+ content is obtained

for x = 1/3. However, it is known that at lower Mn4+ contents, the crystal structure

is orthorhombic for La1−xMnO3 [Hau96].

Therefore, such a low Mn4+ concentration is not possible for x = 1/3, considering

the rhombohedral structure observed for this compound. Assuming that x = 1/8

is the limiting value of x and Mn3O4 is formed in equivalent amounts for higher

values of x, the corrected Mn4+ concentration in the compositions for x ≥ 1/7 is
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Figure 3.8: Variation of EPR integrated intensity with values of x in La1−xMnO3 and
amount of Mn4+.

found to become almost constant, approximately 18%, as shown in Fig. 3.6 as the

corrected values. This high value of the Mn4+ content supports the rhombohedral

structure of these compositions. It may be noted that for La vacancies x < 1/14,

the experimental Mn4+ concentration is much larger than the theoretical values and

vice versa for x > 1/14. The room temperature X-band EPR spectra of the self-

doped lanthanum manganites show strong EPR signals as shown in Fig. 3.7, with

Lorentzian line shape over the whole range of doping concentration.The parameters;

the peak-to-peak line width as well as the integrated intensity, are found to have a

regular deviation in the EPR spectra of these exchange coupled systems as the doping

concentration is varied. It is observed in the spectra that as the doping concentration
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Figure 3.9: Variation of peak-to-peak linewidth with values of x in La1−xMnO3 and
amount of Mn4+.

is decreased (and the amount of Mn4+ is unexpectedly increased), the intensity of

the EPR signal is decreased. Also, the peak-to-peak line width is decreased with

decreasing x. These features are similar to that observed by Oseroff et al. [Ose96]

for LaMnO3+δ with different values of δ and for La1−xAxMnO3, where x = 0, 0.33

and 1. The variations of the integrated EPR intensity and the peak-to-peak line

width, ∆Hpp, with x as well as the amount of Mn4+ in La1−xMnO3 are shown in

Fig. 3.8 and Fig. 3.9, respectively. The integrated intensity increases linearly with x

and reaches a maximum value for x = 1/8 and remains almost constant for higher

values of x whereas no specific trend is observed in the variation as a function of

Mn4+ concentration. Similarly, ∆Hpp decreases following a linear relation with the
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Figure 3.10: Comparison of the paramagnetic susceptibility and EPR intensity. The
values are normalized with respect to those of La0.875MnO3.

doping concentration up to a value of x = 0.125 and becomes constant for larger x,

as shown in Fig. 3.9.∆Hpp continuously increases with increasing amount of Mn4+.

From these results it is clear that some limit is reached for compositions with x ≥
0.125.

The room temperature paramagnetic susceptibility and EPR integrated intensity

follow a similar variation as shown in Fig. 3.10. These results indicate that EPR

signal obtained for the La1−xMnO3 compositions are not solely due to the presence of

Mn4+, but shows a contribution from Mn3+ ions as well. This is in agreement with the

previous reports on EPR studies on substituted manganites [She96, Cau98, Iva00].

The paramagnetic ions present in the La1−xMnO3 system, both Mn3+ and Mn4+, are

believed to contribute to the intensity of EPR signal by the probable formation of

complex of Mn3+-Mn4+ spin clusters [Ret97].
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Figure 3.11: Temperature dependence of resistivity (normalised) of La1−xMnO3 sam-
ples; the values of x are given in the figure.

Temperature variation of the electrical resistivity of different compositions in

La1−xMnO3 is shown in Fig. 3.11. The peak temperature, Tp, is found to become

constant when x ≥ 0.125. The shape and nature of the resistivity curves for x ≥ 0.125

are identical, except that the magnitude of the resistivity increases with x. This is

likely to be due to the increasing amount of the insulating impurity phase of Mn3O4.

In fact, the resistivity curves of these compositions overlap when normalized with

respect to the peak resistivity at Tp. The presence of a second peak in the resistivity

curves of the samples with lower x values (known as double peak resistivity behavior)

is discussed in detail in chapter 7. When x becomes less than 0.083, insulating be-

havior is observed and Tp is not defined for these compositions. Thus, i) the powder

XRD studies showed the presence of unreacted Mn, in the form of Mn3O4 and lattice

parameters independent of x, for values of x > 1/8, ii) the magnetic measurements
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show maximum value of magnetization for x = 1/8 and maximum Tc for x = 1/7,

in La1−xMnO3, iii) the EPR measurements show constancy of ∆Hpp and integrated

intensity beyond x = 0.125, and iv) the resistivity curves of the compositions show

identical features (Tp as well as nature of the curves) for x > 1/8. These results

lead to the conclusion that x = 1/8 is the limiting value of x possible in La1−xMnO3.

The value of x = 1/8 corresponds to an ordered structure in which one La vacancy

is present at the corner of the simple cubic perovskite unit cell, which is shared by

eight unit cells, as shown in Fig. 3.12 for a B-type perovskite lattice. That is, every

rhombohedral perovskite unit cell in the lattice contains one La vacancy. Increasing

the La vacancy beyond this limit may collapse the perovskite structure and therefore,

La1−xMnO3 with a limiting value of x = 1/8 is formed if the initial La/Mn ratio is

kept below 0.875 and excess MnO2 remains unreacted, which is converted to and ob-

served as Mn3O4 in the XRD patterns. x = 1/8 corresponds to a maximum possible

concentration of 37.5% Mn4+ in La1−xMnO3. Interestingly, the maximum Tc in the

divalent ion substituted manganites is observed for the composition La5/8D3/8MnO3

[Tok00], with a possible amount of Mn4+ as 37.5%.

The larger values of experimental Mn4+ concentration for x < 1/14 when com-

pared to the expected values, considering the formula La1−xMnO3, needs further

consideration. Such large value of Mn4+ content, than expected, is possible only if

there are excess oxygen in the structure, expressed by the formula La1−xMnO3+δ.

However, it is known that the perovskite structure cannot accommodate ex-

cess oxygen [Mit02]. Therefore, to accommodate excess Mn4+, the only way is to

have Mn deficiency in the compounds, as given by the formula, La1−xMn1−yO3.

The actual compositions, as calculated based on the values of x and the observed

Mn4+ concentrations are shown in Table 3.1. For x = 1/16, the composition ob-

tained, La0.937Mn0.981O3, is comparable to that of the single crystal composition

La0.936Mn0.982O3, reported by McCarroll et al. [Mcc98], except that the Tc of the
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Figure 3.12: The structure of La7/8MnO3 showing one La vacancy for eight B-type
basic perovskite unit cells. The actual rhombohedral unit cell is also shown for com-
parison.

Table 3.1: Actual compositions for different values of x in La1−xMnO3, based on the
experimental Mn4+ concentrations.

x Mn4+(±1%) composition La/Mn
0.031 27 La0.969Mn0.946O3 1.024
0.042 25 La0.958Mn0.964O3 0.994
0.05 25 La0.950Mn0.969O3 0.980
0.062 25 La0.937Mn0.981O3 0.955
0.071 23 La0.929Mn0.996O3 0.933
0.077 22 La0.923MnO2.99 0.923
0.083 21 La0.917MnO2.98 0.917
0.091 20 La0.909MnO2.96 0.909
0.10 19 La0.900MnO2.94 0.900
0.111 18 La0.889MnO2.92 0.889
0.125 18 La0.875MnO2.90 0.875
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single crystal sample is larger than that in the present study on polycrystalline sam-

ples. The higher Tc of single crystals may be due to the ordering of La and Mn

vacancies in the lattice for x = 1/16 (1/8x2).

On the other hand, for values of x > 1/14, Mn4+ concentrations are less than

that expected and therefore the formula of the compound can be represented as

La1−xMnO3−δ. This indicates that Mn deficiency is most favored to stabilize the

perovskite structure of La1−xMnO3 at lower values of x and oxygen deficiency is

favored at higher values of x. Similar Mn deficiencies at low values of x have been

observed by earlier researchers [Jim97, Kim01, Dez02]. Ferris et al. [Fer97], from

Rietveld refinement analysis, have shown that the Mn occupancy is less than 1 in the

few x < 0.1 compositions studied.

It may be seen that the Mn deficiency is larger than the La vacancy at very low

values of x. The concept of Mn deficiency, at low values of x, can explain the broadness

of the ferromagnetic transitions. The deficiency of Mn will create ferromagnetic

clusters. Larger the Mn deficiency, the size distribution of such clusters will be larger

and the broad magnetic transition may be considered as a sum of the magnetic

transition of individual ferromagnetic clusters of varying size. This also can explain

the increasing sharpness of the magnetic transition as x is increased, due to decreasing

Mn deficiency.

3.2 Low-temperature Magnetic Properties of Self-

doped Compositions

It is known that doping at the La-site by divalent ions or by self-doping (creating

vacancies at the La-site), Mn4+ ions can be introduced into the lattice of LaMnO3,

and this is responsible for the interesting magnetic and electrical properties of these

oxides. In both cases, the observed ferromagnetic and the associated properties can
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be explained in terms of the double exchange interaction between manganese ions in

different oxidation states through intervening oxygen ions. The possible competitions

between charge, spin and orbital degrees of freedom make the perovskite La-Mn-O

system one of the most complicated among the condensed matter systems. One of

the unusual properties of the divalent ion doped LaMnO3 is their magnetic behavior

at low temperatures when the concentration of doping is very low. An anomalous

decrease in the zero field cooled or ac magnetic susceptibility is generally observed

at very low temperatures in the ferromagnetic compositions [Hwa95, Bar98, Dho99].

The temperature at which this anomaly is observed is lower than the ferromagnetic or-

dering temperature. Though earlier studies attributed this phenomenon to spin glass,

re-entrant spin glass, antiferromagnetic transition, mixed phase behavior, charge or-

dering transition, etc., recent studies have revealed that the anomaly probably orig-

inates from domain wall pinning effects [Ste02], as similar behavior is observed in

many other ferromagnetic systems [Sku99, Tsu01] other than the manganites.

In La1−xMnO3, the magnetic interactions are depending on the Mn4+ content as

well as on the amount of vacancy, which determines the Mn-O-Mn bond angle due

to structural distortions associated with La vacancy. Earlier, De Brion et al. [Deb99]

reported a decrease in the ac susceptibility of La0.93MnO3 at low temperatures, sim-

ilar to that observed for the divalent ion substituted compositions, at low-doping

levels. However, no systematic or detailed study is reported in the literature on this

anomalous low-temperature behavior of the self-doped manganites. In this section,

the results of detailed studies on the evolution of such a low-temperature magnetic

anomaly in the self-doped compositions are discussed.

In the preceding section (Section 3.1) of this chapter, it has been shown that the

limit of self-doping possible in La1−xMnO3 is x = 1/8. Therefore, detailed studies

are made on the compositions with x ≤ 0.125. Based on the Mn4+ concentrations,

the actual compositions were identified as Mn-deficient, La1−xMn1−yO3, for x < 0.07
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Figure 3.13: ac susceptibility curves for different compositions in La1−xMnO3. The
numbers indicate n = 1/x. The curves are shifted along the y-axis for clarity.

and oxygen deficient, La1−xMnO3−δ above this value of x. For small values of x, the

Mn-deficiency, y, is larger than the La vacancy, x. All the compositions were found to

be having the rhombohedral perovskite structure. Though some of the compositions

are Mn-deficient and others O-deficient, for convenience, the self-doped compositions

are denoted as La1−xMnO3, where x is the degree of self-doping.

The ac susceptibility curves for some of the self-doped compositions are shown in

Fig. 3.13. The Curie temperature decreases with decreasing amount of self-doping in

La1−xMnO3. The variation of the Curie temperature, obtained as the temperature at

which a minimum in the temperature dependence of the derivative of the suscepti-

bility, dχ/dT , is observed, as a function of x as well as Mn4+ concentration is shown

in Fig. 3.14. In both the plots, the Tc variation show three distinct regions. In the

first region, at larger values of x , Tc decreases linearly with x down to x = 0.077
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Figure 3.14: Variations of Tc and Ta as functions of x in La1−xMnO3 and the Mn4+

concentration.

and then drops drastically. Another linear region is observed between x = 0.05 and

0.071 and a third region is observed below x = 0.05. The interesting observation is

that, the first linear region corresponds to oxygen deficient compositions, the second

to Mn deficient compositions where the Mn vacancy is smaller than La vacancy and

the third region to Mn deficient compositions where the Mn vacancy is larger than

the La vacancy, as given in Table 3.1. For x = 0.125, the susceptibility decreases

continuously, down to the lowest temperature, as the temperature is decreased. An

interesting feature observed is the appearance of a drop in the susceptibility at low

temperatures in the ferromagnetic regime, for compositions with x < 0.125. The

temperature at which the anomalous drop in the susceptibility is observed, Ta, as

well as the drop in the susceptibility below Ta increases with decreasing amount of

doping. The variation of Ta as functions of x and Mn4+ concentration is shown in
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Figure 3.15: ac susceptibility curves of La0.909MnO3 for different Mn4+ concentrations.
The numbers indicate percentage Mn4+ concentrations. Inset: Ta as a function of
Mn4+ concentration.

Fig. 3.14. Ta increases almost linearly with decreasing x in the oxygen deficient com-

positional region and becomes constant (∼105 K) for the Mn-deficient compositions.

Another way of looking at the variation is with respect to the Mn4+ concentration.

Ta remains constant when the Mn4+ concentration is more than 23% and decreases

with decreasing Mn4+ content. Since the compositions for x < 0.07 are both La- and

Mn-deficient, it is not clear whether the responsible factor for the low-temperature

decrease in the susceptibility is La-deficiency, Mn-deficiency, oxygen deficiency, Mn4+

concentration or a combination of all these factors.

However, as shown in Fig. 3.15, for a given La-vacancy concentration in the oxygen

deficient region of the compositions (x = 0.091), both Ta as well as the slope of the

decrease in the susceptibility below Ta increases with decreasing Mn4+ concentration.
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Figure 3.16: ac susceptibility curves of La0.937MnO3 for different Mn4+ concentrations.
The numbers indicate percentage Mn4+ concentrations.

Tc is found to be slightly decreased with decreasing Mn4+ content, from 201 to 190

K, for the decrease in the Mn4+ concentration from 19 to 14%. This amounts to

the decrease in the oxygen stoichiometry in La0.91MnO3−δ from 2.96 to 2.93. An

interesting observation is that the value of Ta approaches towards the constant value

of ∼105 K as observed for higher Mn4+ content or for lower vacancy concentrations

in the series. Similarly, the shape of the ac susceptibility curve also approaches that

of the lower La-vacancy compositions where the susceptibility drops off immediately

below Tc and a sharp peak is observed. Such sharp peaks in the ac susceptibility

curves are generally observed for compounds with large magnetocrystalline anisotropy

[Kum98a]. When the magnetic field used for the measurements is much smaller than

the anisotropy field which increases with decreasing temperature, the response of the
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magnetic moments to the ac field decreases with temperature. Therefore, it may be

assumed that there is a corresponding increase in the anisotropy field when the Mn4+

concentration is decreased considerably. Troyanchuk et al. have observed such an

increase in the anisotropy field with decreasing Mn4+ concentration for La0.88MnO3−δ

[Tro03]. However, similar ac susceptibility behaviour is observed for the compositions

with larger Mn4+ compositions (smaller La-vacancies) also in the series (see Fig. 3.13)

making it difficult to arrive at a particular conclusion on the specific role of Mn4+

concentration.

On the other hand, for the Mn-deficient compositions, where Ta is in the maximum

range, there is no considerable effect on Ta on decreasing the Mn4+ concentration,

as shown in Fig. 3.16 for La0.937MnO3. The samples with Mn4+ content of 27, 24

and 23% were obtained by repeatedly heating the sample at 1473 K in air and the

one with low Mn4+ concentration is obtained after annealing in nitrogen atmosphere.

Theoretically, the maximum possible Mn4+ content for this value of x in La1−xMnO3

is 18.9%, assuming there are no Mn vacancies. Larger than this value automatically

assumes Mn vacancies. The composition La0.937Mn0.984O3 is calculated for 24% Mn4+

concentration.

Based on this, the composition with 27% Mn4+ should have excess oxygen. Since

the perovskite structure is a close packed structure with the oxygen sites fully occupied

[Mit02], it will not be possible to accommodate more oxygen in the structure. Also,

if the oxygen stoichiometry is maintained, then increasing the Mn4+ concentration

implies a decrease in the overall Mn content in the compositions for a given La-

deficiency, La0.937Mn0.975O3 for 27% Mn4+, which is not feasible. Hence the only

possible way to accommodate excess Mn4+ in the otherwise oxygen stoichiometric

compositions is to assume that even these compositions are oxygen deficient, initially,

to some extent, so that the actual composition is La1−xMn1−yO3−δ for all La-deficient

compositions. In this case, it is possible to further decrease or increase the oxygen
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Figure 3.17: ac susceptibility curves of La0.875MnO3 for two different Mn4+ concen-
trations. The numbers indicate percentage Mn4+ concentrations.

stoichiometry to accommodate larger or smaller amount of Mn4+. It is not possible to

obtain the values of both y and δ at the same time from the Mn4+ content estimations.

For La0.875MnO3, though no drop in the susceptibility is observed at low temperatures

(see Fig. 3.14), based on the above observations it is expected that the anomaly can be

induced on decreasing the Mn4+ content. Fig. 3.17 shows the ac susceptibility curve

of a nitrogen annealed sample with lower Mn4+ concentration. A sharp magnetic

transition is observed at a lower temperature for the sample with 9% Mn4+ content.

A decrease in the susceptibility is observed after going through a maximum below Tc.

Also, a slope change with a faster drop in the susceptibility is observed below ∼110

K, close to the maximum value of Ta observed for other compositions. The shape

of the curve of the sample with lower Mn4+ concentration, at low temperatures, is
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similar to that observed for the compositions with x = 0.091 and 0.063 having the

Mn4+ concentrations close to 13%. Thus, the Mn4+ content is found to have serious

effects on the magnetic properties of the self-doped manganites in the ferromagnetic

region also apart from the effect on the magnetic transition temperatures. However, a

large decrease in Mn4+ content in such manganites causes structural distortion which

may probably affect the magnetic characteristics. All the compositions with the lower

Mn4+ concentrations were found to be orthorhombic, compared to the rhombohedral

perovskite structure of the other compositions.

For La0.937MnO3, Ta is already the limiting larger value obtained for the series

(∼105 K) and therefore there is no further increase in the value of Ta with decreasing

Mn4+ content. Though Ta is unchanged on decreasing the Mn4+ concentration, larger

drop in the susceptibility is observed when Mn4+ concentration is decreased. Interest-

ingly, in this case Tc increases with decreasing the Mn4+ content, opposite to the trend

observed for La0.909MnO3−δ (see Fig. 3.15 and Fig. 3.16). This is attributable to the

increasing strength of the double exchange interactions with increasing the concen-

tration of Mn3+ or that Mn3+-O-Mn3+ ferromagnetic exchange interactions become

more predominant when the Mn4+ concentration is lower. Assuming that the actual

composition is La0.937Mn0.975O3 for 27% Mn4+, the oxygen stoichiometry will be de-

creased from 3 to 2.98 corresponding to the decrease in the Mn4+ concentration from

27 to 23%. When the Mn4+ concentration is as low as 10%, the composition becomes

more oxygen deficient as La0.937Mn0.975O2.92. This is equivalent to the composition

having no Mn-deficiency as La0.953MnO3 and for this composition, the susceptibility

decreases sharply below the Tc, almost similar to that observed for La0.909MnO2.93

with 14% Mn4+, as shown in Fig. 3.15.

The above observations imply that there is no specific trend in the variation of the

Curie temperature with Mn4+ concentration in the self-doped (La-deficient) mangan-

ites. The magnetic transition temperature varies in both directions with increasing
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Figure 3.18: ac susceptibility curves of La0.937MnO3 recorded at (a) two different ac
fields at a frequency of 210 Hz and (b) at different frequencies in a field of 0.5 Oe.

Mn4+ concentration when there is no Mn deficiency in the structure and increases

with increasing Mn4+ concentration for Mn-deficient compositions. This is based on

the assumptions of the estimated Mn4+ concentrations and the compositions derived

from these values, assuming that the La-deficiency is same as that in the starting

composition. It is possible that this discrepancy is due to the assumed compositions

of the self-doped manganites, where the compositions are derived from the Mn4+

content. A uniform tendency for the variation of Tc with Mn4+ content for all com-
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positions in the self-doped series might be possible assuming Mn and O deficiencies in

all cases and that the general composition is La1−xMn1−yO3−z. The difficulty to ob-

tain both y and z values hinder the calculation of the actual composition. In general,

it can be concluded that the magnetic behaviour of the self-doped manganites below

the magnetic transition temperature is determined by the Mn4+ concentration rather

than the La-vacancy. A sharp decrease in the susceptibility below Tc is obtained for

compositions with very low Mn4+ content, irrespective of the La-deficiency. There

exists a limiting maximum value for Ta, which is independent of the Mn4+ concen-

tration. Also, Ta varies with Mn4+ concentration for a given composition only when

it is less than a maximum possible value.

Fig. 3.18(a) shows the ac susceptibility curves of the x = 0.063 composition

recorded at two different ac magnetic fields, at the ac frequency of 210 Hz. Though

the transition temperature and the broad maximum below Tc are not affected by this

change in the ac field, large difference is observed in the region of the anomalous drop

in the susceptibility. Ta is decreased from 103 K to 99 K, when the ac field is increased

from 0.5 to 5 Oe. Similar effect is observed when the measurement frequency is varied

at a constant ac field, as shown in Fig. 3.18b. Ta is decreased from 106 to 99 K when

the ac frequency is decreased from 520 to 19 Hz, whereas the Tc and the broad max-

imum are unaffected. The ac field and frequency dependence of the features in the

susceptibility curves are typical of spin glass (SG) systems [Myd93, Det96]. There-

fore, such systems showing a ferromagnetic transition and a drop in the susceptibility

at a lower temperature associated with frequency dependence are termed as reentrant

spin glass (RSG) systems [Ter98, Sat01, Abi05], where the low-temperature drop in

the susceptibility is ascribed to a ferromagnetic to spin glass transition.

The signatures of the ac susceptibility curves are usually observed in the dc magne-

tization curves also when measured under zero field cooled conditions in the presence

of sufficiently low magnetic fields [Kum98a]. Zero field cooled (ZFC) and field cooled
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Figure 3.19: FC (closed symbols) and ZFC (open symbols) magnetization curves of
three different compositions in La1−xMnO3. inset: normalized ZFC and ac suscepti-
bility curves of x = 0.083.

(FC) magnetizations recorded in a dc magnetic field of 50 Oe, for three different self-

doped compositions, are shown in Fig. 3.19. Characteristic features observed in the

ac susceptibility curves are found in the ZFC magnetization curves also. However,

as shown in the inset of Fig. 3.19, the anomaly is shifted to lower temperatures and

the feature is broadened in the ZFC curve. This is expected because, as shown in

Fig. 3.18, Ta decreases with decreasing the frequency towards the dc limit and more-

over, a field of 50 Oe is used in the dc measurement which is comparatively larger

than the ac fields used for the typical ac susceptibility measurements (Ta decreases

with increasing ac field). Thermomagnetic irreversibility (divergence of FC and ZFC

magnetizations) is observed below Tc for all three compositions. A drastic decrease
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Figure 3.20: Zero field cooled magnetization curves of La0.937MnO3, measured in
different dc magnetic fields.

in the magnetization observed in the ZFC magnetization curve is not observed in

the FC case. Thermomagnetic irreversibility is a common feature observed for ferro-

magnetic and ferrimagnetic systems [Roy96, Roy97, Joy98, Cha04] which were earlier

thought to be characteristic features of spin glasses. There are studies on well-defined

ferromagnetic or ferrimagnetic systems showing frequency dependence of the features

in the ac susceptibility below the ferromagnetic transition temperature. For exam-

ple, neutron diffraction studies on the ferrimagnetic oxide YFeMnO5 show magnetic

ordering down to 2.9 K whereas a frequency dependence of the susceptibility is ob-

served below Tc = 165 K [Mun04]. Similarly, in the case of La0.83Sr0.17MnO3, where

a similar feature as in the case of the self-doped manganites studied here, only a

ferromagnetic component is observed down to low temperatures [Kaw96]. However a
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structural transition was observed at the temperature where an anomaly is observed.

La0.85Ca0.15MnO3 was also found to exhibit similar behaviour from ac susceptibility

and neutron diffraction studies [Cas99]. De Brion et al. observed a similar behav-

iour in the ac susceptibility and ZFC magnetization curves in the case of La0.93MnO3

[Deb99]. Magnetic saturation was observed at very low temperatures, with no time

dependence of the magnetization, indicating the absence of any spin glass behav-

iour. Fe3O4, the well known ferrimagnetic oxide exhibits a frequency dependence of

a low-temperature anomaly of single crystals in the ac susceptibility and this has

been ascribed to freezing out of domain wall motion due to the rearrangements of the

electron states within the domain wall [Sku99]. Similarly, studies on single crystals

of ferrimagnetic FeCr2S4 suggest that domain wall pinning effects are responsible for

similar features [Tsu01]. High driving fields are required to overcome the pinning

forces and the origin of the relaxation processes can be due to temperature variation

of the magnetocrystalline anisotropy. There are also other causes for the relaxation

arising from the changes in the domain structure due to structural transformation,

domain wall pinning due to non-uniform distribution of magnetic ions, presence of

antiphase boundaries, etc.

It was found that in the ac susceptibility curve, increasing the measuring field

decreases Ta, with an increase in the susceptibility. A similar behavior is observed

in the ZFC magnetization also, with increasing the dc field, as shown in Fig. 3.20.

For La0.937MnO3, a systematic change in the ZFC magnetization behavior is observed

when the applied field strength is increased and no anomaly at low temperatures

is observed when the applied field is increased from 100 to 250 Oe. The magne-

tization increases continuously with decreasing temperature, when measured using

higher magnetic fields. The difference (or feature) between the ZFC magnetizations,

measured at field strengths of 50 and 250 Oe decreases continuously with increasing

temperature. This indirectly tells that, there may exist a critical field and if the ZFC
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Figure 3.21: Initial magnetization curves of La0.937MnO3, recorded at different tem-
peratures. Inset: Initial magnetization curves in small magnetic fields

magnetization measurements are made at or above this field no anomaly could be

observed in the ZFC magnetization below Tc. That is, the anomaly appears to be

originating from some feature whose effect can be canceled by sufficient activation

energy in the form of larger magnetic fields at lower temperatures or by thermal ac-

tivation in the presence of lower magnetic fields. This is true if domain wall pinning

effect is responsible for the anomaly where higher magnetic fields can de-pin the walls

at lower temperatures when magnetic fields larger than the pinning fields completely

destroy the pinned state. Previous studies have shown that the features in the ZFC

magnetization curves, measured at a given low magnetic field, are directly related to

the initial magnetization at this field at different temperatures [Joy00c]. Since the

initial magnetization behavior at low magnetic field strengths is dominated by domain
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Figure 3.22: Variation of dM/dH as a function of field at different temperatures, for
La0.937MnO3. The field at which a maximum is observed in dM/dH vs H, Ha, as a
function of temperature is shown in inset.

wall motion, the characteristic features of the ZFC magnetization curves recorded at

different magnetic fields are a reflection of the domain structure of the individual ma-

terial. Fig. 3.21 shows the initial magnetization curves of La0.937MnO3 measured at

different temperatures. Though the magnetization is saturated above 5 kOe and the

magnetization continuously decreases with increasing temperature at larger magnetic

fields, the reverse trend is observed at lower magnetic fields at temperatures below

100 K. The magnetization is lower at lower temperatures at low magnetic fields, as

shown in the inset of Fig. 3.21. Such behavior in multidomain particles is known

to be a characteristic feature of domain wall pinning [Dem98]. The indication for

the existence of a critical field, as observed from the ZFC measurements, suggests
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Figure 3.23: Time dependence of the ZFC magnetization of La0.937MnO3 recorded at
three different temperatures, as indicated by arrows in the ZFC magnetization curve,
H = 50 Oe.

that the pinning of domain walls is responsible for the anomalous behavior at low

temperatures. Hence an attempt is made to trace the critical field by studying the

isothermal magnetization processes at moderately low magnetic fields. In the initial

magnetization curve of a virgin sample, the first part of the curve at low magnetic

fields corresponds to reversible domain wall motion followed by irreversible movement

of the walls due to unpinning and this corresponds to a steep rise in the magnetiza-

tion. The domain wall unpinning field is obtained by differentiating the magnetization

with respect to the magnetic field. Fig. 3.22 shows the dM/dH curves as a function

of field, at different temperatures. A broad maximum is observed in each curve at a

certain field, and this field decreases with increasing temperature. The maximum of

the curve corresponds to the steepest part of magnetization curve in which the change
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in M is mainly due to irreversible domain wall motion in a polycrystalline sample as

observed in several magnetic systems [Zen93, Dem98, Liu99] and can be identified as

domain wall unpinning field, Ha. It can otherwise be defined as the threshold field

required in order to unpin the domain walls. Understandably, this must vary with

the rate at which field is applied and the temperature [Zen93].

In the present study the rate of variation of the field was kept constant as 1.6

Oe s−1. It was found that no maximum is observed in the differential magnetization

curves above 100 K matching with the maximum value of Ta observed in ac suscep-

tibility curve for La0.937MnO3. This is in accordance with the finding that there is no

magnetic anomaly due to domain wall pinning beyond 105 K. Also, inset in Fig. 3.22

shows that Ha decreases with increasing temperature at the rate of approximately 1

Oe/K and the intercept on the y-axis is 135 Oe. This is in agreement with the ob-

servation made from ZFC magnetization curves obtained using different applied field

strengths. The anomalous drop of magnetization in the ZFC magnetization curves,

as shown in Fig. 3.20, is observed when applied field, H < Ha and disappeared when

H > Ha. The above results imply that the temperature above which the domain

walls are de-pinned, Tdw, will be decreased with increasing the field used for the ZFC

magnetization measurements and no anomaly is expected down to lowest tempera-

tures when the magnetic field is larger than 135 Oe, supporting the results shown in

Fig. 3.20 and Fig. 3.21. That is, there is a direct correlation between the nature of

MZFC curves and the domain structure of a material.

A large magnetic relaxation effect is usually observed at a temperature where

the domain walls become unpinned [Joy00c]. This argument directly supports the

conclusion that the frequency dependence of the low-temperature feature observed

in the ac susceptibility curve is associated with domain wall pinning effects. In fact,

relaxation of the ZFC magnetization is observed in the temperature region where the

anomaly is observed. Fig. 3.23 shows the time dependence of the ZFC magnetization
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Figure 3.24: Comparison of the temperature dependence of the magnetization of
La0.937MnO3 recorded after zero-field cooling (broken lines) and after applying a field
and degaussing the ZFC sample (solid lines).

of La0.937MnO3, measured at three different temperatures as indicated in the figure;

i) where the ac susceptibility becomes almost constant after the anomalous decrease

below Ta, ii) where maximum slope change is observed, and iii) slightly above Ta. For

each measurement, the sample was cooled through the Tc in zero field, to the required

temperature, and the magnetization was recorded as a function of time immediately

after applying a magnetic field of 50 Oe. It may be seen that there is no apprecia-

ble variation in the magnetization for cases (i) and (iii) whereas the magnetization

continuously increases with time in the temperature region where the anomaly is ob-

served. Another important observation supporting the conclusion that the anomalous

low-temperature behaviour is not because of any antiferromagnetic transition or im-
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Figure 3.25: Temperature dependence of the coercivity (Hc) and ac susceptibility
(χac) of La0.917MnO3 and La0.937MnO3.

purity and that it is mainly due to some domain wall effects comes from degaussing

experiments [Joy00c]. The sample after cooling to the lowest temperature in zero

field is exposed to a field for magnetic saturation and the remnant magnetization was

reduced to zero by degaussing. The magnetization was then continuously monitored

on warming in a field of 50 Oe, the same way as in the case of the ZFC magnetization

measurement. The virgin ZFC magnetization curve measured after cooling to 12 K

and the corresponding curve obtained after degaussing are compared in Fig. 3.24.
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The magnetization at low temperatures is increased considerably and the anomalous

behaviour is almost vanished after degaussing the sample. On the other hand, if the

sample is cooled only to the temperature region where large drop in the magnetiza-

tion is observed, the virgin and degaussed ZFC magnetization curves show different

behaviour. Here, though the anomalous drop in the magnetization is almost van-

ished, the magnetization after degaussing is lower than that when the sample is not

degaussed. The behaviour of the degaussed sample is as if there is a hindrance to

the alignment of the magnetic moments in the direction of the field. This is possible

if the moments are locked in certain regions and directions. This implies that the

anomalous drop in the magnetization below 100 K is associated with domain wall

pinning effects. If this was due to any other magnetic phases present in the sample or

any other magnetic transition, this would not have been destroyed on degaussing. If

the low-temperature anomalous feature in the ac susceptibility as well as ZFC mag-

netization is due to domain wall motion effects, due to the pinned domain walls, this

should be reflected in the coercivity of the material also [Ste02]. Figure. 3.25 shows

a comparison of the ac susceptibility and the variation of coercivity as a function of

temperature for La0.917MnO3 and La0.937MnO3. For both the samples, the coercivity

initially increases almost linearly below Tc and a small jump in the coercivity is ob-

served below Ta. This correlation between the changes in the coercivity and the ac

susceptibility can be seen clearly in Fig. 3.26. Fig. 3.26 compares the shapes of the

inverse of the coercivity and ac susceptibility curves, normalized at a certain temper-

ature, for four compositions, x = 0.031, 0.063, 0.083, and 0.091 in La1−xMnO3. In all

cases, there is a direct comparison of the changes in the ac susceptibility as well as

the coercivity with temperature, especially in the temperature region where the drop

in the susceptibility is observed. Moreover, as shown in Fig. 3.27 for La0.909MnO3

and La0.937MnO3, when the susceptibility drops drastically below Ta, as the Mn4+

concentration is decreased (see Fig. 3.15 and Fig. 3.16), a corresponding increase in
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Figure 3.26: Normalized ac susceptibility and H−1
c (T) curves of four different compo-

sitions.

the coercivity at low temperatures is observed. As long as Ta is unaffected for Mn4+

concentration > 22%, the coercivity also remains almost the same and the increase

in the coercivity is observed only for a decrease in the Mn4+ concentration below

22%. This tells about the increasing anisotropy on decreasing the Mn4+ concentra-

tion, likely due to the increased domain wall pinning effects. It is possible that the

distribution of Mn4+ ions, at lower concentrations, in the lattice, is responsible for

the effect of increased anisotropy.

In fact, Troyanchuk et al. have reported the magnetic properties of La0.88MnO3−δ

with different Mn4+ concentrations [Tro03]. The sample with 22% of Mn4+ shows
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Figure 3.27: Coercivity, measured at 12 K, as a function of Mn4+ concentration for
La0.909MnO3 and La0.937MnO3.

a similar behaviour in the zero field cooled magnetization curve measured at a field

strength of 100 Oe, as in the case of the ac susceptibility curve of the La0.875MnO3−δ

sample studied in this work. Decreasing the Mn4+ concentration from 22 to 18%

gives rise to a small decrease in the ZFC magnetization below 100 K. This drop is

enhanced and the temperature at which this drop is observed is increased to slightly

above 100 K with further decreasing the Mn4+ concentration. Moreover, the magnetic

transition temperature decreases continuously and the transition becomes broad with

decreasing Mn4+ concentration. Thus the studies on different compositions in the

self-doped lanthanum manganite series, La1−xMnO3, show some interesting features

in the ferromagnetic regime. A drop in the ac susceptibility and ZFC magnetization

observed at low temperatures is influenced by the Mn4+ concentration. Irrespective
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of the degree of La-vacancy, the temperature below which the anomalous drop is

observed never exceeds a maximum value of ∼105 K. There is a direct correlation

between the magnetic anisotropy and the decrease in the susceptibility, as evidenced

from the variation in the coercivity at low temperatures as a function of Mn4+ concen-

tration as well as temperature for different compositions. The larger changes in the

zero field cooled magnetization as a function of time in the temperature region where

the anomaly is observed, the disappearance of the anomaly in the ZFC magnetization

measurements at larger fields, the absence of the anomaly in the FC magnetization

measurements, the dependence of the anomalous feature with ac field and frequency

in the ac susceptibility measurements, etc., point to the role of domain wall pinning

effects as the origin of the anomaly, rather than due to other magnetic transitions

or spin glass or reentrant spin glass behaviour. As to the cause for the domain wall

pinning effects, the likely contributions are the inhomogeneous distribution of Mn4+

ions in the lattice. However, there is a more possible chance for a structural phase

transition at the temperature where the anomaly is observed, as reported by Kawano

et al. [Kaw96]. This minor structural change affects the Mn-O-Mn bond angle which

may cause a small canting of the spins so that the applied field is not sufficient to ori-

ent the moments in lower magnetic fields. The fact that the anomaly is not observed

when measured in larger magnetic fields is supporting this conclusion.

Further, for the self-doped composition with Mn4+ content less than 15% a struc-

tural change from rhombohedral to orthorhombic symmetry is observed. This may be

attributed to the large structural distortion due to strong Jahn-Teller effect prevailing

in the Mn3+ rich lattice. The nature of the magnetization curves of these samples are

almost identical, with no apparent flat region immediately below Tc but with a sharp

decrease in susceptibility. The structural change which is highly susceptible to the

amount of Mn4+ in the lattice suggests that a structural phase transition is a probable

cause of the low-temperature anomalous magnetic behavior observed in La1−xMnO3.
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Moreover, a large value of coercivity is observed at 12K for the orthorhombic per-

ovskite with x = 0.063 and Mn4+ = 13%. This is consistent with the observations

made in LaMnO3+δ by Pavlov et al. [Pav84], where coercivity of the sample is found

to undergo a drastic increase when the amount of Mn4+ is decreased below 15% which

is accompanied by a structural phase transition. Thus, a structural rearrangement

involving a change from rhombohedral to orthorhombic geometry which might hinder

the domain wall motion can be thought to have such a magnetic hardening effect on

the manganites under investigation similar to the La-Sr-Mn-O compositions as stated

by Kawano et al. [Kaw96].

However, this is not a definite conclusion, and another factor which is worth men-

tioning in this context is regarding the role of ordered and disordered local structural

distortions in defining the domains and domain walls. Shibata et al. have observed

the tendency for local structural inhomogeneity in lightly doped La1−xSrxMnO3 and

they presumed this might have serious effects on the magnetic and electronic prop-

erties of manganites [Shi02]. In La1−xMnO3 also, due to the presence of La-site

vacancies, there might be a change in local structure since the crucial parameters

determining the properties such as Mn-O distance and Mn-O-Mn bond angles would

undergo certain changes in the vicinity of the vacancies. When such vacancies are

homogeneously distributed in the lattice as in the case of x = 0.125 composition,

the local distortions may become globally ordered. As soon as the vacancies are

inhomogeneously distributed when x < 0.125, the global ordering is destroyed and

the local distortions may act as impurity centers for the pinning of domain walls.

It can be assumed that as the vacancy ordering deviates from 1/8, distribution of

vacancies become more and more inhomogeneous ultimately resulting in the forma-

tion of strong domain wall pinning centers when the values of x become sufficiently

small. It may be for the similar reason that such low-temperature magnetization

anomaly has been observed in the lightly doped calcium and strontium manganites
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[Hwa95, Mit96, Bar98, Dho99, Nie99, Joy00c, Ste02].

Another factor to be considered as domain wall pinning centers in the mangan-

ites generally is the Mn-deficiency in the structure especially since strong pinning

is observed in self-doped compositions when manganese vacancy is increased. It is

known that lanthanum calcium manganites have a tendency to form compositions

with excess oxygen stoichiometry [Tok00]. This may create vacancies at cationic site,

probably both at La (and/or Ca) and Mn sites leading to domain wall pinning at

Mn-vacancy defect centers. A detailed investigation is required to probe the exact

compositional/structural features that provide centers for domain wall pinning.

Another important observation is that the magnetic transition temperatures of

different compositions is not directly related to the Mn3+ to Mn4+ ratio. The magnetic

transition temperature increases with Mn4+ content for certain compositions whereas

the reverse is observed for some other compositions. These compositional regions are

marked by the degree of vacancies at the cationic and anionic sites of the perovskite

structure and need to be studied in detail.

3.3 Self-doping Effects in La0.90Ca0.10MnO3

The substitution of La3+ by Ca2+ ions produces corresponding amount of Mn4+ in the

perovskite-type manganite lattice. A double exchange mechanism involving both the

Mn3+ and Mn4+ ions together with strong lattice effects control the electronic proper-

ties of these strongly correlated electron systems. Such a double exchange mechanism

is sensitive to the structural and/or compositional changes induced by the type and

amount of the substitutional ions, nonstoichiometry etc. A large number of reports

on divalent ion substituted manganites are available but effects of nonstoichiometry

both at cationic and anionic sites are not much investigated. Some of the studies

have shown changes in the magnetic properties of cation deficient divalent ion doped
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lanthanum manganites [Zhe01, Pha03, Alo03, Hon04, Dha05]. Interesting magnetic

behaviors such as increasing as well as decreasing magnetic transition temperature,

spin glass nature, etc. have been shown in these reports. Alonso et al. have discussed

the results in terms of a hole-attractor model to explain the observed characteristics.

The studies on self doped lanthanum manganite compositions reveal interesting char-

acteristics of dependence of magnetic properties on self-doping concentration and the

amount of Mn4+ ions formed. Also these compositions were found to have either defi-

ciency or excess of oxygen [Rao98, Tok00]. The deviation from oxygen stoichiometry

is generally observed in compositions with low amounts of Ca-doping [Tok00]. The

excess oxygen nonstoichiometry may result in cationic vacancies and have serious con-

sequences on the magnetic exchange interactions. Small amount of vacancies at La

site or Ca site (A-site) in lanthanum calcium manganites may be expected to create

more number of Mn4+ ions in the lattice, which could aid the double exchange and

hence an enhancement in Tc. Similarly, slight excess of A-site ions would form man-

ganese deficient structures. As part of the studies on self-doped manganites, we have

investigated the effect of cation vacancies in a calcium doped lanthanum manganite.

The effects of cationic nonstoichiometry at both La and Ca sites on the magnetic

properties have been investigated on a nominal composition La0.9Ca0.1MnO3.

3.3.1 Synthesis

The current study is restricted to the compositions of the formula La0.9+xCa0.1MnO3

and La0.9Ca0.1+yMnO3, where x = y = 0 and ±0.05. The samples were prepared by

the solid state reaction method from stoichiometric amounts of La2O3, MnO2, and

CaCO3. The powder samples were heated at 1273, 1473, and 1573 K for 48 h each

with intermediate grinding after each 24 h heating cycle, and then at 1673 K for 12h.

Pellets made from the powders were then heated at 1673 K for 12 h. All samples

were made in a single batch to keep the processing conditions identical.
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Figure 3.28: XRD patterns of La0.9+xCa0.1MnO3 ((a) x = 0, (b) x = -0.05, and (c) =
+0.05) and La0.9Ca0.1+yMnO3 ((d) y = -0.05 and (e) = +0.05)

3.3.2 Results and Discussion

The powder XRD patterns of the five compositions are as shown in Fig. 3.28. All the

XRD patterns are identical and correspond to the orthorhombic perovskite unit cell.

There are no impurity peaks observed in the XRD patterns of any of the samples

indicating complete reaction of the reactants. The orthorhombic lattice parameters

were found to be slightly smaller than that of La0.9Ca0.1MnO3 and almost identical

for the cation deficient compositions whereas for the cation excess compositions, the

lattice prameters were found to be slightly larger and comparable. The parent

composition, La0.9Ca0.1MnO3 is found to have a well defined Tc of 170 K whereas the
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Table 3.2: Mn4+ content and Curie temperatures of La0.9±xCa0.1∓yMnO3.

Composition Mn4+(±1%) Tc (K)
La0.95Ca0.1MnO3 26 126
La0.9Ca0.15MnO3 25 132
La0.9Ca0.1MnO3 21 170
La0.85Ca0.1MnO3 12 208
La0.9Ca0.05MnO3 17 203

Figure 3.29: Normalized ac susceptibility curves of La0.9+xCa0.1MnO3; (a) x = 0, (b)
x = -0.05, and (d) x = +0.05 and La0.9Ca0.1+yMnO3; (c) y = -0.05 and (e)y = +0.05
compositions.
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Figure 3.30: Comparison of the temperature dependence of the ac susceptibility
and resistivity of various samples, a) La0.9Ca0.1MnO3, b) La0.85Ca0.1MnO3, and c)
La0.9Ca0.05MnO3.

values of Tc for both the compositions with negative values of x and y are shifted to

∼205 K as shown in Fig. 3.29. When the values of x and y are positive, the values of

Tc for the compositions are found to be dropped to ∼130 K regardless of the type of

A-site ion. The Mn4+ concentration is decreased considerably after vacancy doping,

which is opposite to the expected trend. The magnetic transitions of the cation

excess and deficient compositions are slightly broader than that of the stoichiometric

compound. The low-temperature anomaly in the ac susceptibility is observed for

the pristine and the cation deficient compositions. The temperature at which the
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anomaly is observed is shifted to lower values for cation deficient compositions though

the Tcs are enhanced on self-doping. This is also opposite to the trend observed in

La1−xMnO3, where the Ta is found to be increased with decreasing Mn4+ content for

a particular composition. It is observed that the compositions with negative values of

x and y show M-I transition around Tc, whereas compositions with zero and positive

values of x were found to be insulating. The temperature dependence of the electrical

resistivity of the stoichiometric, La-deficient and Ca-deficient compositions are shown

in Fig. 3.30.

The amount of Mn4+ estimated in the compositions with x = y = -0.05, are found

to be much less than what is expected whereas a large increase in Mn4+ was observed

when x = y = -0.05 against the anticipated values. The parent composition itself

is having 21% Mn4+ which is more than the expected value of 10 %. This is often

accounted in terms of excess oxygen nonstoichiometry or in other words as cationic

deficiency (A-site as well as Mn site) resulting in the formation of La0.9−pCa0.1−qMnO3

with different possible values of p and q as in the case of LaMnO3+δ (which is discussed

in detail in the section 4.3). Also, an inhomogeneous distribution of Mn4+ ions may

be expected since a deviation from the ideal composition is observed. Thus the

vacancies at La, Ca and Mn-sites and distribution of Mn4+ in the lattice could be

expected to affect the magnetic properties to a large extent. The estimated amount

of Mn4+ in various compositions suggest either oxygen deficient or oxygen excess

nonstoichiometry depending on the sign and values of x and y. An unexpectedly

lower amount of Mn4+ in the A-site deficient structures suggest oxygen deficiency

whereas larger amount of Mn4+ for positive values of x and y suggest oxygen excess

nonstoichiometry.

The changes in the magnetic behavior clearly indicate the lattice effects on the

strength of the magnetic exchange which may be by the reduction of Jahn-Teller ef-

fect in the case of oxygen deficient structures. The reduction of J-T distortion may
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be thought to decrease the carrier-lattice coupling resulting in delocalization and a

greater double exchange strength. At the same time, a competing effect may be the re-

duction in hybridization of O(2p) and Mn(3d) orbitals which narrows the band width

and hence the strength of double exchange interactions. But a large increase in the

Tc being a measure of stronger interaction, suggests that the reduction in J-T distor-

tion is the predominant effect. On the other hand, excess oxygen non-stoichiometry

introduces a large number of vacancies at Mn-site as in LaMnO3+δ, which causes

abrupt breaking of long-range order along with the inhomogeneous distribution of

Mn4+ ions. This considerably reduces the exchange strength and long range order

resulting in compositions with lower Tcs. A support for the above interpretation is

obtained from the ac susceptibility studies where a sudden drop is observed below

the Tc at around T = 105 K which becomes less prominent and shifts to lower tem-

perature in the case of compositions with x = y = -0.05. Such effects are observed

in closely related self doped lanthanum manganites, La1−xMnO3, and are found to

be due to domain wall pinning effects with probable pinning centers formed from the

inhomogeneous distribution of Mn4+ ions and/or vacancies created at Mn-sites. In

the compositions with x = y = +0.05, the nature of the low-temperature anomaly is

changed completely resulting in a cusp like behavior. Such a behavior can be expected

in a strongly pinned magnet.

3.4 Conclusions

The detailed systematic studies made on the self-doped lanthanum manganites re-

vealed many unusual characteristics. The theoretically possible self-doping limit to

form a composition La0.67MnO3 (x = 1/3) is far from the experimental results which

showed a maximum limit with which the above perovskite system can be self-doped

is La0.875MnO3 (x = 1/8). This was concluded from the dc magnetic measurements,
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XRD analysis, EPR and resistivity measurements. The EPR spectra of the poly-

crystalline samples showed a definite contribution of all Mn ions in the lattice to

the total intensity. This is confirmed by comparing the integrated intensity of EPR

spectra with the room temperature paramagnetic susceptibility. Formation of a com-

plex Mn3+-Mn4+ spin cluster may be feasible which is thought to be responsible for

the observed resonance in lanthanum manganites [Ret97]. The linear variation of

the parameters, intensity and ∆Hpp with doping concentration further confirms the

contribution of Mn3+-Mn4+ exchange interactions to the total EPR signal. Further-

more, it is evident from the data obtained from magnetic, structural and resistance

measurements on La1−xMnO3 with different values of x, that the limiting value of x

in these self-doped compositions is x = 0.125, which corresponds to a structure in

which a vacancy is shared by eight nearby cubic perovskite unit cells or one vacancy

per rhombohedral perovskite lattice.

Studies on different ferromagnetic compositions in the self-doped manganites,

La1−xMnO3, show that there is no direct correlation between the magnetic ordering

temperature and the Mn4+ concentration. The variation of Curie temperature with

Mn4+ content show opposite trends in the low La-vacancy and the high La-vacancy

compositional regions. Moreover, the Mn4+ concentration decreases with increasing

the deficiency of La, which is opposite to that expected whereas Curie temperature is

increased. Ac susceptibility measurements show that a decrease in the susceptibility,

in the ferromagnetic region, below the Curie temperature, is directly linked with the

concentration of Mn4+ ions. The temperature below which the decrease in the sus-

ceptibility is observed varies with the Mn4+ concentration for different compositions.

In general, more pronounced effects are observed at lower Mn4+ content for each

compositions. There is an associated increase in the coercivity linking the anomalous

behaviour to contributions from magnetic anisotropy. The observations of relaxation

of magnetization in the temperature region where the anomalous behaviour is ob-
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served, disappearance of the anomalous behaviour when higher dc magnetic fields

are used for the ZFC magnetization measurements, the absence of the feature in the

FC magnetization measurements, lower initial magnetization at lower magnetic field

strengths and lower temperatures though the magnetization continuously decreases

with increasing temperature at higher fields, etc., point to the contribution from do-

main wall pinning effects in determining the low-field magnetic behaviour. The likely

origin of the domain wall pinning effects is either from a non-uniform distribution of

the Mn4+ ions which form as pinning centers or from mild structural distortions at

lower temperatures so that the magnetic moments are canted at certain regions in the

structure. Other possibilities such as vacancies of manganese ions, local structural

distortions, etc. may also form as pinning centers. Relatively higher temperatures at

lower magnetic fields or higher fields at lower temperatures are required to overcome

the influence of the pinning effects.

The role of cationic nonstoichiometry in the Ca-substituted lanthanum mangan-

ite composition, La0.9Ca0.1MnO3, with cation deficient and excess compositions has

been studied. The studies indicate the sensitivity of the electronic properties on the

nonstoichiometry of CMR oxides of the type La1−xCaxMnO3.



Chapter 4

Ferromagnetic Properties of
LaMnO3+δ

Oxygen nonstoichiometry is an inherent problem in many oxide materials[Sor81]. The

crystal structure as well as the physical properties are very much susceptible even to

the slightest variations in oxygen stoichiometry as observed in vanadium oxides, high-

Tc superconducting oxides and lanthanum manganites. The magnetic properties of

lanthanum manganites change drastically with the variations in oxygen stoichiometry

and will be discussed in this chapter.

4.1 Introduction

Studies on LaMnO3+δ gained momentum after the discovery of CMR in La1−xAxMnO3

[Rao98, Coe99, Tok00] and there are many reports, in the recent literature, on the

studies of the electronic and magnetic properties of the non-stoichiometric compound.

Ferromagnetism and metal-insulator transition are observed in LaMnO3+δ with high

Mn4+ content and this has been explained in terms of the double exchange interactions

between Mn3+ and Mn4+ ions, as in the case of the divalent ion substituted CMR man-

ganites. It is generally considered that the ferromagnetic Curie temperature increases

with increasing Mn4+ content in LaMnO3+δ, due to the increasing strength of the

double exchange interactions [Tiw97]. One of the important aspects of the La-Mn-O
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Figure 4.1: Comparison of the transition temperature of LaMnO3+δ as a function of
Mn4+ content, from different reports in the literature.

perovskite system is the wide range of non-stoichiometry possible and the related in-

teresting properties. The self-doped, La-deficient, compositions La1−xMnO3+δ are fer-

romagnetic because of the presence of Mn4+ ions. Both LaMnO3+δ and La1−xMnO3+δ

are reported to be orthorhombic for lower Mn4+ concentrations (< 20%) and rhom-

bohedral for higher Mn4+ content [Top97a].

Many reports on the studies on the magnetic properties of LaMnO3+δ suggest

that the compositions are ferromagnetic and the magnetic transition temperature

increases with increasing Mn4+ concentration. However, a comparison of the data

reported on LaMnO3+δ, in the literature, suggests that the general assumption of

the Curie temperature increasing with Mn4+ concentration is not true. The mag-

netic transition temperature as a function of Mn4+ content, observed by different
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researchers [Ver93, Top96, Alo97a, Rit97, Tiw97, Top97a, Lai03], is compared in

Fig. 4.1. Verelst et al. [Ver93] found varying transition temperatures (the metal-

insulator transition temperatures are reported, the ferromagnetic Tcs are noted to be

10-15 K higher) for LaMnO3+δ samples synthesized by different methods and hav-

ing identical Mn4+ concentrations. For example, for compositions containing 33%

Mn4+, the transition temperatures as 145, 167 and 287 K are reported for samples

synthesized by three different low-temperature methods and higher transition tem-

peratures are found for low Mn4+ containing compositions. Similarly, Ritter et al.

[Rit97] have found a non-monotonous change in the Curie temperature of LaMnO3+δ

with increasing Mn4+ content. Tc = 125 K is reported by Ranno et al. [Ran96]

for a composition containing 31% of Mn4+. Contrary to the general observations,

there are also reports of continuously decreasing Curie temperature with increasing

Mn4+ content [Alo97a]. Karavay [Kar80] found that with the decrease in the de-

gree of crystal lattice distortions, the ferromagnetic phase content increases at the

expense of the antiferromagnetic phase whereas Hauback et al. [Hau96] found that

for δ = 0.08 (16% Mn4+), the structure of the compound is orthorhombic with a

ferromagnetic transition at 125 K whereas when the structure is rhombohedral with

30% Mn4+ ions, the compound is not ferromagnetic. A report by Laiho et al. [Lai03]

describes the low-field magnetic properties in which they found a regular decrease of

Tc as the amount of Mn4+ is increased. These and many other results suggest that no

two reports agree on the Curie temperatures of LaMnO3+δ containing identical Mn4+

contents and the Curie temperature depends on the processing conditions. Higher

transition temperatures are generally reported for samples synthesized at lower tem-

peratures. This implies that reasons other than the Mn4+ concentration or crystal

structure may be responsible for ferromagnetism in LaMnO3+δ.

To understand the origin of ferromagnetism and to investigate the absence of

ferromagnetic ordering in certain compositions despite the right structure and Mn4+
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concentrations, we have studied the magnetic properties of LaMnO3+δ in detail. The

strong dependence of structural and magnetic properties on the processing methods

and conditions has also been investigated by employing the ceramic and some soft-

chemical synthesis procedures.

4.2 Synthesis

Different LaMnO3+δ samples were prepared by the ceramic method from La2O3 (pre-

heated at 1273 K for 12 h) and (1)MnO2, (2)MnCO3 and (3)Mn2O3, taking La and

Mn in the 1:1 stoichiometric ratio and the samples have been given the codes LMO1,

LMO2, and LMO3 series, respectively. The samples were fired at various tempera-

tures as given in Table 4.1. Low temperature methods such as the glycine nitrate

process (GNP), the citrate-gel process and a coprecipitation method were also em-

ployed for the synthesis of the samples and the samples codes are LMO4, LMO5, and

LMO6, respectively. The details of the preparation methods are described in Chapter

2. The alphabets along with the sample codes are used in order to indicate the firing

temperature or conditions as given in Table 4.1. The concentration of Mn4+ ions

was estimated by iodometric method and all the samples are found to contain excess

oxygen stoichiometry.

The magnetization was measured as a function of temperature under zero field

cooled conditions in a field of 50 Oe.

4.3 Results and Discussion

The temperature dependence of the magnetization of LaMnO3+δ, synthesized from

MnO2 (LMO1), MnCO3 (LMO2) and Mn2O3 (LMO3) and heated at 1273 K (sample

A) and 1473 K (sample B) for 48 h each, is shown in Fig. 4.2. The Mn4+ concentrations

in the two samples A and B of LMO1 were found to be 33% and 26%, respectively.
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Table 4.1: Processing conditions and change in Mn4+ content in samples prepared
during the present study

SampleCode Method (Starting materials) Firing temperature Mn4+(%)

LMO1A Ceramic (La2O3 & MnO2) 1273 K 33
LMO1B (LMO1A) 1473 K 26
LMO2A Ceramic (La2O3 & MnCO3) 1273 K 20
LMO2B (LMO2A) 1473 K 27
LMO3A Ceramic (La2O3 & Mn2O3) 1273 K 26
LMO3B (LMO3A) 1473 K 26
LMO4A GNP 1073 K 34
LMO4B LMO4A 1273 K 25
LMO4C LMO4B 1473 K 27
LMO5A Citrate process 1073 K 36
LMO5B LMO5A 1273 K 33
LMO5C LMO5B 1473 K 22
LMO6A Coprecipitation 1273 K 28
LMO6B LMO6A 1473 K 31
LMO7A Ceramic (Excess La2O3 & MnO2) 1273 K -
LMO7B LMO7A 1473 K -
LMO7C LMO7B 1573 K -
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Figure 4.2: Temperature variation of the magnetization (H = 50 Oe) of LMO1, LMO2,
and LMO3 heated at (A) 1273 K and (B) 1473 K. The numbers on the curves are
the Mn4+ concentration of the particular sample.

However, there are no well-defined magnetic transitions for these two samples, as

expected from the high Mn4+ concentrations, as shown in the magnetization (M) Vs

temperature (T) curves shown in Fig. 4.2. The magnetization at low temperatures is

larger for sample A compared to that of sample B. On the other hand, well-defined

magnetic transitions are observed for the samples A and B of LMO2 and LMO3 series.

But the magnetic transitions observed for the samples of LMO2 and LMO3 series are

of broad nature and the Curie temperatures (Tc) are found to be below 200 K. The

samples LMO2A and LMO2B (suffices A and B indicate the firing temperatures of

1273 K and 1473 K, respectively) are found to have Mn4+ concentration of 20 and
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Figure 4.3: Powder X-ray diffraction patterns of LMO1, heated at (A) 1273 K and
(B) 1473 K. The arrows indicate weak reflections due to La(OH)3. Inset: expanded
patterns clearly showing reflections due to La(OH)3 in LMO1A.

27 %, with the values of Tc of 166 and 133 K, respectively. Also, for the samples

LMO3A and LMO3B, the estimated amount of Mn4+ is 26% while the values of Tc

are found to be 190 and 142 K. However, the magnitude of magnetization at the

lowest temperature is almost five times larger for LMO2 and LMO3 when compared

to that of LMO1. From the results on LMO1, LMO2 and LMO3, it is obvious that the

amount of Mn4+ is not solely responsible in determining the ferromagnetic properties

of LaMnO3+δ.

The powder X-ray diffraction patterns of the samples of LMO1, LMO2 and LMO3

series are shown in Fig. 4.3, Fig. 4.4, and Fig. 4.5, respectively. All the patterns are

found to be due to a rhombohedral perovskite structure. This nature is expected
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Figure 4.4: Powder X-ray diffraction patterns of LMO2, heated at (A) 1273 K and
(B) 1473 K. Reflections marked by * are due to La(OH)3. Inset: the XRD patterns of
LMO2A and LMO2B, showing weak reflections due to La(OH)3 in the slow scanned
(0.25◦ per minute) XRD pattern of both the samples

because of the high Mn4+ content in the samples. Previous studies have shown that

LaMnO3+δ adopts a rhombohedral structure for δ > 0.1 (>20% Mn4+) [Pav84].

Two very weak reflections close to 2θ = 28◦ are observed for LMO1A (indicated

by arrows in Fig. 4.3) on close examination of the powder patterns of LMO1A and

LMO1B (samples heated at 1273 and 1473 K). This region of the XRD pattern of the

two samples is shown in the inset of Fig. 4.3, which clearly shows two weak reflections

in sample LMO1A and no reflections in this 2θ region for sample LMO1B. These two

reflections are not expected for the rhombohedral perovskites and have been identified

as that of the two most intense reflections of La(OH)3. For LMO2A, showing a

clear ferromagnetic transition at 163 K, these two reflections are of relatively larger
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Figure 4.5: Powder X-ray diffraction patterns of LMO3, heated at (A) 1273 K and
(B) 1473 K. Reflections marked by * are due to La(OH)3. Inset: comparison of the
pattern of LMO3B recorded at the normal and a slow scan rate (0.25◦ per minute),
showing weak reflections due to La(OH)3 in the slow scanned spectra of the sample

intensities (Fig. 4.4) with some other additional reflections also which are again due

to La(OH)3. Though no additional reflections are observed for LMO2B, the two weak

reflections could be detected when the diffraction pattern was recorded at a very slow

scan rate [Tay95]. This is shown in the inset of Fig. 4.4 for LMO2B which shows

a ferromagnetic transition at 133 K. A similar feature is observed for the samples

LMO3A and LMO3B, where the slow scan method is employed in order to detect

the traces of impurity phase of La(OH)3 in powder XRD (Fig. 4.5). The additional

reflections due to La(OH)3 in the XRD patterns of LaMnO3+δ (in LMO1, LMO2

and LMO3) indicate that not all La is reacted to form a 1:1 composition, even if
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the starting ratio of La and Mn is 1:1, and the compounds obtained are likely to

be La-deficient, ie La1−xMnO3+δ. The samples showing higher magnetic transition

temperatures have larger amount of unreacted La and therefore the deficiency of La

is larger in those samples. It is already known that the Curie temperature increases

with increasing La-deficiency in La1−xMnO3±δ (section 3.1.2).

The above observations suggest the possibility for the formation of compositions

with La/Mn < 1. This results in the formation of La-deficient compositions which are

already known to show typical ferromagnetic transition tempeartures above 100 K.

According to Tofield and Scott [Tof74], perfect Mn and oxygen stoichiometry can be

maintained at the expense of vacancies at the La site, ie the formation of LaMnO3+δ

can be visualized as,

La(Mn3+
1−2δMn4+

2δ )O3+δ −→ 1

3
δLa2O3 + La1−2δ/3(Mn3+

1−2δMn4+
2δ )O3

but the authors could not detect any second phase in the Debye-Scherrer X-ray pho-

tograph. However, from the refinement of the structure of LaMnO3.12 from neutron

diffraction data, the authors found that the true composition is La0.94Mn0.98O3. It

was reasoned that the failure to detect the presence of La2O3 in the sample was ei-

ther due to the small amount of this phase which is below the limit of detection of

the instrument or that during exposure of the sample to the atmosphere, the mois-

ture sensitive La2O3 is converted to the poorly crystalline hydroxide La(OH)3 which

will be difficult to detect. However, the present studies show that careful slow scan

method can be used to detect the trace amounts of impurity phase of La(OH)3.

To confirm whether it is La-deficiency in the samples which makes LaMnO3+δ

ferromagnetic and to see whether the results are reproducible, another sample of

LaMnO3 was again made from MnO2 with controlled heating (2-LMO1). Powder

XRD and magnetic studies were made immediately after cooling the samples in the

furnace to room temperature, to look for the presence of La2O3 in the samples, since
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it is known that La2O3 forms weakly crystalline La(OH)3 on exposure to moisture.

The powder XRD patterns of some LaMnO3 samples prepared from MnO2 (in

the 2-LMO1 series) and heated at different temperatures are shown in Fig. 4.6 and

the magnetization curves of these samples are shown in Fig. 4.7. The La2O3-MnO2

mixture taken in the required stoichiometric ratio (La:Mn = 1:1) was initially heated

at 1273 K for 24 h and stored in a sample bottle in the atmospheric conditions for

three weeks (sample A). This sample was further heated at 1273 K for 2 h (sample

B), 6 h (sample C), 24 h (sample D) and then finally at 1473 K for 24 h (sample

E) and 48 h (sample F). The powder XRD and magnetic measurements were made

on sample A, and on other samples immediately after each heating schedule. For

all samples, the powder patterns are found to be due to a rhombohedral perovskite

structure, as in the case of LMO1. For both 2-LMO1A and 2-LMO1B, many weak

additional reflections are observed in the XRD patterns.

A comparison with the simulated powder XRD patterns of La(OH)3 and La2O3

indicate that all the strong reflections of La(OH)3 are found in the pattern 2-LMO1A

and the reflections due to La2O3 are found in the pattern of 2-LMO1B (XRD pattern

recorded immediately after cooling the sample in a furnace). This indicates that a

small portion of La2O3 is not reacted initially and this is converted to La(OH)3 during

the course of time. The amount of unreacted La2O3 is decreased after each heating.

After heating the sample at 1473 K for a long duration (sample F), presence of La2O3

is still observed, in very small amounts, in the XRD pattern.

Magnetization curve of 2-LMO1A shows a broad ferromagnetic transition close

to 270 K (Fig. 4.7). Such a high transition temperature is expected because part

of La is not reacted and therefore the compound obtained must be an La-deficient

La1−xMnO3±δ since the Tc corresponds to those of La1−xMnO3±δ samples with large

values of x. Samples B, C, and D show a continuous increase in magnetization as the

temperature is decreased, with no well-defined magnetic transitions. A clear magnetic
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Figure 4.6: Powder XRD patterns of 2-LMO1, initially heated at (A)1273 K for 24 h
and then for different durations; at (B) 1273 K 2 h, (D) 24 h and at (F) 1473 K for 48
h . The arrows indicate the reflections due to La2O3. The simulated XRD patterns
of La2O3 and La(OH)3 are also shown for comparison.
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Figure 4.7: Temperature variation of the magnetization (H = 50 Oe) of LMO3,
initially heated at (A)1273 K for 24 h and for different durations; at (B) 1273 K 2
h,(C) 6 h , (D) 24 h and (E) at 1473 K for 24 h and (F) at 1473 K for 48 h. The
dotted line is the magnetization curve of La0.97MnO3+δ.

transition is observed for sample F below 120 K and the Mn4+ concentration in this

sample was estimated as 28%. This magnetic transition temperature is less than that

observed for LMO3B with 26% of Mn4+ (150 K) and having the same rhombohedral

structure. More over, the low Curie temperature of this sample is contrary to the

various reports in the literature on the ferromagnetic properties of LaMnO3+δ having

a rhombohedral structure and high Mn4+ content. Estimation of the true composition

of sample F, from the relative intensities of the peak due to La2O3 and the most intense

reflection of the perovskite phase, gives the value of x ≈ 0.03 in La1−xMnO3+δ. The

magnetization curve of a sample of La0.97MnO3+δ processed under identical conditions

and having a comparable Mn4+ concentration of 29% also shows a magnetic transition
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Figure 4.8: Temperature variation of the magnetization (H = 50 Oe) of the samples
LMO4 and LMO5 heated at (A) 1073 K and 1273 K (C) 1473 K. The numbers on
the curves are the Mn4+ concentration of the particular sample.

at ∼120 K similar to that of sample F. As shown in Chapter 3, large values of Mn4+

concentrations are known for low values of x in La1−xMnO3+δ, further confirming

that the LaMnO3+δ sample is an La-deficient composition.

Generally, high Mn4+ concentrations and high Curie temperatures are reported for

LaMnO3+δ samples synthesized by low-temperature methods [Ver93, Hau96, Tiw97].

In this work, the samples prepared by the GNP method (LMO4) show high values of

Mn4+ concentration when annealed at 1073 K (LMO4A), 1273 K (LMO4B) and 1473

K (LMO4C) as indicated in Table 4.1. However, no clear ferromagnetic transition is
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Figure 4.9: Powder X-ray diffraction patterns of LMO4, heated at (A) 1273 K and
(B) 1473 K. No reflections due to impurities are observed in the XRD spectra of the
sample

observed in the ZFC magnetization in the measured temperature range as shown in

Fig. 4.8.

Similarly, the samples prepared by the citrate gel method also show high values

of Mn4+ concentration when annealed at 1073 K (LMO5A) and 1273 K (LMO5B).

But when fired at 1473 K for 24h, this sample (LMO5C) is found to contain 22% of

Mn4+ ions and shows a well defined magnetic transition. However, in any of these

samples, no impurity peaks corresponding to La2O3 or La(OH)3 were observed in the

XRD patterns (shown in Fig. 4.9) even when the slow scan method was followed. The

presence of small amounts of La(OH)3 is observed in the powder XRD pattern for

the sample prepared by a coprecipitation method and heated at 1273 K (LMO6A)
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Figure 4.10: Temperature variation of the magnetization (H = 50 Oe) of the sample
LMO6 heated at (A) 1273 K and (B) 1473 K The numbers on the curves are the Mn4+

concentration of the particular sample. Inset: the powder XRD patterns showing the
impurity phase due to La(OH)3 in sample A.

as shown in the inset of Fig. 4.10 and this sample shows a ferromagnetic transition

below 200 K as shown in Fig. 4.10. However, no impurity peaks are observed in the

XRD pattern of sample LMO6B (annealed at 1473 K) which show no well-defined

magnetic transition in the measured temperature range.

When the compounds are synthesized by the low-temperature methods, the re-

flections in the XRD patterns are slightly broader due the smaller particle sizes (21

nm, 40 nm and 28 nm for LMO4A, LMO5A, and LMO6A, respectively) and it will be

difficult to observe small amount of impurity phases in these powder XRD patterns,

unless due care is given. The presence of small amounts of impurity phases may

not be observed in the powder XRD pattern because of line broadening due to the
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Figure 4.11: Comparison of the temperature variation of the magnetization (H =
50 Oe) of the LaMnO3+δ samples, heated at 1473 K. The numbers indicate Mn4+

concentrations.

smaller particle size of the impurity phase or if the XRD patterns are recorded after

the conversion of unreacted La2O3 to less crystalline La(OH)3. This is likely to be

the reason why impurity phases are not generally detected in low-temperature syn-

thesized LaMnO3+δ samples showing higher magnetic transition temperatures. The

temperature variation of magnetization of the different LaMnO3+δ samples, heated

at 1473 K, is compared in Fig. 4.11 and none of these samples show identical mag-

netic characteristics. It is interesting to note that the final compound obtained in the

two series synthesized from MnO2 (LMO1B and 2-LMO1F), have different magnetic

characteristics. A clear magnetic transition for 2-LMO1F, with a higher value of

magnetization, is observed when compared to that of LMO1B. Similarly, though the

Mn4+ content is identical for LMO1B and LMO3B, no magnetic transition is observed
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Figure 4.12: Temperature variation of the magnetization (H = 50 Oe) of the sample
LMO7 heated at (A) 1273 K, (B) 1473 K, (C) 1573 K. Inset: the powder XRD
patterns showing the impurity phase due to La(OH)3 in the samples A, B and C.

for the former whereas a clear magnetic transition below 160 K is observed for the

latter. These observations indicate the fact that it is not possible to reproduce the

results on LaMnO3+δ and this may be attributed to the formation of La1−xMnO3+δ

with different small x values in the final products. Higher Curie temperatures are

observed for La1−xMnO3+δ, even for small values of x [Kim01].

In the La-Mn-O perovskite system, the different compositions, LaMnO3+δ and

La1−xMnO3+δ are generally prepared by the same methods and under identical con-

ditions, by taking the starting components in the appropriate stoichiometric ratio.

This implies that La and Mn oxides can react initially to form any composition in

La1−xMnO3+δ even if the components are taken in the 1:1 ratio and the present results
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indicate that it is easy to obtain La1−xMnO3+δ than LaMnO3+δ. This also implies

that there is no control over the formation of LaMnO3+δ, and La1−xMnO3+δ with any

value of x can form initially. The final small value of x is determined by this reac-

tion and therefore cannot be reproduced. Hence the magnetic characteristics will be

different for different samples even if they are synthesized under identical conditions.

Since the LaMnO3+δ compositions synthesized from a 1:1 mixture of La and Mn

compounds give rise to La1−xMnO3, another composition was synthesized by taking

excess of La2O3. The magnetic properties of the composition which was prepared from

La2O3 and MnO2 by allowing La:Mn ratio of 1.1:1 and heated at various temperatures

ranging from 1273 K to 1573 K with several intermediate grindings is studied (this

is denoted by the sample code LMO7). This excess amount of lanthanum oxide is

sufficient to show the presence of impurity phase of La(OH)3 in the XRD patterns of

the final compositions.

The ZFC magnetization curves of LMO7 are shown in Fig. 4.12 and the XRD

patterns in a small region are shown in the inset of Fig. 4.12. There is no obser-

vation of ferromagnetic features in the measured temperature range for the samples

LMO7B and LMO7C, which are annealed for 24h each at 1473 K and 1573 K respec-

tively. However, LMO7A shows a fairly large value of magnetization at the lowest

temperature measured showing the presence of ferromagnetic components. In the

XRD pattern, the intensity of the peak corresponding to La(OH)3 is maximum for

LMO7A and is found to decrease as the samples are annealed at higher temperatures

further indicating the incomplete formation of the final composition when annealed

at 1273 K for 48h. Thus, the ferromagnetic nature is observed whenever there is an

incomplete reaction as evidenced from various XRD and magnetic measurements.

A comparison of the temperature dependence of the ZFC magnetization of the

LaMnO3+δ samples prepared by ceramic method with various starting materials and

some compositions with various values of x in La1−xMnO3+δ prepared by the ceramic
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Figure 4.13: Comparison of the temperature variation of the magnetization (H =
50 Oe) of various La1−xMnO3±δ and LaMnO3+δ samples. The numbers indicate the
values of x in La1−xMnO3±δ.

method from La2O3 and MnO2 is shown in Fig. 4.13. The dependence of Tc on the

processing conditions of LaMnO3+δ is evident from Fig. 4.13. The sample 2-LMO1A

shows an initial increase below 270 K and then the magnetization further increases

almost linearly with decreasing temperature and there is no well defined ferromag-

netic transition. This can be assumed to be due to the mixed phase behavior, in

which, La1−xMnO3+δ compositions with almost all possible values of x are present.

But this sample when annealed at 1473 K for 48h, shows a ferromagnetic transition

temperature of ≈ 100 K. This corresponds to the Tc observed for the self-doped com-

position with x = 0.031. Also, for the samples LMO2B and LMO3B, a clear magnetic

transition is observed around 150 K, corresponding to self-doped compositions with

values of x between 0.063 and 0.042.
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4.4 Conclusions

The present results give evidence for the fact that the ferromagnetism observed in

oxygen excess LaMnO3+δ is due to the formation of La-deficient compositions and

the magnetic nature is largely dependent on the processing conditions of the sam-

ples. Our observations are in par with the results reported by various researchers

that LaMnO3+δ is La1−xMn1−yO3 where x may or may not equal to y. However,

our observations suggest the formation of compositions with cationic vacancies with

x > y, ie, the self-doped compositions, La1−xMnO3+δ during the synthesis of LaMnO3.

The origin of ferromagnetism in LaMnO3+δ is, therefore, due to the formation of

La1−xMnO3+δ compositions in the samples which are ferromagnetic due to the pres-

ence of Mn4+ ions. The processing condition is a major factor and depending on the

reactants and the heating conditions, the self-doped compositions with various values

of vacancy concentration may be formed. This explains the reason for the irrepro-

ducible magnetic properties of LaMnO3+δ synthesized by the identical or different

methods or conditions.



Chapter 5

Superspin Glass Behavior of
LaMnO3+δ

Generally, a high Tc is expected for the compositions containing larger amounts of

Mn4+ such as in La0.625Ca0.375MnO3, among the calcium substituted lanthanum man-

ganites [Tok00]. Conversely, a decrease in Tc with the increase in the amount of

Mn4+ content is observed in La1−xMnO3±δ, LaMnO3+δ and some lightly substituted

lanthanum calcium manganite compositions [Rit97, Tok00, Dez02]. Since these com-

pounds tend to form compositions with excess oxygen non-stoichiometry (+δ) under

normal synthesis conditions, it can be assumed that the δ-factor plays an important

role in determining the unusual magnetic properties of such compositions. The spin

glass-like features of some oxygen nonstoichiometric compositions have been studied

in this chapter.

5.1 Introduction

Oxygen non-stoichiometry in lanthanum manganite has been a subject of intense re-

search over the years [Van94a, Van94b, Rao98, Tok00, Nak02a]. The uncontrollable

oxygen stoichiometry in such compounds leads to interesting magnetic and charge

transport properties which point out the complex electronic mechanisms involved in

the system. The very sensitive nature to the oxygen stoichiometry induces certain
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changes in the magnetic structure by changing the ratio of concentrations of mag-

netic manganese ions in trivalent to tetravalent states in the perovskite structure

[Pav84, Rit97]. Oxygen non-stoichiometry in divalent ion doped lanthanum mangan-

ite composition, La1−xAxMnO3+δ, is normally observed when, x < 0.1. When x is

higher than this value, the amount of Mn4+ ions becomes sufficient enough to mini-

mize the structural distortion whereas in the lower doping concentration range, aid of

excess oxygen helps to maintain a less strained crystal lattice by the same mechanism.

The excess oxygen affects the crystal structure to a considerable extent which in

turn determines the magnetic properties of the material [Ver93, Van95]. But the ac-

commodation of excess oxygen in the perovskite structure is difficult to be understood

clearly, since no voids suitable for an interstitial oxygen anion are present in the close

packed layers of LaO3 [Mit02]. Thus, excess oxygen is accounted in terms of vacancies

at cationic sites. In chapter 4, based on the magnetic properties as well as careful

X-ray diffraction studies, the possible origin of ferromagnetism in LaMnO3+δ has been

concluded as due to the presence of self-doped compositions (unequal concentration

of La and Mn ions) at very low doping concentrations. Also, Chapter 3 describes

the magnetic properties of La1−xMnO3 and it has been suggested that vacancies are

possible at Mn-site as well. The cation deficiencies at both the La and Mn sites along

with the large amount of Mn4+ can have serious effects on the magnetic properties of

LaMnO3+δ. In fact, spin glass (SG) nature is reported for LaMnO3.15 though no anti-

ferromagnetic contribution is detected from neutron diffraction studies.[Rit97] Based

on a cation vacancy model, the effect of excess oxygen on the magnetic properties of

LaMnO3+δ is discussed in detail in this chapter.
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5.2 Synthesis

Some of the LaMnO3+δ samples discussed in the previous chapter are used for the

detailed studies on the magnetic properties here. Since only selected samples are

used, they have been given different code names and the details are given in Table

5.1. The values of δ as determined from the estimation of Mn4+ content from the

iodometric titrations, where δ = 2 x concentration of Mn4+, are indicated in the table.

5.3 Results and Discussion

5.3.1 Formation of Superspin Clusters in LaMnO3+δ

The oxygen nonstoichiometry is known to control the structural features of the

LaMnO3+δ compositions [Pav84, Lai05]. From the Raman spectroscopic studies on

certain LaMnO3+δ samples, Laiho et al. have concluded that when δ = 0, the struc-

ture is orthorhombic, when δ = 0.065-0.112, the structure is cubic with small rhom-

bohedral distortions and when δ = 0.125-0.154, the structure becomes rhombohedral

[Lai05]. It is described in chapter 4 that the ferromagnetism in LaMnO3+δ is due

to the formation of self-doped compositions with the general formula La1−xMnO3±δ

or otherwise written as La1−xMn1−yO3, where x and y are generally small fractions

which may be equal [Van94a, Top96, Top97b] or unequal [Tof74, Alo97a]. In Chapter

3, it is indicated that La1−xMnO3±δ with values of 1/8 < x < 1/14 correspond to

lanthanum deficient compositions with oxygen deficiency whereas compositions with

x < 1/14 form manganese deficient compositions. Thus, a large amount of oxygen

non-stoichiometry is known to affect both the cationic sites (La & Mn) arguably to

different extents, and more on Mn-site when doping concentration is fairly low. Effect

of oxygen non-stoichiometry on the magnetic properties is observed in Ca-substituted

lanthanum manganite compositions, La1−xCaxMnO3, with values of x < 0.2 [Tok00].
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Table 5.1: Details of the LaMnO3+δ samples on which the current investigation is
made
Sample Starting materials Final Firing Mn4+ δ
code and method Temp. (K)/Duration (±1%)

A1 La2O3 & MnO2 1273 K/ 48 h, 26 0.13
1473 K/ 48 h

A2 A1 heated at 1473 K/ 24 h 25 0.125

A3 A2 heated at 1573 K/ 24 h 23 0.115

B1* La2O3 & MnO2 1273 K/ 24 h, 30* 0.15
1473 K/ 48 h, 1573 K/24 h

C1 La2O3 & Mn2O3 1273 K/ 24 h, 23 0.115
1473 K/ 48 h, 1573 K/24 h

C2 C1 heated at 1573 K/ 24 h 32 0.16
with excess La2O3

D1 1073 K, 12 h 36 0.18

D2 Citrate gel D1 heated at 1273 K/ 12 h 33 0.165

D3 D2 heated at 1473 K/ 12h, 12 h 23 0.115
1573 K (Pellet)/ 24 h

∗ Sample prepared by taking La:Mn ratio of 1:1.2.
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Figure 5.1: The powder XRD patterns of LaMnO3+δ samples prepared by ceramic
method with different values of δ, (A1 (δ = 0.13), A2 (δ = 0.125), A3 (δ = 0.115)).

But, the Mn deficiency in such manganite system has not been considered in great

deal or known to have effects on the physical properties of the manganites. Since

manganese ions are responsible for the magnetic and transport properties of vari-

ous manganite compositions, vacancies at the Mn-site in the manganites could be

expected to have various effects on such properties.

In LaMnO3+δ with different values of δ (Samples A1, A2 and A3), but all with

rhombohedral structure with space group R3̄c (XRD patterns are shown in Fig. 5.1),
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Figure 5.2: The ac susceptibility curves of LaMnO3+δ samples, A1, A2, and A3
measured at 2 Oe and 210 Hz.

the ac susceptibility shows a well defined magnetic transition when the concentration

of Mn4+ is below 25% (sample A3) and cusp-like nature when concentration of Mn4+

is above 25% (sample A1) as shown in Fig. 5.2. For a sample with 25% Mn4+ content,

multiple magnetic transitions are observed indicating some kind of phase separation.

The first magnetic transition for this sample is at the Tc of A3. In LaMnO3.13 (sample

A1), with 26% quadrivalent manganese ions, there is no sharp magnetic transition

observed in the temperature dependent zero field cooled (ZFC) magnetization, but

shows a cusp-like feature as shown in Fig. 5.3. Ritter et al. have observed certain

short range ferromagnetically ordered phase but no antiferromagnetic type of ordered

phase in their neutron diffraction studies on LaMnO3+δ, with δ = 0.15 [Rit97].

This short range ordering is assumed to be due to the formation of tiny clusters
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Figure 5.3: ZFC (solid lines) and FC (dotted lines) magnetization curves of sample
A1 at two different fields, 50 Oe and 200 Oe.

with dimensions in the nanometer range which are isolated from one another in a

non-magnetic matrix. Such compositions with high values of δ shows spin glass-like

features which is thought to be produced as a result of competing interactions of

FM and AFM types [Hau96, Rit97, Des98, Ghi99]. The ZFC and FC magnetization

studies (as shown in Fig. 5.3) show a divergence which is generally considered to be

a trademark property of spin glasses [Myd93]. But many superparamagnets, domain

wall pinned magnets and other strongly anisotropic magnetic materials behave in

a similar manner and a clear distinction of a spin glass phase is not possible from

the divergence in the FC and ZFC magnetizations [Kum98a, Can01, Kum02, Han03,

Sku03].

As described in Chapter 3, in the self-doped compositions of the general formula,
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Figure 5.4: ZFC (solid lines) and FC (dotted lines) magnetization curves of self-doped
compositions, La1−xMnO3; the numbers indicate the value of x in La1−xMnO3.

La1−xMnO3, there are definite probabilities for the formation of cation as well as anion

deficient compositions due to the oxygen non-stoichiometry. It was found that when

the value of x is small, the La/Mn ratio reaches unity and increases further on reduc-

ing the self-doping concentration. When La/Mn ratio decreases, compositions with

La-deficiency are formed which introduces ferromagnetism in the non-stoichiometric

lanthanum manganites. Also, as discussed in Chapter 4, LaMnO3+δ is La1−xMnO3+δ

with small values of x and large values of δ which are likely to be Mn-deficient com-

positions. The ZFC and FC magnetization curves of various self-doped compositions

are compared with that of the x = 0 composition in Fig. 5.4. As the value of x is

decreased, the broadness of the M-T curve is increased which is attributed to the

formation of ferromagnetic clusters. The reason for the drop in the magnetization
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Figure 5.5: Temperature dependence of the ac susceptibilities of samples C1 and C2
(C1 heated with excess La2O3).

below Tc is addressed in detail in Chapter 3 and is attributed to domain wall pinning

effect. The nature of the M-T curve for the composition when x = 0, completely

changes and a cusp is ensued which is often identified as a spin-glass behavior. It is

more likely to be an extreme case of a rather general trend as observed in the whole

range of La1−xMnO3 compositions. Thus, when δ = 0.13, as for the sample A1, a

corresponding deficiency at Mn-site would have formed which is above the percolation

limit for a perfect long range ordering. For the sample prepared with x = -0.2 (sample

B1), excess La2O3 is observed as an impurity phase (as expected) in the the powder

XRD patterns along with the reflections from a rhombohedral perovskite phase. A

cusp has been observed in the ZFC magnetization curve of this sample as in the case

of the sample A1, as shown in Fig. 5.4. Similarly when excess La is introduced in
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a sample showing a well defined ferromagnetic transition (sample C1), a cusp-like

feature is observed in the M-T curve for the resulting composition (sample C2). This

further confirms the role of La/Mn ratio in determining the magnetic properties.

The parent compound shows a rhombohedral perovskite structure and a well defined

Curie temperature (Tc = 150 K) as shown in the ac susceptibility curves in Fig. 5.5.

This behavior is quite similar to that of La0.94MnO3 as explained in Chapter 3. This

composition is heated after mixing with La2O3 such that the resulting composition

(sample C2) would contain a maximum La/Mn ratio of 1.1. The ac susceptibility

curve of the modified sample now corresponds to a cusp-like behavior with the maxi-

mum susceptibility at around 45 K. This is in accordance with the observations made

for the samples A1 and B1.

Based on the values of δ obtained from the Mn4+ concentrations, a large amount

of cation vacancy should be observed in LaMnO3+δ since there are no interstitial sites

available for oxygen anion. If the cation vacancy is formed at the La-site alone, as

in the case of LaTiO3+δ [Mac94], presence of a second phase should have been ob-

served in the phase purity analysis using powder XRD studies. Also, large amount of

vacancies at the La-site would have resulted in well-defined, high ferromagnetic tran-

sition temperatures as observed in the case of the self-doped lanthanum manganite

compositions, La1−xMnO3, x ≤ 0.125. Conversely, no well defined ferromagnetic tran-

sition temperature is observed for the samples with very high values of δ LaMnO3+δ.

This implies that the cation vacancies may be distributed among the La sites as well

as the Mn sites giving rise to various possible compositions for different values of

δ. An immediate inference should be the abrupt breakage of long-range ordering of

spins (magnetic exchange) at the Mn site vacancies. Thus, the extent of exchange in

LaMnO3+δ is largely determined by the distribution of Mn vacancies induced by the

excess oxygen present. LaMnO3+δ is generally regarded as La1−xMn1−xO3 , i.e, with

equal amounts of La-site and Mn-site vacancies [Van94a, Top97b, Nak02a]. Other
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models include unequal number of vacancies at the cationic sites which could be rep-

resented as La1−xMn1−yO3 - the end members being La1−xMnO3 and LaMn1−yO3

[Tof74, Alo97a, Ghi99]. In the latter model, three cases may be envisaged. Firstly,

when x > y which would result in lanthanum deficient compositions with La/Mn <

1, Secondly, when y > x which would result in lanthanum deficient compositions with

values of La/Mn > 1, and finally when x = y (La/Mn = 1), which is the generally

accepted model with equal number of cationic vacancies to account the excess oxy-

gen stoichiometry that is usually observed in perovskite type lanthanum manganites.

But it may be seen from Chapter 3 on self-doped compositions that La/Mn ratio be-

comes more than unity when the doping concentration becomes less than 1/14. Also,

non-stoichiometric lanthanum manganite compositions are reported to have La/Mn

ratio greater than one [Aru96, Alo97a, Alo97b, Top97a]. Thus, there is a certain

possibility that the value of y becomes greater than x resulting in the breakage of

long-range magnetic order in the system. This abrupt breakage results in the for-

mation of ferromagnetic clusters and if the clusters are very small in size, they may

behave as single domain clusters and would show single domain behavior similar to

the magnetic nanoparticles. The short range magnetic exchange responsible may be

the double exchange between Mn3+ and Mn4+ ions as observed in other manganite

compositions. Such double exchange clusters may be randomly distributed in the

perovskite lattice. As δ decreases, the vacancies at Mn-site decreases and the mag-

netic order is less disturbed. Then the single domain clusters grow in size resulting in

the increase of the cusp temperature (can be identified as the blocking temperature)

which finally forms multidomain structure with well defined ferromagnetic character

once the long range order becomes possible. Thus, if the oxygen non-stoichiometry,

δ, is the factor which controls the magnetic structure of the compositions - either

in terms of the amount of Mn4+ or La/Mn ratio - a decrease in δ or Mn4+ content

would result in lowering of La/Mn ratio by reducing the number of vacancies at the
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Figure 5.6: Field-dependence of the cusp (moves to lower temperatures as field
strength is increased) of ZFC magnetization of the sample A1. The dotted line is
a guide to eye.

Mn-site. As a result, long range order can be expected to be set in even though the

amount of Mn4+ is decreased. The observed properties are found to be matching

with the above arguments. The temperature corresponding to the cusp observed in

the MZFC-T curve is identified with TB, the equivalent superparamagnetic blocking

temperature. Sample A1 shows a TB of ∼40 K when measured at a field strength of

50 Oe, above which the thermal energy randomizes the individual cluster spin mo-

ments. Fig. 5.6 shows the MZFC-T curves of the sample A1 measured at different

field strengths. The cusp remains at field strengths of 50, 200,750 and 1000 Oe, but

vanishes when measured at a field strength of 5000 Oe. A characteristic feature of the

superparamagnets and spin glasses is the field dependence of the cusp as well as the
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Figure 5.7: The M-H curves recorded at various temperatures for the sample A1. A
portion of the hysteresis loop at 12 K is shown in the inset.

cusp temperature. At higher field strengths, the parallel alignment of single domain

moments to the applied field become spontaneous leading to high magnetization val-

ues at the lowest temperature itself. Here, a shift of TB towards low temperatures

could be observed for the sample A1 as the field strength is increased from 50 to 5

kOe as shown in Fig. 5.6.

The M-H curves (field dependence of magnetization) of the sample A1 measured

at different temperatures across the TB are shown in Fig. 5.7. It can be seen that the

loop opens up at temperatures below TB and the coercivity of the sample is fairly

large at the lowest temperature. But at temperatures very close to TB ∼40 K, the

loop closes up but with high magnetization values. Once the temperature is increased

above TB, typical superparamagnetic nature could be observed. For the M-H curve
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Figure 5.8: The variation of coercivity of the sample A1 with temperature. A sharp
decrease of Hc is followed by a constant value (virtually zero) when TB is reached.

measured at 91 K, shown in Fig. 5.7, there is no saturation of magnetization even at

the maximum field of 15 kOe.

For the sample A1 with δ = 0.13, the temperature dependence of the coercivity is

shown in Fig. 5.8. The coercivity decreases abruptly when the temperature is raised,

coming down to a value of around 160 Oe at 15 K from 350 Oe at 12 K. The coercivity

is found to be decreased to zero as the temperature is increased further up to 40 K

and beyond. This is a typical nature of superparamagnetic materials. The high values

of coercivity observed at low temperatures can be explained as due to the rotation of

total magnetization of the single domain magnetic clusters which is a difficult process

when compared to the domain wall motion in multidomain structures. A similar

behavior is observed for the sample B1, as shown in Fig. 5.9 where excess lanthanum

was incorporated so as to make La/Mn ≥ 1.
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Figure 5.9: The variation of the coercivity with temperature for La1−xMnO3 with x
= -0.1 (sample B1). Coercivity decreases abruptly to zero at TB.

Similar behavior, however, is not observed in the case of self-doped lanthanum

manganites that possess well defined ferromagnetic nature, as well as for the sample

A3. The M-H behavior A3, a self-doped manganite, samples A1 and D1, measured

at 12 K, are compared in Fig. 5.10.

The saturation magnetization and magnetic hysteresis of the sample with x = 0

and Mn4+ = 23% (sample A3) is similar to that of the self doped composition with x

= 0.937 and Mn4+ = 25%, whereas LaMnO3+δ samples Mn4+ content > 25% do not

attain saturation of magnetization even at 15 kOe and have high coercivity values.

It is important to note that the magnetization at the largest field used in the present

work, M(H = 15 kOe) is very low for the samples with high amount of Mn4+.

All the above features are also observed in the samples prepared by a soft chemical

route, i.e., citrate-gel method (samples D1, D2 and D3). The low-field dc magneti-
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Figure 5.10: The M-H curves recorded for various nonstoichiometric lanthanum man-
ganite compositions with a) x = 0, Mn4+ = 26% (sample A1), b) x = 0, Mn4+ = 36%
(sample D1), c) x = 0.937, Mn4+ = 25%, d) x = 0, Mn4+ = 25% (sample A3).

zation measurements done at a field of 50 Oe under ZFC and FC conditions for the

samples D1, D2 and D3 are shown in Fig. 5.11. The XRD patterns of D1 and D2,

shown in Fig. 5.12 could be indexed to the rhombohedral perovskite structure (the

rhombohedral splitting of the most intense peak is not clearly evident for D1 because

of the broad reflections due to the smaller particle size of the sample). The TB for

the sample D1 with δ = 0.18 is ∼41 K and as the value of δ is decreased to 0.165, the

magnetization of the sample is increased and TB is also increased to ∼45 K (sample

D2). For the sample heated at a higher temperature of 1573 K, δ is found to be

decreased to 0.115 (sample D3) and a well defined ferromagnetic character with a

sharp magnetic transition is observed. The Curie temperature of the sample D3 is
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Figure 5.11: The ZFC and FC magnetization curves of the samples a. D1 with δ =
0.18, D2 with δ = 0.165 and D3 with δ = 0.11

found to be ∼130 K, matching with the Tc of the self-doped compositions having low

degree of doping. Also, as can be seen from the M-H behavior of the samples D1 and

D3 (Fig. 5.13) measured at 12 K, there is no saturation of magnetization (Ms) for the

sample D1 but has large coercivity whereas for sample D3 the magnetization saturates

at higher fields and higher value of magnetization is observed. A low magnetization

value of 27 emu/g even at 15 kOe for the sample D1 compared to 76 emu/g for the

sample D3 also points out that the extent of ferromagnetic exchange is larger in D3

than that in D1, though an inverse conclusion would be expected from the amount

of Mn4+ obtained.

Thus the studies on four different sets of the nonstoichiometric LaMnO3+δ sam-

ples A, B, C, and D (see Table 1) indicate that when the Mn4+ concentration is
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Figure 5.12: The powder XRD patterns of LaMnO3+δ samples with different values
of δ, prepared by citrate gel method; D1 with δ = 0.18 and D2 with δ = 0.165

below 25%, the samples show ferromagnetic character whereas for larger values, the

observed characteristics are that of a spin glass or superparamagnet. These factors

substantiate the conclusion that the long range order is disturbed in the LaMnO3+δ

compositions as the value of δ is increased beyond a certain extent. It can be, there-

fore, concluded that the cusp like magnetization behavior at low temperatures for

LaMnO3+δ samples with fairly large values of δ is due to the single domain clusters

resulting in superparamgnetic-like behavior caused largely by the cationic vacancies.

Based on the value of δ obtained for different LaMnO3+δ samples, a cationic defect

model comprising of both the types of vacancies could be considered. The increasing

amount of δ produces greater number of vacancies of La and/or Mn ions to different
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Figure 5.13: The M-H curves recorded for the samples D1 with δ = 0.18 (solid line)
and D3 with δ = 0.11 (dotted line). For the sample D1, a large coercivity is observed
and the enlarged hysteresis loop is shown in the inset.

extent. Such a model seems to be necessary to explain the present observations. It is

important to consider the effects of Mn-site vacancies on the long range order and re-

strictions imposed on the domain structure while evaluating the magnetic properties

of LaMnO3+δ. A general formula of La1−xMn1−yO3 is likely to explain the various

magnetic features of LaMnO3+δ, with x number of La-site vacancies and y number

of Mn-site vacancies. The total number of vacancies, i.e. x + y is always equal to

2δ/3, with maximum limit of 2δ/3 and the lowest limit of zero for both La and Mn

site vacancy concentrations. Thus, LaMnO3.13, with δ = 0.13, can be represented in

many forms with a total of around 9% of vacancy concentration. An exact calculation

of La and Mn site vacancies from the value of δ is not possible. Thus, contrary to
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Figure 5.14: A compositional correlation diagram of La1−xMnO3±δ for 0 < x < 0.071
(data from Table 3.1)

the previous reports, a maximum of 2δ/3 number of Mn-vacancies is possible in the

unit cell which would have significant effects on controlling the magnetic exchange

interactions and determining the size of the magnetic clusters. The variation in the

magnetic properties with δ, can be easily explained by this model. It also explains

the reason why the magnetic properties of LaMnO3+δ are not reproducible, and why

the properties in different technological regime differs from one another.

Based on the observations on the La and Mn vacancies in the self-doped lan-

thanum manganite La1−xMnO3 (differing amounts of La and Mn vacancies depend-

ing on the Mn4+ concentration) as shown in Table 3.1, a compositional correlation

diagram drawn considering the concentration of both the types of cations in self-

doped compositions is shown in Fig. 5.14. A linear behavior is observed where the
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Mn stoichiometry reaches a very low value when the La stoichiometry reaches 100%.

The extrapolated curve shows that when the value of La concentration approaches

100 %, Mn concentration is decreased almost to 92%. This is in accordance with

the statement that, high degree of vacancies (∼8%) at the Mn-site is possible in lan-

thanum manganite with large excess of oxygen non-stoichiometry. The unexpectedly

high values of Mn4+ obtained for lanthanum manganite, LaMnO3+δ have at least two

consequences; first one, obviously is the cationic deficiency created in the structure,

and second one is regarding the distribution of cations. The latter one becomes im-

portant to be considered since the inhomogeneous cation distribution often has the

tendency to cause phase separation in the system which may affect the long range

magnetic order. Indication for such a phase separation is observed in the case of

sample A2 with 25% of Mn4+ content and this sample shows two magnetic transi-

tions. The scenario of such a phase separation in oxides has been gained tremendous

interest and importance recently [Mor99, Ueh99, Rao03], and it is worth considering

when explaining the formation of magnetic clusters and their isolation in the crystal

lattice. The scenario of phase separation has much more implications on the types

of magnetic clusters involved in the system. It is not essential that the compositions

contain clusters with a single chemical formula. Corresponding to the same blocking

temperature, there may be various entities with different values of x and y present in

the form of magnetic clusters with nano-dimensions, isolated from each other.

Superparamagnetic behavior has been observed in polycrystalline Li-doped NiO

from the low-field susceptibility measurements when there is more than 70% of the

ordered phase is present [Baj00]. But the phase responsible for such a behavior is not

well defined because of the inherent complexity associated with the polycrystalline

materials. Formation of finite antiferromagnetic clusters have been reported by Nair

et al. in Pr0.5Ca0.5Mn0.975Al.025O3 composition [Nai04]. Al substitution in the charge

ordered composition, Pr0.5Ca0.5MnO3 introduces random impurities in the Mn-O-
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Mn lattice thus reducing the range of charge ordered interactions and ultimately

forming weakened charge ordered clusters. These mesoscopic clusters are believed

to be thermally blocked and the magnetic properties are history dependent. In Cd

doped ZnCr2O4, when the Cd doping exceeds 3%, the Neel ordering of the sample is

destroyed and frozen phase of spin-correlated nanoclusters are formed [Rat02]. It is

also observed that the local structure of the thermally blocked state closely resembles

that of the cooperative paramagnetic phase. It is believed that in Zn1−xCdxCr2O4, the

exchange interaction is restricted to a short range by the lattice strain developed in the

crystal when Zn2+ is replaced by the 1.3 times bigger ion Cd2+. It has been observed

that as the percentage of Cd doping is increased, a cusp observed in the magnetization

Vs. temperature curve is shifted to low temperatures implying the weakening of long

range magnetic interaction. A recent study on Ru-deficient strontium ruthenates

show a decrease in Tc as the self-doping at Ru site is increased in SrRu1−vO3, where

0 ≤ v ≤ 0.12 [Mar05]. This might be due to the similar reasons as in the case of

La1−xMn1−yO3 with y > x. Thus the long range magnetic order could be affected by

various factors such as impurity atoms, intrinsic chemical inhomogeneity or by the

presence of impurity phases.

5.3.2 Interaction of Magnetic Nanoclusters in LaMnO3+δ

It is known that fine magnetic nanoparticles would interact with each other when

they are densely packed, the strength of these interactions depends on various other

factors such as size and type of the particle, their density in the matrix, distance

between the particles etc. Also, the interaction may be of various kinds such as dipolar

interaction between the magnetic particles, super exchange interactions if the particles

are embedded in a matrix depending on the bonding at the matrix-particle interface,

antisymmetric exchange types of Dzyaloshinski-Moriya (DM-exchange) type, or it

may be RKKY type of exchange which becomes important if the matrix which we
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consider is metallic. Such interactions between the fine magnetic particles lead them

to show a collective behavior rather than typical superparamagnetism [Luo91, Dju97,

Dor97, Fio99, Hel00, Pod02]. An immediate consequence of such strongly interacting

magnetic particle systems is the formation of a spin-glass like magnetic state, which

is commonly known as superspin glass nature. Thus, the strong dipolar interactions

are thought to be largely responsible for such superspin glass behavior whereas weak

interactions between the magnetic nanoparticles results in superparamagnetism. The

collective dynamics in such a superspin glass system is evidenced by the magnetic

relaxation and magnetic aging studies as reported in the literature [Jon95, Dor97,

Jon04].

The low temperature properties of magnetic nanoparticles reveal the superspin

glass type of behavior formed due to the interaction between the individual single

domain particles called the superspins [Dor97, Sas05]. Recent reports reveal that the

aging and memory effects in superspin structures are the reflections of the interacting

behavior of such nanoparicles. The Field cooled (FC) and Zero field cooled (ZFC) pro-

tocols have been widely used in aging experiments to evaluate the interacting nature

of these nanoparticles [Sun03, Jon04, Par05, Sas05, Tso05, Zhe05]. The glassy state

dynamics of such tiny magnetic particle system is interesting and have been widely

studied both experimentally and theoretically [Dor97, Fio99, Jon04]. However, it

is still remaining a complex and vaguely understood area in the field of mesoscopic

physics. Another important aspect of mesoscopic magnetism is the interaction be-

havior of nanoclusters. It is known that several lanthanum manganite compositions

form nanosized magnetic clusters by effective tuning of the their structural features

such as Mn-O-Mn bond angle, Mn- vacancies, and the presence of a non-magnetic

ion in the magnetic Mn-sublattice [Bla97, Det97, Rit97]. In the present work, the

similarity between the interacting behavior of a magnetic nanoparticle system and a

phase separated nanocluster system of LaMnO3.13 has been studied. The magnetic
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Figure 5.15: TEM image of NZF, particle size can be seen to be approximately 8 nm.
The SAD pattern is shown in the inset.

properties of a dense nanoparticle system of nickel-zinc ferrite Ni0.5Zn0.5Fe2O4 (NZF)

and the nonstoichiometric lanthanum manganite (LMO) composition, LaMnO3.13 has

been compared. A direct comparison reveal the common origin of spin glass-type of

behavior in magnetic nanoparticle systems and lanthanum manganites with a large

excess of oxygen non-stoichiometry. The NiZn ferrtie nanoparticles were synthesized

by a soft chemical route invloving glycine and citrate as fuels and the synthesis method

is reported elsewhere [Ver05]. A transmission electron microscopic (TEM) image of

the nanoparticles was obtained using JEOL 1200 EX after dispersing the particles in

amyl acetate on a carbon coated TEM copper grid. The NZF particles were inves-

tigated for their morphology, particle size and phase purity by electron microscopic

studies. Fig. 5.15 shows the TEM picture and electron diffraction patterns of the

sample. The particles are spherical and agglomerated into chain-like clusters. The

particle size distribution obtained from TEM micrograph is found to be very narrow.
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The mean particle size is obtained as ∼8 nm and it is similar to that obtained from

the X-ray diffraction pattern [Ver05]. The selected area diffraction pattern (SAD) as

shown as the inset of Fig. 5.15, is of diffused nature indicating nanocrystalline na-

ture of the particles. The cubic lattice parameter obtained from SAD pattern is 8.40

Åwhich corresponds to that of a spinel phase agreeing well with the results obtained

from powder XRD patterns.

The single domain behavior in LaMnO3+δ, with sufficiently high values of δ, has

been discussed in the preceding section. Short range magnetic ordering is observed

in LaMnO3.15 from the neutron diffraction studies and the typical values of magnetic

coherence length observed at the freezing temperature was found to be 18 Å [Rit97].

Such small magnetic clusters might behave as magnetic nanoparticles embedded in a

matrix. The type and strength of the interactions between such small clusters depend

on various parameters such as size and shape of the clusters, distance between the

adjacent nanoclusters, presence of exchange interactions such as superexchange and

DM types, and dipolar interactions.

Assuming that the magnetic clusters are similar to magnetic fine particles, and as

the M-H behavior of LMO is similar to that of superparamagnetic particles [Che98],

we have attempted to calculate the size of the the magnetic particles from the M

versus H curves measured at a temperature above TB where there is no magnetic

hysteresis. For single domain particles, the magnetization is given by the Langevin

function [Cul72],

M = Ms

[
coth(

mH

kT
)− kT

mH

]

where at temperature T, M is the magnetization at a given field H, Ms is the saturation

magnetization, and m is the magnetic moment of a particle. Ms can be calculated

by the extrapolation of M vs 1/H curves to the limit 1/H → 0. If there is a wide

distribution of the size of the particles, the magnetization at lower fields is mainly
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decided by the larger particles and by smaller particles at larger fields. The Langevin

function can be reduced to M = Ms(mH/3kT ) in the limit H → 0 and to M =

Ms(1−kT/mH) in the limit H →∞. Considering Ms = Nm where N is the number

of particles per unit volume, m can be calculated which in turn gives the estimate

of individual particle size. This method is followed to calculate the size of the NZF

magnetic nanoparticles and LMO nanoclusters. A distribution of particles with sizes

6-8 nm was observed in the case of NZF nanoparticles which is in agreement with the

particle size obtained from the TEM analysis. Similarly, following the same method

for the LMO composition, the magnetic cluster size obtained ranges from 2.5 to 3.5

nm. The SANS studies of Ritter et al. [Rit97] suggests the existence of small magnetic

clusters in LaMnO3.15 at low temperatures, of size typically around 2 nm.

The temperature dependence of the ZFC and FC magnetizations of the NZF

nanoparticles and the lanthanum manganite composition are compared in Fig. 5.16.

Identical cooling and heating rate of 2 Kmin−1 were maintained for the FC and ZFC

magnetization experiments.

A divergence between the FC and ZFC magnetizations below a cusp is observed in

both cases and such a behavior is commonly exhibited by superparamagnetic and spin

glass materials which are then identified as blocking temperature, TB and freezing

temperature, Tg respectively [Myd93, Ron99, Hel00]. It is reported that as the density

of packing is decreased, the interactions between the particles become weaker and

result in a lowering of TB of the magnetic nanoparticles system [Dor97, Par05]. Also,

there is an important feature in the divergence of FC magnetization (FCM) and ZFC

magnetization (ZFCM) that the FCM matches with the ZFCM almost down to the

TB, below which either it keeps a constant value, slightly decreases or increases further

depending on whether the interaction between magnetic nanoparticles is strong or

weak [Sas05]. A similar feature is observed for LMO, where, the FC magnetization is

found to be deviated below the cusp temperature (we use TB to denote it) observed
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Figure 5.16: ZFC (filled symbols) and FC (open symbols) magnetizations of NZF and
LMO composition. The cusp temperature is identified as TB, which is 78 K for NZF
and 41 K for LMO. Inset shows the M-H curves measured for NZF at 12 K (filled
squares) and 100 K (solid line) and LMO at 12 K (filled squares) and 60 K (solid
line)

in the ZFCM. The M-H curves measured at two temperatures, one above and another

below TB is shown in the inset of Fig. 5.16.

The M-H measurement shows a large coercivity at 12 K and when the temperature

is raised above TB, the loops are disappeared for both the NZF and LMO samples.

The ZFC magnetization curves measured at various applied field strengths (Happ) for

both the compositions show the dependence of TB or Tg on Happ. As Happ is increased,

the cusp was found to be shifted to lower temperatures. The dependence of the cusp

temperature on Happ for both the compositions can be observed in Fig. 5.17. The M-H
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Figure 5.17: Field dependence of ZFC Magnetization of NZF measured at (a)50 Oe
(b)200 Oe (c)350 Oe (d)500 Oe and that of LMO measured at (a)50 Oe (b)200 Oe
(c)750 Oe (d)1000 Oe.

behavior of these two systems are also found to be identical, both show no magnetic

hysteresis above the cusp temperature, but as the temperature is further decreased,

the values of coercivity was found to be increased at low temperatures as shown in

Fig. 5.18. This is a typical behavior shown by the magnetic nanoparticles. A common

observation both in conventional spin glasses and interacting magnetic nanoparticles

is the aging and memory effects they exhibit when cooled at various conditions with a

particular waiting time given at a particular temperature spanning the temperature

region below the cusp observed in normal ZFCM [Vin95, Dup01, Mat01b, Zot03,

Ber04, Sas05]. In a typical experiment that follow an FC protocol, the system is
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Figure 5.18: Comparison of the temperature dependence of the coercivity, Hc, and
ZFC magnetization for NZF and LMO. Hc can be seen to decrease as the temperature
approaches TB and above which it becomes zero.

cooled in the presence of an external field (which is sufficiently small) and intermittent

stops have been made at fixed temperatures (Ti) with the field switched off for some

time and again switched on while cooling further [Myd93, Jon98a]. Once the system

has reached the lowest temperature, the magnetization is measured and signatures of

sharp memory effect will be observed in the case of typical spin glasses or interacting

magnetic nanoparticles at temperatures where the system is allowed for a waiting

time (tw). The phenomenon of rejuvenation is often observed in the magnetization

curves immediately after the aging process, once the sample is disturbed from the

relaxed state at Ti and further cooled down in presence of an applied field, depending

on the interaction behavior of superspins. A double memory experiment (DME) was
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Figure 5.19: FC aging experiment (a) and (b) for NZF and LMO respectively. In both
(a) and (b), the open symbols represent the magnetization curve measured during
cooling with two halts (aging) and the filled symbols indicate the magnetization curve
measured in the reverse thermal cycle (memory is observed) ZFC aging for both the
samples. From (a), two halts (tw = 2h) were made at T1 = 62 K and T2 = 34 K and
from (b), halts (tw = 2h) were made at T1 = 34 K and T2 = 20 K. The curves (c)
and (d) represent the difference between ZFCM and ZFCM after aging for NZF and
LMO respectively. The dips observed correspond to the temperature (Ti) at which
the halt is made during cooling. For NZF, Ti = 25 K and for LMO, Ti = 35 K
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performed for the NZF nanoparticle system where the temperature dependence of

magnetization was measured during cooling under a field of 50 Oe. During cooling, the

field was switched off at two temperatures (H = 0 Oe) T1 and T2 for a waiting time, tw

= 2 h as indicated in Fig. 5.19(a). The M-T measurement was repeated in the heating

mode after cooling the sample down to 12 K. A constant heating and/or cooling

rate of 2 Kmin−1 was maintained in all the M-T measurements and the M-T curves

measured on heating cycle is also shown in Fig. 5.19(a). The memory experiment

on NZF nanoparticles with two halts, shows the aging, very weak rejuvenation and

sharp memory effects as depicted in the Fig. 5.19(a). This has been shown as evidence

for the presence of strong interactions between the individual nanosized particles or

superspins. The reason for such memory effects is thought to be due to the formation

and existence of metastable states (droplets) formed as a result of aging for a fixed

timescale at a given temperature below TB as proposed for the conventional spin

glasses [Fis88a, Fis88b, Myd93, Jon00]. A similar experiment carried out for the

LMO composition showed results identical to those of the nanosized NZF as shown

in Fig. 5.19(b). Here it should be specially mentioned that there is no rejuvenation

effects suggesting the existence of very strong interactions between the individual

superspin clusters.

The rejuvenation characteristics alone are used to identify the interacting and

non-interacting nature of superspins. A weak rejuvenation or absence of rejuvena-

tion explicitly defines the superspin glass behavior in magnetic nanoparticles. For

the NZF nanoparticle systems, we observe a weak rejuvenation after the first aging

at T1, but magnetization after aging at T2 was found to be absolutely flat indicat-

ing the absence of rejuvenation. A reasonable explanation for the weak rejuvenation

observed in the temperature region ∆T (∆T = T1-T2) lies in the strong interparti-

cle interaction or the larger flip time required for the superspins when compared to

those of atomic spin glasses and may be longer than the experimental time window.
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Below T2, the rejuvenation is absent either due to weak temperature chaos and/or

cumulative aging processes and cannot be solely explained by the thermally activated

dynamics of individual particles [Bou01]. Thus there is a strong interactive effect

between the superspins themselves which result in a collective superspin dynamics.

This explanation is in par with the memory effects observed at T1 and T2. Corre-

sponding to the absence of rejuvenation below T2, on the reverse thermal cycle, a

strong memory effect is observed just above T2. On the other hand, corresponding

to a weak rejuvenation observed in the temperature window ∆T, the memory effect

above T1 is observed to be comparatively weak. This is indicative of the formation

of metastable states (droplets) with varying length scales when aged at various con-

ditions of field and temperature. A simple view of growing domains or droplets of

interacting superspins as aging progresses, suggests the possibility of the formation

and coexistence of more than one type of metastable states which are nucleated at

different centers. These droplets may be frozen or locked on further cooling under

a field or zero field depending on whether the field applied and/or thermal energy

available is sufficiently large to collapse the metastable state. Consequently, rejuve-

nation will be observed in varying magnitudes depending on the thermal energy, field

strength and the experimental time window.

However, it is generally accepted that FC memory experiments cannot confirm

the spin glass-type or interacting superspin-type properties of the material [Mat01b,

Sas04]. For this, we have performed aging and memory experiments which follow

a ZFC protocol as suggested in previous reports [Mat01b, Sas04]. Figure. 5.19(c)

and (d) show the difference between typical ZFCM and ZFCM with one halt aging

process for NZF and LMO samples respectively. The dip in the magnetization shows

the memory effect. This confirms the strongly interacting behavior of the superspins

which results in the superspin glass-type of behavior. The M-H curves of the NZF

nanoparticles and LMO composition measured at 12 K are compared in Fig. 5.20.
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Figure 5.20: The M-H curves measured at 12 K for NZF and LMO. The virgin curves
are shown as dotted lines.

It can be seen that the initial magnetization curve lies outside the loop for both

these composition at temperatures, T < TB similar to those observed with highly

anisotropic materials and spin glass compositions [Sen84, Joy00a]. The virgin curve

of a ferromagnetic material generally reflects the properties related to the domain wall

motion. But, the fact that the nanoparticles and nanoclusters behave in a similar way,

suggests the unusual nature of the initial magnetization curves as indicative of the

strong interaction present at the mesoscopic scale as observed in Fe2O3 nanoparticles

[Zys01].

The low field M-H behavior of both the samples are shown in Fig. 5.21. The

measurements were carried out initially by cooling the sample to a fixed temperature

at zero field. A moderately fast field sweep rate (83 Oe s−1) was maintained during

the measurement. A distinctly S-shaped M-H curve is observed for both the samples

when measured at the lowest temperature as shown in Fig. 5.21. As the temperature
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Figure 5.21: Nature of the initial magnetization curves measured at various temper-
atures below TB for NZF and LMO.

is increased, the shape of the M-H curve is also found to be changed, gradually

deviating from the S-shaped to a normal nature. Such a behavior is observed for

certain spin glass-type of compounds [Kni77, Car03]. Thus, the magnetic properties of

the two systems - NZF nanoparticles and LMO nanoclusters - consisting of mesoscopic

magnetic entities are similar and the properties can be explained in terms of the

interacting nature of the superspins resulting in the superspin glass behavior.
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5.4 Conclusions

The magnetic properties of LaMnO3+δ has been found to be dependent on the value

of δ which decides the total Mn4+ content as well as the vacancies at cationic sites. It

has been observed that the magnetic behavior of LaMnO3+δ with large values of δ is

more or less the same as observed in fine magnetic particles or single domain particles

which show superparamagnetism above TB and opens up the hysteresis loop below

TB. Further experiments reveal that the single domain limit is achieved when the

value of δ in LaMnO3+δ is fairly large. Since there are no interstitials available for

oxygen anions in the perovskite type structure, cationic vacancies must be formed

and a model with vacancies at La and Mn- sites to different extents can explain

the present results. The magnetic properties of LaMnO3+δ, are explained using this

model, which can be represented as La1−xMn1−yO3 with the possibilities of x = y,

x > y and x < y. When the value of δ is large, it can be approximated that the

ratio of La/Mn becomes greater than 1, which implies a large concentration of Mn-

site vacancies and this would result in abrupt breakage of magnetic exchange at Mn

vacancy sites. A large concentration of Mn-site vacancies, thus helps creating tiny

magnetic clusters, thereby destroying the long range magnetic order. A quantitative

treatment becomes difficult since both x and y may not assume a fixed value as

δ cannot be controlled during the synthesis. More careful studies have to be done

on this system to have a knowledge of the exact concentration of various types of

vacancies in La1−xMn1−yO3.

A long standing issue on the magnetic properties of LaMnO3+δ which was thought

to be due to spin-glass nature, caused by the FM-AFM competing interactions, have

been thoroughly analyzed and it is proposed that the low-temperature cusp-like na-

ture observed in the low-field ZFCM-T measurement is due to the presence of in-

teracting single domain clusters. The correlation between the superspins is found to
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be similar to that observed in the conventional atomic spin glasses. It is understood

that magnetic nanoparticles and nanoclusters show this type of behavior due to the

superspin disorder, which is thought to be largely controlled by the dipolar and/or

exchange interactions between the superspins. However, these magnetic entities with

mesoscopic dimensions behave in an identical fashion. Thus, the present work shows

that the mesoscopic cluster interactions can explain the origin of spin glass-type be-

havior in lanthanum manganites as in the case of dense magnetic nanoparticles.



Chapter 6

Magnetic Behavior of Rare-earth
ion Substituted La0.67Ca0.33MnO3

In divalent ion substituted rare earth manganites, R1−xAxMnO3, different choices

of R (trivalent) and A (divalent) ions have different ionic sizes and hence produce

different internal stresses acting on the Mn-O bonds. If the bond is compressed,

buckling of the MnO6 octahedra results and the effective Mn-O-Mn double exchange

is very sensitive to this buckling. The strength of the double exchange is maximum

when the Mn-O-Mn bond angle is 180◦. Trivalent lanthanide ions are smaller than

La3+ ion due to the lanthanide contraction. Consequently, substitution of La by R

in La1−xCaxMnO3 would result in appreciable reduction of the Mn-O-Mn bond angle

and will be expected to affect the magnetic properties significantly. The magnetic

properties of such manganite systems have been studied in detail and explained in

this chapter.

6.1 Introduction

The interest in the study of the substituted perovskite-type manganites, La1−xAxMnO3,

is to understand the different aspects of the complex magnetic behaviour exhibited

by these compounds [Rao98, Tok00, Dag03]. Highest Curie temperature in the series

when A = Ca, Sr, Ba, etc., is obtained for x ≈ 1/3 and hence there are many
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studies reported for the composition La2/3A1/3MnO3 and La0.7A0.3MnO3. Jin et

al. [Jin95] observed an order of magnitude increase in the magnetoresistance in

La0.60Y0.07Ca0.33MnO3, where La3+ in La2/3Ca1/3MnO3 is partially replaced by Y3+,

and this is associated with a decrease in the Curie temperature from 230 to 140 K

on substitution. Many interesting new magnetic behaviors are observed when La3+ is

substituted by other trivalent rare-earth ions in La2/3Ca1/3MnO3 and La0.7Ca0.3MnO3

[Hwa95, Mai96, Bla96, Det96, Ter98, Nie99], though there are no changes in the

Mn3/Mn4+ ratio after substitution. The changes in the Mn-O-Mn bond angle, from

structural distortions, are very crucial in determining the strength of the double ex-

change interactions in the substituted manganites. For the perovskite oxide of the

general formula ABO3, the tolerance factor is a measure of the degree of distortion of

the structure of a given compound from the ideal cubic perovskite structure for which

t = 1 [Goo70]. The B-O-B bond angle is very sensitive to the size of the A cation,

rA, and therefore, to the tolerance factor, and decreases from 180◦ with decreasing t.

In the substituted manganites, when La3+, ion is replaced by other smaller rare earth

ions, the Mn-O-Mn bond angle is decreased considerably due to the distortion of the

perovskite structure. Hwang et al. [Hwa95] found a direct correlation between the

Curie temperature and the average ionic radius of the La-site ions where the Curie

temperature decreases with decreasing average ionic radius, for fixed Mn3/Mn4+ ratio

in La0.7−xRxCa0.3MnO3 (R = Pr, Y), indicating the role of lattice effects in deter-

mining the ferromagnetic properties. From the phase diagram of Curie temperature

versus tolerance factor, it was observed that the compositions are ferromagnetic and

metallic for t ≥ 0.91. Later on, from many such substitutional studies, it was found

that this is a universal phase diagram, applicable for R other than Pr and Y, such as

Tb and Dy [Det96, Rao98, Ter98].
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6.2 Synthesis

Polycrystalline samples of La0.67Ca0.33MnO3 and La0.6R0.07Ca0.33MnO3 (R = Pr, Sm,

Gd, Tb, Dy, Er) were synthesized by the ceramic method from the corresponding

oxides (La2O3, Pr6O11, Sm2O3, Gd2O3, Tb4O7, Dy2O3, Er2O3, CaCO3 and MnO2)

taken in the required stoichiometric ratio. After an initial heating of the mixture of

the oxides at 1273 K for 12 h, the powder samples were further heated in air twice at

1273 K for 12 h each, twice at 1373 K for 12 h each, at 1473 K for 24 h, twice at 1573

K for 24 h each, with intermediate grindings, and finally pressed pellets were heated

at 1623 K for 24 h.

The Tb-substituted samples with the general formula La0.67−xTbxCa0.33MnO3

(represented as LTC), have been synthesized by the conventional solid state route

from the La2O3, Tb4O7, CaCO3 and MnO2 by mixing these oxides in the required

stoichiometry for x = 0, 0.03, 0.07, 0.10, 0.11, 0.12, 0.125, 0.13, 0.15, 0.20, and 0.25.

The well-mixed samples were then heated at 1273 K, 1473K, 1573 K, for 48 h each,

then at 1623 K for 24 h with intermediate grindings at every 24 h steps to ensure the

sample homogeneity and pelletized, which is finally sintered at 1673 K for 24 h.

6.3 Magnetic Properties of La0.60R0.07Ca0.33MnO3,

R = Rare Earth Ion

In general, it has been observed that the Curie temperature varies linearly as a func-

tion of tolerance factor for 0.907≤ t ≤ 0.92 [Hwa95]. Studies on La0.67−xTbxCa0.33MnO3

by Blasco et al. [Bla96] showed that compositions with t < 0.907 are spin glass in-

sulators and Terai et al. [Ter98] showed that a re-entrant spin glass state is possible

in La0.7−xDyxCa0.3MnO3 for a value of t between 0.907 and 0.913. In the case of

La0.67−xTbxCa0.33MnO3, Blasco et al. [Bla96] and Nie et al. [Nie99] found a small

decrease in the ac susceptibility below ∼30 K as soon as a small amount of La is re-
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placed by Tb (x as small as 0.027) and this behavior is observed till x = 0.13, above

which the compounds show spin glass behavior. Similarly, Terai et al. [Ter98] found

a small decrease in the zero field cooled (ZFC) susceptibility of La0.6Dy0.1Ca0.3MnO3,

below ∼20 K. It is not known whether the decrease in the ac or ZFC susceptibility

of the ferromagnetic compositions in the Tb- and Dy-substituted compounds has any

contributions from Tb3+ and Dy3+ or not. The notable factor here is the lower tem-

perature at which the drop in the susceptibility is observed for the Dy-substituted

compound and the ionic size of Dy3+ is smaller than that of Tb3+. Based on this

argument, such anomalies are expected at higher temperatures as the rare-earth ionic

size is increased. Therefore, the magnetic properties of La0.60R0.07Ca0.33MnO3 (R =

Pr, Sm, Gd, Tb, Dy, Er) has been studied with a fixed concentration of the rare-earth

ion, to probe whether there is any ionic size related contribution and if not, to under-

stand the roles of Tb3+ and Dy3+ ions in determining such behavior. The degree of

substitution (as x = 0.07) is selected in such a way that the tolerance factor is within

0.91 ≤ t ≤ 0.92, so that the compounds are expected to be ferromagnetic according

to the proposed universal phase diagram.

6.3.1 Results and Discussion

Figure. 6.1 shows the powder X-ray diffraction patterns of some La0.6R0.07Ca0.33MnO3

compositions. All compositions show the formation of an orthorhombic perovskite

phase with the lattice parameters slightly decreasing for smaller rare-earth ion in-

corporated compositions. Few very weak reflections, other than those from the or-

thorhombic perovskite phase are observed for the Er-substituted compound (marked

in the figure by *) and these reflections are identified as due to the hexagonal per-

ovskite phase. It is known that the hexagonal perovskite phases are formed in smaller

amounts in the case of the heavier rare earth manganites, RMnO3, and this is un-

avoidable [Alo00].
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Figure. 6.2 shows the temperature variation of the ac magnetic susceptibility of

different compositions in La0.6R0.07Ca0.33MnO3, including that of the unsubstituted

compound (R = La), measured in the temperature range 15–300 K. Sharp ferromag-

netic transitions are observed for all compositions and the ferromagnetic transition

temperature decreases continuously with changing R from Pr to Er. For Pr, Sm

and Gd substituted compounds, the ac susceptibility decreases continuously with de-

creasing temperature after reaching a maximum below the Curie temperature. On the

other hand, a sudden decrease in the susceptibility is observed for the Tb-substituted

compound, below ∼30 K. The shape and features of the ac susceptibility curve of

the Tb-substituted composition is similar to that reported by Blasco et al.[Bla97].

[Bla96] and Nie et al. [Nie99] for compositions in the range 0.03 ≤ x ≤ 0.13 in

La0.67−xTbxCa0.33MnO3. A similar small decrease in the susceptibility is observed for

the Dy-substituted composition also, below ∼19 K, as shown in the inset of Fig. 6.2.

A sharp peak below Tc is observed for the Er-substituted compound and the suscep-

tibility rises below 75 K after going through a minimum in the susceptibility. The

powder XRD data of the Er compound showed the formation of a hexagonal phase

as impurity and this could be the possible origin of the low-temperature increase in

the susceptibility.

The field cooled (FC) and zero field cooled (ZFC) magnetization curves of the

unsubstituted compound as well as the rare-earth substituted compositions are shown

in Fig 6.3. The irreversibility between the FC and ZFC magnetizations, below Tc,

is observed in all cases, as this is a common feature observed in the magnetically

ordered systems, because of magnetocrystalline anisotropy [Kum99, Joy00b, Joy00c].

The difference between FC and ZFC magnetizations is more if the applied field is

relatively smaller when compared to the coercive fields at different temperatures,

below Tc. In general, the ZFC magnetization curve measured at low magnetic fields

show the characteristics observed in the ac susceptibility curves. Compared to the
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Figure 6.1: Powder XRD patterns of some compositions in La0.6R0.07Ca0.33MnO3, in-
cluding that of the unsubstituted compound. * impurity due to hexagonal perovskite
structure
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Figure 6.2: Temperature variation of the ac susceptibility of different compositions
in La0.6R0.07Ca0.33MnO3, measured using a magnetic field of 2 Oe and at a frequency
of 210 Hz. The curves are shifted along the y-axis for clarity.

ZFC magnetization curves of all other compositions, the Tb-substituted compound

shows a small decrease in the magnetization below ∼30 K, as observed in the ac

susceptibility measurements. For the Dy-substituted compound, a small decrease

in the ZFC magnetization, below 20 K, is observed when measured using a small

magnetic field of 10 Oe, as shown in the inset of Fig. 6.3.

Variation of the Curie temperature as a function of the tolerance factor as well

as the average ionic size of the La-site ions in La0.6R0.07Ca0.33MnO3 is shown in

Fig. 6.4. In the calculation of the tolerance factor, the coordination dependent ionic

radius is used [Sha76]. The B-site ions are octahedrally coordinated in the perovskite

structure and for the A-site ions, nine-fold coordination is generally used [Hwa95].
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Figure 6.3: Zero field cooled and field cooled magnetization curves of different com-
positions in La0.6R0.07Ca0.33MnO3. Inset: ZFC magnetization of the Dy compound in
a field of 10 Oe.

The Curie temperature decreases linearly with decreasing ionic radius of the rare-

earth ion, indicating that the decrease in the Curie temperature is associated with the

structural changes, mainly because of the decreasing Mn-O-Mn angle, which affects

the strength of the magnetic exchange interactions [Rao98]. The Mn-O-Mn angle in

rare-earth manganites is known to decrease with decreasing ionic size of the rare-

earth ion in RMnO3 [Alo00], due to the increased structural distortions and similar

behavior is observed for varying the Tb3+ concentration in La0.67−xTbxCa0.33MnO3

[Bla96]. As observed for different compositions in the La0.67−xTbxCa0.33MnO3 series
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Figure 6.4: Variation of Curie temperature as a function of tolerance factor and
average La-site ionic radius for La0.6R0.07Ca0.33MnO3. The solid line is least-squares
fit to the data.

[Bla96], a linear variation of the Curie temperature with tolerance factor is observed

in the region 0.913 ≤ t ≤ 0.918 for the present system also, with different rare-earth

ions, indicating the application of the universal phase diagram for fixed composition

with different rare-earth ions.

A sudden decrease in the ac susceptibility at low temperatures, below the ferro-

magnetic ordering temperature, similar to that observed for the Tb compound, has

been observed for different compositions in La1−xCaxMnO3 [Tok00] and La1−xMnO3

as discussed in chapter 3. In the latter cases, it was found that the temperature at
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which a decrease in the susceptibility is observed varies with the degree of substitu-

tion, and the phenomenon could be explained in terms of domain wall pinning effects.

On the other hand, the anomaly is observed at the same temperature for different

Tb substituted compositions in La0.67−xTbxCa0.33MnO3, as reported by Blasco et al.

[Bla96] and Nie et al. [Nie99]. However, similar anomalies are not observed in the

susceptibility curves of other rare-earth substituted compositions, except for R = Tb

and Dy.

Recently, Goto et al. [Got04] reported a incommensurate-commensurate phase

transition, below the Neel temperature, for TbMnO3 and DyMnO3 and this kind of

transition is observed only for the Tb and Dy compounds in RMnO3. This transi-

tion is accompanied by a ferroelectric transition, associated with a lattice modulation

[Kim03]. A large change in the dielectric constant and magnetic field controlled po-

larization effects are reported at a temperature close to ∼30 K for TbMnO3 and

this temperature is lower than the antiferromagnetic ordering temperature (∼41 K)

of the Mn sublattice in TbMnO3 [Kim03, Got04]. This temperature is related to

the incommensurate-commensurate transition, identified as a lock-in temperature,

where the magnetic modulation vector is locked. Neutron diffraction studies also

agree with this picture, where it has been identified that the locking of the wave

vector amplifies the Mn moment [Kaj04]. Similarly, for DyMnO3, a large change in

the dielectric constant and electric polarization is observed below ∼20 K and the

features are magnetic field dependent. Unexpectedly, the temperature below which

the anomaly is observed in the ac susceptibility curve of La0.60Tb0.07Ca0.33MnO3 and

La0.60Dy0.07Ca0.33MnO3 is at the same temperature where the lock-in behaviour is ob-

served in TbMnO3 and DyMnO3, respectively. The fact that the temperature at which

this anomaly is observed in the ac susceptibility is almost independent of the con-

centration of Tb [Bla96, Nie99] implies that similar reasons as observed in TbMnO3

could be possible when La is partially substituted by Tb in La0.67−xTbxCa0.33MnO3.
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Figure 6.5: Comparison of the temperature variation of the normalized ac suscepti-
bility and the inverse of the coercivity of La0.60Tb0.07Ca0.33MnO3. Inset: variation of
coercivity as a function of temperature.

However, as the anomaly is observed in the ZFC magnetization curve of the com-

positions of La0.60Tb0.07Ca0.33MnO3, as a decrease in the magnetization below 30 K

and since it is not observed in the FC magnetization, it is possible that the origin

of the anomaly is associated with the magnetic domain structure. Such effects are

commonly observed in domain wall pinned magnets [Ste02]. A small sharp increase

in the coercivity has been observed for La0.9Ca0.1MnO3 [Joy00c] at the temperature

where an anomalous decrease in the ac susceptibility is observed. Fig. 6.5 shows that

the coercivity of La0.60Tb0.07Ca0.33MnO3 decreases linearly down to 30 K and there

is a drastic increase in the coercivity below 30 K where the anomalous drop in the

susceptibility is observed. As shown in Fig. 6.5, there is a direct correlation between

the changes in the susceptibility and the inverse of the coercivity with temperature.
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As evidenced from the above studies and based on the arguments as in Chapter 3,

the domain wall pinning effects may be regarded as responsible for the anomalous

drop in the susceptibility, in the ferromagnetic region, at low temperatures.

6.3.2 Conclusions

The present study on La0.60R0.07Ca0.33MnO3, with fixed R ion concentration and

Mn3+/Mn4+ ratio shows that the universal phase diagram of Curie temperature versus

tolerance factor is applicable for all the rare-earth ion substituted manganites. A small

anomaly in the ac susceptibility and zero field cooled magnetization curves, below the

Curie temperature, is observed only for the Tb- and Dy-substituted compositions.

This is most likely to be due the contributions from similar local lattice distortions

at Tb or Dy site at low temperatures as observed only in the case of TbMnO3 and

DyMnO3 in the RMnO3 series.

6.4 Evolution of Spin Glass State in

La0.67−xTbxCa0.33MnO3

The substitution of La by low concentrations of Tb ions in La0.67Ca0.33MnO3 causes a

low temperature anomaly as discussed in the preceding section. When the concentra-

tion of Tb ions is increased, a spin glass-type of behavior is observed [Bla96, Nie99].

The spin glass type of behavior is thought to be due to the competition between FM

and AFM types of exchanges, or is more often explained as cluster glasses. Similarly

yttrium (Y) substitution at La-site in La0.7Ca0.3MnO3 results in the lowering of Tc

(suppression of the long range FM order) and as the concentration of Y ions is in-

creased further, cluster glass behavior was found to be gradually developed [Fre01].

The effect of Y substitution and confinement of FM clusters were studied for rather a

short range of compositions and well defined cluster glass properties were observed for
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the sample with 15% yttrium ions in the perovskite phase whereas well defined FM

characteristics were observed when the concentration of Y ions is 10% or less. Nie et

al. [Nie99] have also observed the formation of magnetic clusters and superparamag-

netism in Tb-substituted lanthanum manganites with large values of Tb concentration

of the order of 20%. The confinement of such clusters must be largely dependent on

the distribution of Tb ions and the Mn-O-Mn bond angle at Tb locality. In order to

explore such a possibility of confinement of magnetic clusters and to determine the

critical concentration of Tb ions resulting in the formation of such clusters, a series of

compositions with very close values of x in La0.67−xTbxCa0.33MnO3 has been studied,

for the values of 0 ≤ x ≤ 0.25.

6.4.1 Results and Discussion

The powder XRD patterns of the samples indicate single phase formation and could

be indexed to an orthorhombic unit cell, with Pbnm space group. The XRD patterns

of some Tb-substituted compositions are shown in Fig. 6.6. It is observed that the

unit cell parameters vary with the concentration of Tb-ions similar to the report of

Blasco et al. [Bla96].

The ac susceptibility curves of the representative samples are shown in Fig. 6.7.

Here, it can be seen that as the concentration of Tb in the composition increases,

the magnetic transition temperature decreases, and the M-T curve shows a cusp-like

nature when the concentration is increased beyond x = 0.1. Although well-defined

Tc for the samples with low amounts of Tb is observed, there is a distinct anomalous

feature in the susceptibility curve at low-temperatures; the origin of which is discussed

in the preceding section. However, the cusp-like nature of the ac susceptibility and its

shift to lower temperatures as the value of x in La0.67−xTbxCa0.33MnO3 is increased

is interesting.

Recent studies on Ga-substituted compositions, La0.67Ca0.33Mn1−xGaxO3 suggest
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Figure 6.6: XRD patterns of representative La0.67−xTbxCa0.33MnO3 compositions.
Inset shows variation of orthorhombic unit cell parameter, a with value of x

the possible existence of the quantum critical point (QCP) as predicted by the theo-

retical calculations [Alo02, Det05]. The QCP is defined as a second order transition

accompanied by the change of a non-thermal parameter. The QCP was expected by

Alonso et al. [Alo02] for a value of 10-20% of Ga substitution. The substitution of

a nonmagnetic ion like Ga at the Mn-sublattice of the perovskite-type oxide causes

the localization of the electronic states suppressing the double exchange mechanism.

Thus, it is possible that, such a QCP may exist in any manganite system, wherein

the long range order or the double exchange mechanism is either disrupted or made

considerably weak. One such possibility is through the reduction of Mn-O-Mn bond
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Figure 6.7: Temperature dependence of ac susceptibility of representative composi-
tions La0.67−xTbxCa0.33MnO3. The numbers indicate the value of x

angle, since the double exchange in manganites largely depends on this important

parameter. Thus, by replacing La by other trivalent ions which have sufficiently low

ionic radii and causes no structural instability, one should observe QCP for some

concentration of the substituent. This may be viewed as breaking the long range

ferromagnetic exchange by introducing either non-magnetic ions or tuning the Mn-

O-Mn bond angle by introducing local structural defects. The substituent may be

inhomogeneously distributed, which allows the long range magnetic order to coexist

with the short range ordering, below a certain value of x in La0.67Ca0.33Mn1−xAxO3 or

La0.67−xRxCa0.33MnO3 (A = nonmagnetic ion and R = Rare earth ions with small size

or Y ion). At a certain value of x, which enforces a homogeneous distribution of the

substituent, structural ordering may cause the breakage of long range order to form
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Figure 6.8: Temperature dependence of the ac susceptibility of the compositions in
La0.67−xTbxCa0.33MnO3, with values of x close to 1/8. The numbers indicate the
values of x

tiny double exchange magnetic clusters. From various reports, it can be suggested

that, such behavior is rather universal for substitution with various nonmagnetic ions

at Mn-sublattice or smaller rare earth ions at La-site for the same Mn3+/Mn4+ ra-

tio and this critical concentration of substituent ions is always in between 10-20%

[Bla97, Sun99, Liu00, Det05]. The 1/8 ordering of vacancies in La1−xMnO3 which

causes the important limit of x in such compositions hints the possible importance of

such a 1/8-ordered structure in determining the physical characteristics of manganites

as discussed in chapter 3. Such a 1/8 ordering of the substituent ions may be seen

in any manganite system when their concentration in the lattice is close to 1/8, and

corresponding magnetic characteristics may be observed. Hence a close analysis has

been made on the Tb-substituted compositions in detail and very closely near x =

1/8.
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The ac susceptibility of the compositions with values of x close to 1/8, as a function

of temperature, is shown in Fig. 6.8. For x = 0.1, a clear ferromagnetic transition is

observed (see Fig. 6.7). It can be seen that for the sample with x = 0.11, there is a

cusp like feature observed at a higher temperature which is succeeded by the normal

flat curve, and finally a drop in susceptibility at around 28 K. This is a complex

feature and is not commonly reported for the manganite compositions.

As the concentration of Tb ions is further increased, it can be seen that the cusp-

like feature becomes more prominent, the flat region gradually vanishes, but the dip in

susceptibility still corresponds to 28 K for the compositions La0.67−xTbxCa0.33MnO3

with values of x = 0.12 and 0.125. A further increase of x (x > 0.125) results in

a peculiar susceptibility behavior with a cusp like feature as observed in spin glass

systems and superparamagnets. For the compositions with x > 0.125, there is a

gradual shift of the cusp towards lower temperatures as the value of x is increased.

Also, as is evident from Fig. 6.7, the relative susceptibility values also decrease with

the increase in the Tb concentration. These observations point out to an important

conclusion on the evolution of short range ordering due to decrease of the Mn-O-

Mn bond angle and consequent formation of clusters as the concentration of Tb is

increased. This clustering is likely to be due to the breaking or weakening of the

double exchange at the Tb-sites caused by the local structural distortion which in

turn is due to the smaller size of Tb ions and the cusp like feature originates from

the formation of such clusters. Also, as the concentration of Tb ions is increased,

the random distribution of these ions in the perovskite-type lattice results in short

range ordered magnetic clusters with varying length scales. It is observed that the

temperature corresponding to the cusp, identified as TB henceforth, decreases with

increasing values of x. This suggests the confinement of magnetic clusters to shorter

and shorter length scales as the number of Tb centers are increased. The clusters

of shorter length scales behave as single domains and hence may be called super-
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Figure 6.9: The M-H curves of La0.67−xTbxCa0.33MnO3 (LTC) compositions for x =
0.25 (a), 0.15 (b), and 0.13 (c) The dotted curves represent the M-H curves obtained
at 42 K, 54 K, and 66 K for the respective LTC compositions. Solid curves are
obtained at 12 K. The values of the coercivity, Hc measured at 12 K are given in the
figure.

spins (SP) individually. Thus, the clustering may be seen to start when x = 0.11,

where a cusp is also observed along with the normal magnetic features. The small

angle neutron diffraction studies in similar compositions also reveal the formation of

magnetic clusters typically of nanometer scales [Wat01]. For further increase of x up

to 0.125, the cusp shifts to lower temperatures, whereas the normal ferromagnetic

plateau is gradually diminished. The shift of the cusp to lower temperatures is due

to the decrease of the cluster size, and the overall features suggest the coexistence

of FM and superspin (SP) clusters in these samples. As the length scales of these
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Figure 6.10: The ZFC and FC magnetization curves of La0.67−xTbxCa0.33MnO3 com-
positions, with values of x = (a) 0.25, (b) 0.20, (c) 0.15, and (d) 0.13

clusters increase, the respective TB also increases and eventually it appears above

the Curie temperature Tc of the FM phases. Thus, the samples with x = 0.11, 0.12

and 0.125 show an unusual feature of coexistence of an FM phase and SP clusters. A

detailed analysis of such a mixed phase system is difficult owing to its inherent com-

plexity (overlapping FM and SP features). However, well defined susceptibility curves

corresponding to those of SP clusters are available for the samples with x > 0.125.

All these compositions show SP-like features in the ac susceptibility measurements.

These compositions possess remarkably high values of coercivity at low temperatures

well below TB, and the coercivity was found to be increasing with increasing values

of x as shown in the Fig. 6.9. Above TB, all these samples show no hysteresis, and no
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saturation of magnetization in the measured field range unlike those with low degree

of substitution. These are typical features of superparamagnets. Besides, they show

irreversible magnetic behavior when the samples are cooled under a field or zero field.

As shown in Fig. 6.10, the cusp-like nature is evident for the temperature dependence

of ZFC magnetization (ZFCM) for these samples and the FC magnetization (FCM)

matches with that of ZFCM, above TB and exhibits divergence below TB. It can be

seen that, below TB, the FCM keeps a constant value for the samples with higher

concentration of Tb (x = 0.20 and 0.25), whereas a gradually increasing FCM is

observed for x = 0.13 and 0.15.

Thus, as the Tb concentration in the lattice is increased beyond a certain limit,

the magnetic exchange weakens considerably. This results in the formation of tiny

magnetic clusters. This clustering behavior is observed for the compositions with x >

0.125. The value of x = 1/8, possibly leads to an ordered arrangement of Tb in the

manganite lattice and it may thus, be the critical concentration of Tb ions in such a

manganite system above which superspin clustering phenomenon is observed.

6.4.2 Conclusions

Tb-substituted manganite compositions of the general formula La0.67−xTbxCa0.33MnO3,

where 0.25 ≤ x ≤ 0 have been synthesized and all are found to be having orthorhom-

bic crystal structure. There is a regular decrease in the values of unit cell parameters

as evidenced from the XRD analysis. Introduction of Tb into the lattice of the parent

La0.67Ca0.33MnO3 composition creates local structural distortion at Tb locality which

causes a reduction in the Mn-O-Mn bond angle which in turn weakens or destroys the

long range double exchange thus weakening the ferromagnetism. This is evidenced by

the decrease in Tc when Tb is progressively incorporated in the lattice. For low con-

centrations of Tb, i.e., when x < 0.125, a drop in the ac susceptibility at around 28 K

is observed and is found to be independent of the value of x. This is found to be due



Magnetic Behavior of Rare-earth ion Substituted La0.67Ca0.33MnO3 185

to domain wall pinning effects induced by a probable incommensurate-commensurate

transition at Tb locality of the extended crystal lattice.

Ferromagnetic character is observed for the compositions with up to 12.5% of Tb

ions, whereas a further increase of 0.5% results in magnetic cluster formation which

behave like single domain particles. An increase of x beyond 0.125 results in further

weakening of the magnetic order and magnetic clusters of shorter length scales are

formed. This could be evidenced from the gradual decrease of the cusp temperature,

TB, when the concentration of the Tb ions approach the maximum value (here 25%).

The irreversible behavior of ZFC and FC magnetization similar to that of magnetic

nanoparticles suggests the superspin cluster formation beyond the critical value of x =

0.125. This points out the possibility of 1/8 ordering of Tb ions in the lattice and this

limit could be called as superspin clustering limit in La0.67−xTbxCa0.33MnO3. This

behavior may be interpreted in terms of QCP also, as reported earlier for certain Ga-

substituted manganites [Alo02, Det05]. However, a definite conclusion at this stage

will be a premature one and more studies are required in order to explain various

features of such nanoscale phase separation.

6.5 Studies on Superspin Clusters in

La0.67−xTbxCa0.33MnO3, x = 0.13, 0.15, and 0.25

A cusp like magnetic behaviour in the zero-field cooled magnetization (ZFCM) mea-

surements and divergence of ZFCM and field cooled magnetization (FCM) below the

cusp temperature are one of the characteristic properties of spin glasses [Myd93].

However, magnetic nanoparticle systems also show similar characteristics, known as

superparamagnetic properties. Both systems show many similarities and hence it is

very difficult to distinguish the spin glass and superparamagnetic systems from the

FC/ZFC magnetization measurements alone [Dor92, Dor97]. Aging and memory ex-
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periments can be used to distinguish the two systems. Fine magnetic particle systems

can be of different type, depending on the strength of the interparticle interactions

[Bat02]. It has been shown that when the interparticle interaction is negligible, the

system is in the superparamagnetic (SPM) regime. However for dense nanoparticle

systems, when strong interactions among the particles are present due to dipolar inter-

actions and exchange interactions through the surface of the particles in contact, the

systems may behave like spin glasses [Dor97]. The magnetic relaxation becomes slower

when the degree of interaction increases [Lui02]. For the fine magnetic particles, each

particle has a single spin called super spin (SP) and the interacting SPs exhibiting

SG behaviour are termed as superspin glasses (SSG) [Dju97, Jon98a, Kle01, Sas05].

The SPM and SSG systems have been shown to be distinguishable by the nature of

the FC magnetization curves, aging and relaxation effects. In the case of magnetic

fine particles, the inter-particle interactions can be suppressed by dispersion in a non-

magnetic matrix and the system can be driven from SSG to SPM [Dor97, Par05].

The low temperature magnetic features observed in certain Tb substituted mangan-

ite compositions as discussed in the preceeding section are similar to those of magnetic

nanoparticles, owing to the formation of single domain clusters which can be regarded

as superspins. The variation of the concentration of Tb in these compositions affects

the magnetic features considerably, such as a well defined cusp and a decrease in

the cusp temperature for larger concentrations of Tb. Thus, the studies on magnetic

properties of compositions with x = 0.13, 0.15 and 0.25 in La0.67−xTbxCa0.33MnO3

have been described in detail in this section.

6.5.1 Results and Discussion

The sample codes of LTC13, LTC15 and LTC25 have been used for identifying the

samples with value of x = 0.13, 0.15, and 0.25, respectively henceforth in this sec-

tion. The ZFCM and FCM curves of La0.67−xTbxCa0.33MnO3 (LTC) for x = 0.13,
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Figure 6.11: ZFC (filled symbols) and FC (open symbols) magnetization curves
of La0.67−xTbxCa0.33MnO3 for different Tb concentrations, measured at 50 Oe; (a)
LTC25, (b)LTC15, and LTC13
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0.15, and 0.25 are shown in Fig. 6.11. All the three compositions show a cusp in

ZFCM and divergence between ZFCM and FCM below the cusp. Important features

are the shift in the cusp to lower temperatures (identified as TB hereafter) as the

concentration of Tb is increased; from 67 K for LTC13 to 54 K for LTC15 and to

42 K for LTC25. The magnetization at low temperatures is decreased significantly

with increasing Tb concentration. There are major differences in the nature of the

FCM curves also as the temperature is decreased. FCM of LTC25 remains constant

down to low temperatures below TB whereas LTC15 and LTC13 show an increase

in FCM below TB. It is known that for SG systems the FC curve remains constant

below TB [Myd93]. FCM remains constant for interacting magnetic nanoparticles

(SSG behaviour) whereas it increases continuously with decreasing temperature for

non-interacting particles (SPM behaviour) [Sas05]. Generally, in the case of magnetic

nanoparticles, the blocking temperature decreases with decreasing particle size and

is expressed in terms of KeffV = 25kBTB where V is the volume of the particle and

TB is the blocking temperature [Cul72]. Based on the FCM behaviour below TB

and the shift in TB, it can be assumed that in the case of La0.67−xTbxCa0.33MnO3

the magnetic cluster size decreases with increasing concentration of Tb and the FM

clusters are equivalent to interacting type of superspins resulting in SSG behaviour

in LTC25 and non-interacting type leading to SPM behaviour in LTC15 and LTC13.

These observations clearly indicate the role of Tb concentration in deciding the type of

magnetic clusters and their interactions in these compositions. De Teresa et al. have

observed magnetic cluster formation, which are typically having a size of 25 Å, for a

similar composition with x ∼ = 0.17, from the SANS studies [Det97]. From the sup-

port of this existing report on magnetic correlation lengths in La0.67−xTbxCa0.33MnO3

[Det97], we can arrive at a conclusion that the large decrease of Mn-O-Mn bond angle

in the vicinity of Tb helps in confining the magnetic exchange interactions within a

shorter range to form SPs. The interactions between these SP clusters depend on
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their size and distribution in the lattice.

Based on the assumption that the magnetic clusters in La0.67−xTbxCa0.33MnO3

behave in a way similar to the fine magnetic particles, the size of the clusters can be

calculated from the M versus H curves measured at a temperature above TB where

there is no magnetic hysteresis [Coe72] as described in section 5.3.2.

Following this procedure, the magnetic cluster sizes of LTC25, LTC15 and LTC13

were calculated from the M vs H curves measured at a temperature just above the

respective TBs. In the low and high field limits, the cluster sizes were obtained as

29 Å and 25 Å for LTC25, 39 Å and 24 Å for LTC15, and 39 Å and 26 Å for

LTC13, respectively. The lower limit of the magnetic cluster size is comparable,

∼25 Å, for all three compositions. It may be noted that the cluster size for LTC25

is comparable to the magnetic correlation length (18 Å) reported for x = 0.22 in

La0.67−xTbxCa0.33MnO3 [Det97], supporting the validity of the above assumptions.

More over, the clusters are smaller with a narrow size distribution in LTC25 whereas

larger and smaller clusters are present in LTC15 and LTC13.

SSG and SPM systems are known to exhibit aging and memory effects similar to

SG systems under typical FC protocol [Jon98a, Sun03, Tso05, Zhe05] and general un-

derstanding is that a clear distinction between these two types of complex materials

is not possible from such procedures. However, the present work suggests the possi-

bility of identifying SSG and SPM types of behaviour in the magnetic cluster system.

Results from typical double memory experiment (DME) are shown in Fig. 6.12 for the

three compositions, measured following the FC protocol as described in section 2.4.2.

During cooling, under a constant magnetic field of 50 Oe, the field was switched off

(H = 0 Oe ) at two temperatures T1 and T2 for a waiting time of tw = 3600 s. The

magnetization drops down during each waiting time (open symbols). The M-T mea-

surement was repeated in the heating cycle after cooling to the lowest temperature,

which clearly shows the memory effect (filled symbols). The same cooling or heating
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Figure 6.12: Aging effects in the FCM measurements during cooling (open symbols)
and heating (filled symbols). The normal FCM curve without aging (solid line) for
each composition is also shown for comparison; (a) LTC25, (b) LTC15, and (c) LTC13.
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Figure 6.13: Aging effect in the ZFCM measurement of LTC25 with H = 0 Oe through
out the cooling process. A waiting time of 3600 s was given at T1 and T2 during the
ZFC process in one measurement (symbols) and continuously cooled without any
aging in the second case (solid line). Inset: The difference between aged ZFCM(T)
and normal ZFCM(T) (∆MZFC(T).

rate (0.03 K s−1) was maintained during the measurements [Jon98a, Zot03]. A clear

aging effect is observed for LTC25 at two different temperatures, T1 (34 K) and T2

(22 K), below TB (42 K). After an intermittent stop at T1 for a waiting time of tw

= 3600 s and H = 0 while cooling, the magnetization remains constant till the next

stop at T2 and even below after aging at this temperature (Fig. 6.12(a)). That is, no

rejuvenation effects are observed after aging. On the other hand, a similar DME for

LTC15 exhibit weak rejuvenation effects after aging at T1 = 40 K and T2 = 25 K (TB

= 54 K) as shown in Fig. 6.12(b). Fig. 6.12(c) shows a strong rejuvenation below T1

for LTC13 where the magnetization value progressively rises and touches the normal

FCM curve as the temperature is decreased after the first aging. The rejuvenation

effect at T2 is weaker than that observed at T1 (T2 < T1). This is likely to be due
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to weak temperature (T)-chaos or cumulative aging effects which result in an appar-

ent rejuvenation [Bou01]. Strongly interacting nanoparticle systems or SSGs do not

show large rejuvenation effects [Jon05]. Hence, the present system consisting of small

magnetic clusters can be thought of as interacting type (SSG) if the rejuvenation is

weak or nil and noninteracting type (SPM) when sufficiently large rejuvenation is

observed.

In order to confirm the SSG or SPM behaviour of the magnetic clusters, exper-

iments on aging effects following the ZFC protocol are employed [Mat01b, Sah03,

Zhe05]. The result of such a ZFC aging experiment for LTC25 is shown in Fig. 6.13.

The difference between the aged and normal ZFCM curves, ∆MZFC (inset of Fig. 6.13),

shows peaks at temperatures T1 and T2, where larger difference is observed at T1.

A comparison of ∆MZFC curves of all three compositions (Fig. 6.14) indicates that

the system remembers the aged state at T1 in LTC25 and LTC15 but not in LTC13.

Aging effect in the ZFCM measurements is an evidence for interactions among the

magnetic particles [Sas05]. This clearly points out the existence of strong interactions

in the case of LTC25 and LTC15 and that the effect is more at a higher temperature

T1 than that at T2 where T2 < T1 < TB. On the other hand, larger aging effect is

observed for LTC13 at a lower temperature T2 than at T1.

In terms of rejuvenation characteristics, it can be said that the interactions be-

tween smaller clusters lead to a stabler state. In the present case, the observed

behaviour can be explained qualitatively using a droplet picture as suggested for SG

systems [Jon00, Vin00]. An important factor which could be decisive in defining the

interactive behaviour between the clusters during aging is likely to be the presence

of strong and weak droplet pinning centers around Tb locality in the lattice. This

model predicts the possibility of restricted growth of droplets having wide range of

length scales at a fixed time scale and temperature, depending on the number and

distribution of Tb ions in the lattice. This means that for a fixed time scale, instead
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Figure 6.14: Comparison of the difference between aged ZFCM(T) and the normal
ZFCM(T) (∆MZFC) for three compositions; (a) LTC25, (b) LTC15, and (c) LTC13.
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of defining the length scale as a function of temperature alone, a function representing

the concentration and distribution of clusters is also important. It can be assumed

that the droplets formed during aging at T1 with larger length scales are blocked

forming a metastable state, while those with smaller length scales relax down easily

as temperature is further decreased till T2. The rejuvenation depends on the stability

of the blocked states.

In the case of FC aging of LTC25 at T1, in which the concentration of pinning

centers is more, the blocking of the droplets from reaching the new equilibrium when

a finite field is applied, can assumed to be more effective during the negative temper-

ature cycle. It is possible that the metastable states remain pinned due to very weak

T-chaos [Bou01, Jon05]. The approximation of weak temperature chaos can be seen

to be valid in the case of LTC15, where a weak rejuvenation effect is observed after

aging (FC protocol) at T1, though aging under ZFC protocol clearly suggested typical

SSG behaviour. This apparent rejuvenation effect observed here can be attributed to

the droplet size distribution which varies with the concentration of Tb ions. Since the

Tb centers are less in this composition, the pinning may be weakened, and the state

partially breaks up into individual clusters, once the field is applied below T1. Hence

there is a slight increase in magnetization till T2. Aging at T2 produces droplets with

shorter but stabler length scales since the unpinning process is largely controlled by

the thermal energy (also, a cumulative aging effect cannot be ruled out).

FCM aging studies in LTC13 (Fig. 6.12c) suggests that below T1, the unpinning is

complete with the field applied and the state formed at T1 is unstable and will not be

imprinted on the sample. A metastable state is formed when aged at T2, below which

the applied field is insufficient for the unpinning process and very weak rejuvenation

is observed as in LTC15. For LTC13, a significant memory effect is observed at T2

during heating corresponding to the weak rejuvenation whereas no memory effect is

found at T1 where strong rejuvenation is observed. Thus, in LTC13, we can assume
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that there may be a distribution of clusters of different sizes, with more number of

larger clusters. The results of the cluster size calculations is in direct support of this

assumption. The larger clusters experience minimum inter-cluster interactions and

smaller superspin clusters interact strongly resulting in SSG behaviour as in dense

magnetic nanoparticle systems.

It is important to note from the FC aging results that, the memory effects are

strong when samples are aged at T1 in the case of LTC25 and LTC15, where no or

weak rejuvenation is observed. On the other hand, no memory effect is observed when

the rejuvenation is strong [Bou01]. This is in accordance with the droplet unpinning

picture stated above. A similar behaviour is observed from the ZFC aging experiments

also. The interacting cluster systems produce strong memory effects and the non-

interacting clusters show no or weak memory effects in a typical ZFC aging process.

This confirms the conclusion that as concentration of Tb in the composition decreases,

interaction between the clusters gradually decreases and SSG state gradually results

in SPM behaviour.

As the main contribution for the inter-cluster interactions, we can consider the

anisotropy induced from dipolar interactions, as commonly observed in dense mag-

netic nanoparticles [Jon04]. Given a fixed time scale at a given temperature, the

dipolar interactions between these clusters can result in the formation of metastable

states (droplets). Another factor may be the anisotropic exchange interactions of the

Dzyaloshinskii-Moriya (DM) type, which operate through the strongly distorted Mn-

sublattice around Tb locality, as predicted in distorted lanthanum manganite [Sol96]

and later on observed experimentally [Koi01]. DM exchange is known to produce

large magnetic anisotropy in certain spin glass alloys [Fer80].
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6.5.2 Conclusions

The characteristics of the magnetic clusters in some La0.67−xTbxCa0.33MnO3 composi-

tions are shown to be similar to that of the interacting and non-interacting behaviour

of magnetic nanoparticle systems, depending on the concentration of Tb. A similar

situation as in the case of magnetic fine particle systems can be envisaged at larger Tb

concentrations, where the spin cluster confinement is due to the random distribution

of Tb ions. This in turn controls the size of the clusters and result in the lowering

of the Mn-O-Mn bond angle due to local structural distortion so that the exchange

interaction becomes weak or impossible beyond the Tb centers.

The aging, rejuvenation, and memory effects are identified as reflections of in-

teracting behaviour of small magnetic clusters in La0.67−xTbxCa0.33MnO3. Different

aging, memory, and rejuvenation effects are observed for these Tb substituted man-

ganites, leading to superparamagnetic and superspin glass type characteristics. A

change from SPM to SSG behaviour is possible when concentration of Tb is increased

within the short range ordering limit.



Chapter 7

Double-peak Resistivity in
Lanthanum Manganites

The perovskite-type substituted manganites are known to show metal-insulator (M-I)

transition commensurate with the ferromagnetic-paramagnetic (FM-PM) transition.

The double exchange mechanism explains the transport and magnetic characteristics

of the manganites. But, the unexpectedly high values of resistance at the insulating

region suggests the role of electron-lattice coupling in localizing the carrier (polaron

formation). But anomalous double maxima in resistivity curves of some manganite

compositions are observed. The presence of a second peak has been explained in

terms of grain and grain boundary effects, phase separation etc. This chapter explains

the origin of this double peak character observed in the resistivity curves of certain

manganite compositions.

7.1 Introduction

The temperature dependence of resistivity of some hole-doped manganites show an

unexpected second peak incommensurate with the FM-PM transition [Man97, Sun98,

Abr99, Ver01, See04, Bel05]. Usually the second peak is observed at a lower temper-

ature with respect to the first peak at the FM-PM transition temperature and it has

a broad nature. Mandal et al. [Man97] have observed the double peak nature for Ce-
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doped rare earth manganites. They have found that the shoulder-like feature grows

into a peak, becomes more and more prominent with oxygen overdoping. They have

also observed that the broad peak is not significantly affected by an external field,

when compared to the commensurate M-I transition, and concluded that different

origin may be possible for these features. The double peak resistivity nature is also

found in a Gd-substituted lanthanum calcium manganites with oxygen nonstoichiom-

etry and the origin of the double peak resistivity is attributed to the inhomogeneous

oxygen content [Sun98]. The effect of grain and grain boundaries on the resistivity of

La0.7Ca0.3MnO3 has been studied by Vertruyen et al. [Ver01] and they have observed

a shoulder-like feature in the resistivity below Tc of the material when the resistivity

was measured across a single grain boundary, whereas within the grain a single M-I

transition is observed. The role of grain boundary-like inhomogeneities have also been

described by Belevtsev et al. [Bel05] for twinned crystals of La0.67Ca0.33MnO3. The

role of phase separation on the transport properties of Ru-substituted (at Mn sublat-

tice) manganite compositions has been extensively studied by Raveau et al. [Rav00]

and later by Seethalakshmi et al. [See04]. Raveau et al. [Rav00] suggests the possibil-

ity of competitive contribution from AFM-insulating regions and FM-metallic regions

which causes two bumps in the resistivity curves. In a more comprehensive report,

Seethalakshmi et al. [See04] describes the coexistence of two FM metallic phases

causing the double peak resistivity behavior. The double peak character is also ob-

served in certain composites which contain La0.67Ca0.33MnO3 and Fe3O4 [Xia03]. It

is suggested that, in these compositions, the magnetic domains related to the man-

ganite phase and ferrite phase coexist at grain boundaries or surface layers which

contribute to the double peak behavior of resistivity. A percolation model has been

suggested by Tovtolytkin et al. [Tov99] for explaining the double peak character of

the temperature dependence of resistance of manganites. Here, the coexistence of

paramagnetic and ferromagnetic phases which have different types of conductivity,
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over a wide range of temperature in the substituted manganites is considered to be

responsible for the double peak character. Inter-grain tunneling mechanism has also

been suggested in the case of fine particles of the substituted manganites as the origin

of the double peak resistivity behavior [Zha97]. Thus, different origins for the double

peak resistivity behavior in the manganites have been suggested. But, there are no

systematic studies on this topic based on the variation of composition, reproducibil-

ity, processing conditions etc. Also, for the same material, this behavior is not always

observed [Tok00, Rao98]. Thus, the various features of the double peak resistivity

has been studied, taking the above factors into consideration. The origin of such a

double peak resistivity in various hole-doped manganites is discussed in this chapter.

7.2 Synthesis

The conventional solid state reaction method has been used for the preparation of

the samples as explained earlier. Three sets of different compositions have been

prepared- (1) La1−xMnO3 where 0.031 ≤ x ≤ 0.125 (LXMO - the same set of samples

as described in chapter3), (2) La0.67±yCa0.33MnO3 and La0.67Ca0.33±yMnO3 where y

= 0 and 0.05 (LCYMO), and (3) La1−xCaxMnO3 (LCMO) where x varies between

0.395 and 0.365.

The resistivity of the samples were measured as a function of temperature by the

four probe van der Pauw method as described in section 2.6. The dc and ac magnetic

measurements were performed as explained in sections 2.4 and 2.5.
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Figure 7.1: Temperature dependence of resistivity of La1−xMnO3 compositions. The
arrows indicate the second peak observed for each compositions. The fractions indi-
cate the values of x in La1−xMnO3

7.3 Results and Discussion

7.3.1 La1−xMnO3

The temperature dependence of the resistivity of the self doped compositions are

shown in Fig. 7.1. All compositions show a metal-insulator transition (M-I) when the

sample is cooled down from room temperature, commensurate with the respective

ferromagnetic-paramagnetic (FM-PM) transition (as can be seen in Fig. 7.2). It can

be seen that as the value of x in LXMO is decreased, a second maximum is observed

in the resistivity curve. The temperature at which the first peak appeared during

cooling the sample is designated as T1
ρmax

. The second peak at T2
ρmax

is observed very

close to the T1
ρmax

with a broad nature at a lower temperature. Also, the second peak
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Figure 7.2: Temperature dependence of magnetization and resistivity of La1−xMnO3

compositions with x = 0.125 and x = 0.111.

at T2
ρmax

becomes more prominent as the value of x is decreased.

The temperature dependence of the ZFC magnetization and resistance of two

LXMO samples with values of x = 0.125 and 0.111 are shown in Fig. 7.2. It is observed

that the first peak at T1
ρmax

corresponds to the magnetic transition temperature, Tc,

as observed in double exchange manganites. However, corresponding to T2
ρmax

, there

are no variations evident in the magnetization behavior for both the samples. The

magnetization curves observed for the self-doped samples are sharp in nature for

high values of x, but become broader as the value of x is decreased as explained in

chapter 3. The broad nature of the magnetization curves are normally observed for

the samples with high degree of compositional inhomogeneity. However, a conclusion

based on the broadening of the magnetic transition in the M-T curves and concomitant
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Figure 7.3: Temperature dependence of resistivity of La1−xMnO3 compositions
processed at various temperature conditions. (a) x = 0.125 and (b)x = 0.111, pow-
ders were heated initially at 1273 K for 48 h, and pellets were sintered at 1573 K for
10 minutes. (c)x = 0.125, (d) 0.111, and (e) 0.10, were heated initially at 1273 K and
then at 1473 K for 48 h each and pellets were sintered at 1473 K for 24 h.

enhancement of the double peak nature that the double peak resistivity is due to the

compositional inhomogeneity will be a premature one. For this, a careful analysis of

the resistivity behavior on the samples processing conditions has been done. Another

set of samples with x = 0.125 and 0.111 were synthesized by ceramic method. The

samples initially were fired at 1273 K for 48 h and then the pellets were sintered at

1573 K for 10 minutes. The samples were found to contain no phases other than the

rhombohedral perovskite phase, from the XRD analysis, similar to that of the first

batch of samples. The resistivity behavior of the second sets of samples are compared

with that from the first batch sintered at 1473 K, in Fig. 7.3.

It can be seen that the double peak behavior is more prominent for the powder
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Figure 7.4: Temperature dependence of magnetization and resistivity of La1−xMnO3

compositions with x = 0.125 processed at (a) 1273 K, and pellet sintered at 1573 K
for 10 minutes, (b) 1273 K and then at 1473 K for 48 h each and pellet was sintered
at 1473 K for 24 h.

samples processed only at 1273 K when compared to that of the same processed at

1473 K. Correspondingly, a broad nature of the magnetic transition is also observed as

shown in Fig. 7.4, which is known to be due to mixed phase behavior or compositional

inhomogeneity, with possible values of x = 0.125±∆, where ∆ denotes very small

values of x. However, the ferromagnetic transition temperature and the corresponding

peak in the resistivity curve matches well and confirms the major phase as the one

with x = 0.125. The sample with x = 0.125 in the second set showing the broad

magnetic transition was then heated at 1473 K for 48 h, and a pellet was made and

heated at 1473 K for 24 h. A sharp magnetic transition was observed after this

thermal treatment of this sample and correspondingly, the magnitude of the second

peak in the resistivity curve diminished. Similarly, for the sample with x = 0.111



Double-peak Resistivity in Lanthanum Manganites 204

Figure 7.5: Temperature dependence of magnetization of La0.67Ca0.33MnO3 composi-
tions processed at various annealing conditions. A, B, and C corresponds to various
heating conditions as given in the text.

and heated at 1273 K, there is a considerable variation of the T1
ρmax

when compared

to that heated at 1473 K, as shown in Fig. 7.3. The peak at T1
ρmax

, in the former

corresponds to ∼225 K, which in turn corresponds to the T1
ρmax

of the sample with

x = 0.10, processed at 1473 K. Thus, the processing conditions affect the nature

of the resistivity and magnetization curves significantly. The probable reason for

this processing dependence is the small scale phase separation, i.e., the formation of

self-doped compositions with values of x = x±∆

For the well studied composition La0.67Ca0.33MnO3, some reports show well defined

single resistivity peak whereas there are also reports on the double peak resistivity

behavior for this composition. Therefore, the processing condition dependence of the

resistivity behavior is studied for the sample La0.67Ca0.33MnO3 also , synthesized by
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Figure 7.6: Temperature dependence of resistivity of La0.67Ca0.33MnO3 compositions
processed at various annealing conditions. A, B, and C corresponds to various heating
conditions as given in the text.

he ceramic method. Three samples of the same composition have been synthesized

by varying the heating conditions. The sample A was heated initially at 1273 K for

24 h, then at 1373 K for 24 h, 1473 K for 24 h, 1573 K at 48 h and finally sintered the

pellet at 1623 K for 12 h. The sample B was heated at 1273 K, then at 1473 K and

finally at 1573 K for 48 h each and finally the pellet is sintered at 1573 K. The sample

C has been processed in a slightly different heating condition from that of sample

A, and the powder sample was fired at 1673 K for 12 h before finally sintering the

pellet at 1673 K for 12 h. Identical heating and cooling rates were maintained and

the powder samples were ground well after each heating cycle in all the three cases.

All the final samples were found to be single phase and with orthorhombic perovskite

structure, from powder XRD analysis. All samples contain 33% (±1%) of Mn4+ ions,
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as expected. The magnetization curves show magnetic transition corresponding to

the resistivity peak at T1
ρmax

, but a sharp transition is observed for the sample A,

which become slightly broader in the case of B and much broader for the sample C

as shown in Fig. 7.5. Concomitantly, the double peak nature is not observed for the

sample A, but a broad shoulder peak is observed for samples B and C as shown in

Fig. 7.6.

The distinct features observed in the electrical resistivity and magnetization curves

point out that the processing conditions may affect the properties at least in two ways,

the first being the phase separation or compositional inhomogeneity and the second

is the microstructure changes such as grain and grain boundary modifications. It is

also possible that the grain boundary modifications may be due to the small scale

phase separation, where different phases are separated at the interior and near the

grain boundaries [Bel05, Ver01]. These phases if formed, however cannot be identified

from the techniques used in the present study due to the very minute changes in the

compositions. However, this would be expected to affect the electronic transport to

a large extent but not the bulk magnetic properties.

7.3.2 La1−xCaxMnO3 (LCMO) where 0.316 < x < 0.46.

To verify whether the compositional dependence of the features in the electrical resis-

tivity behavior of the self-doped La1−xMnO3 is a general behavior of the manganites

or not, similar studies were made on the calcium substituted lanthanum manganite

also. In order to see the changes in the resistivity behavior with Ca-concentration,

a set of samples containing Ca in varying amounts in La1−xCaxMnO3 were prepared

under identical conditions. A close analysis is made by selecting a narrow range of Ca-

concentrations in La1−xCaxMnO3, with x = 0.316, 0.333, 0.35, 0.375, 0.4, 0.43, and

0.46. The estimated amount of Mn4+ in each composition was found to be matching

with the expected values (within the error limit of ±1), which suggests that the com-
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Figure 7.7: Temperature dependence of resistivity (normalized) and ac susceptibility
(normalized) of La1−xCaxMnO3 compositions with x = (a) 0.316,(b) 0.333, (c) 0.35,
(d) 0.375, (e) 0.4, (f) 0.43, and (g) 0.46
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Figure 7.8: Derivative of the resistivity, dρ
dT

and resistivity curves of La1−xCaxMnO3

composition with x = 0.4

positions contain no excess or deficient oxygen stoichiometry. The resistivity curves

of all the compositions and the corresponding magnetization curves (as a function of

temperature) are shown in Fig. 7.7. A clear M-I transition is observed for the sample

with x = 0.316 at ∼250 K, and no anomalies in the resistivity curve is found below

this temperature. But as the concentration of the Ca ions is increased to 0.333, a

shoulder is appeared below the M-I transition at T1
ρmax

. The second peak observed at

a lower temperature below the M-I transition is found to become prominent as the

concentration of the Ca ions is increased further. The temperature corresponding to

the maximum of resistivity visible from Fig. 7.7 is denoted as T2
ρmax

. As observed

in the case of La−1xMnO3, no ferromagnetic transition is observed corresponding to

the second resistivity peak for any of the compositions in La1−xCaxMnO3 and the

magnitude of the second peak increases with increasing x. When x = 0.375, it can
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Figure 7.9: Derivative of the ac susceptibility, dχ
dT

and ac susceptibility curves of
La1−xCaxMnO3 compositions with x = (a) 0.316 and (b) 0.46

be seen that the peak resistivity observed at T2
ρmax

is higher than that corresponding

to T1
ρmax

. Further increase, however, results in the observation of only one peak as

observed for the samples with x = 0.4, 0.43, and 0.46. But, it is evident from Fig. 7.7

that these peak positions do not match with the ferromagnetic transition temper-

atures. In fact, the maximum resistivity is observed at a much lower temperature

than the Tc and the magnetic transitions of these compositions are unusually broad.

Thus, the composition with x = 0.4, shows a broad maximum and no M-I transition

corresponding to the ferromagnetic transition temperature. However, the derivative

of the resistivity curve ( dρ
dT

) of this composition shows two maxima, one of a sharp

nature at the Tc and the other of broad nature as shown in Fig. 7.8. The sharp

maximum owes to M-I transition corresponding to the ferromagnetic transition.

Broad M-I transitions which are not matching with the ferromagnetic transition
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Figure 7.10: Resistivity curves of La1−xCaxMnO3 compositions with x = (a) 0.316
and (b) 0.46

temperatures are observed in several manganite compositions [Aru96]. Such an un-

usual behavior may be due to the overlapping contribution from the so called second

peak. The origin of such a double peak character can be again speculated from the

nature of the magnetization curves, where a broad magnetic transition is observed

for the sample (x=0.46) with largest contribution of the second peak, whereas a sharp

ferromagnetic transition is observed for the sample, which shows no double peak in

the resistivity curve(x = 0.316). The broadness of the magnetic transitions in the

ac susceptibility curves of these two samples are shown in Fig. 7.9 and can be easily

identified from the derivative curves. The resistivity curves of the samples with x

= 0.46 and x = 0.316 are shown in Fig. 7.10 for comparison. Though these end-

compositions (in the present study) differ much in terms of their physical properties,

the sharpness of the ferromagnetic transition does not vary considerably in the rest
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of the compositions. This may be due to the closeness of the values of Tc of all these

compositions which lie in the range 245-255 K. It is possible that as the amount of Ca

increases, small scale phase separation is ensued which explains the broad magnetic

transition and the concomitant observation of double peak resistivity.

7.3.3 La0.67+yCa0.33MnO3 and La0.67Ca0.33+yMnO3 where y = 0

and ±0.05 (LCYMO)

In order to study the role of cation deficiency or excess on the resistivity and mag-

netization behavior of lanthanum calcium manganites, two series of compositions,

with the general formula La0.67+yCa0.33MnO3 and La0.67Ca0.33+yMnO3 were studied

for the values of y fixed as ±0.05. The XRD patterns show the reflections due to

orthorhombic unit cell with pbnm space group for all the compositions and no impu-

rity peaks are observed for any of these samples as shown in Fig. 7.11. It is found

that the amount of Mn4+ in the parent composition of the first series (x = 0.33)

matches with the expected value. But, when a deficiency of La or Ca ions equivalent

to 0.05 moles is introduced, the estimated amount of Mn4+ becomes 28% and 24%

respectively, which are less than the expected values. This may be thought to be due

to the formation of oxygen deficient compositions as found in the case of self-doped

compositions (discussed in detail in Chapter 3).

However, an excess amount of La or Ca ions in the parent composition produces

almost the expected amount of Mn4+ ions, i.e., 30% each (within the expected range,

since a particular composition may not be defined). The ac susceptibility and re-

sistivity curves measured for these samples are given in Fig. 7.12. It can be seen

that the second peak is prominent in the resistivity curves when excess of La or Ca

ions are introduced. From Fig. 7.12, it is also clear that, the ratio of the resistivity

maximum at T2
ρmax

and T1
ρmax

, i.e., ρmax(T2)/ρmax(T1) is the highest when an excess

amount of La is introduced. In the compositions with excess La or Ca is present,
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Figure 7.11: The powder XRD patterns of La1−x+yCaxMnO3, where x = 0.33 and y
= (a) 0, (b) -0.05 (d) +0.05; and La1−xCax+yMnO3 where x = 0.33 and y = (c) -0.05
and (e) +0.05.
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Figure 7.12: Resistivity and ac susceptibility curves of La1−x+yCaxMnO3, where x =
0.33 and y = (a) 0, (b) -0.05 (c) +0.05; and La1−xCax+yMnO3 where x = 0.33 and y
= (d) -0.05 and (e) +0.05.

an M-I transition is observed at Tc corresponding to the FM-PM transition and at

a temperature lower than Tc, the second peak is observed. For this composition, the

FM-PM transition is also found to be broad showing the typical nature of small scale

phase separation. It is important here to note that, there is no correlation between

the low-temperature magnetic anomaly observed in certain manganites as discussed

in the chapter 3 for the self-doped lanthanum manganites and the current problem

of double peak resistivity. The observation of both these anomalies in self-doped
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compositions are rather accidental. However, such an apparent correlation is found

to be invalid from the current studies on a number of compositions. Also, an unusual

shift of M-I transition to a lower temperature than expected as observed in the case

of La0.54Ca0.46MnO3 can be attributed to the significant contribution from the second

peak, which in fact hides the M-I transition that is usually observed at ferromagnetic

transition temperature.

The phase separation scenario explains the double peak resistivity nature of lan-

thanum manganites by considering two important factors- firstly, the individual con-

tribution of various phases present with compositions very much close to that of

the major one that leads to a well defined FM-PM transition and concomitant M-I

transition [Sun98, See04] and secondly the grain and grain boundary modifications

[Ver01, Hua02, Bel05, Par04]. The fact that the second peak undergoes a magne-

toresistive effect (at large field strengths), though sparingly, points out the role of

different phases present in the sample as reported by Belevtsev et al. [See04, Bel05].

The separated phases existing in the sample may be of FM type alone or FM and

AFM types, or FM and PM types [Tov99, Pog99, Rav00, Pra01]. The broadness of

ferromagnetic transition also suggests the small scale phase separation. An equally

possible mechanism which would result in the same type of double peak character-

istics is the phase separation at grain boundaries [Ver01, Bel05]. It has been shown

that the grain boundary regions have a smaller Tc than the interior of the grain and

as a result, when the interior of the grain becomes FM and metallic, the grain bound-

ary region remains PM and insulating [Bel05]. This offers a greater resistance for

electronic conduction at the grain boundary regions. However, as cooling proceeds,

the phases present at grain boundary regions become ferromagnetic and metallic, as

a result the conductivity increases, ultimately resulting in the formation of a second

peak in the resistivity curve below the Tc of the major phase (core of the grain). This

explanation is in par with the results obtained with the self-doped compositions and
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other La-Ca-Mn-O compositions.

Another possible factor to be considered is the intergrain connectivity [Bib03,

Xia03, Xu05]. Had the weak inter-grain connectivity been the cause of second peak in

resistivity curves, there should not be an appreciable effect of magnetic field. Hence

no peak in the magnetoresistance curve would have been observed. But the results

obtained by various groups show a second maximum observed in the magnetoresistive

behavior below the M-I transition temperature. This suggests that the second peak is a

feature completely originated from the sample properties. Similarly, grain boundaries

offer a natural place for domain boundaries in ferromagnets. Thus, domain wall

scattering at grain boundaries may cause such a double peak resistivity nature and

correspondingly two peaks in the magnetoresistance [Ryb05]. However, in this case, a

corresponding broadening of the magnetic transition is not expected. The possibility

of formation of insulating tunnel barriers as envelopes for the FM-metallic phase also

cannot be discarded [Bib03]. Such insulating tunnel barriers may be located at the

surface of the grains. Thus, from various experimental observations made from the

studies on magnetic and electronic transport characteristics, it has been identified that

the probable cause for the double peak resistivity in certain lanthanum manganites

is small scale phase separation.

7.4 Conclusions

A second M-I transition is observed at a lower temperature when compared to the M-I

transition associated with the FM-PM transition for various manganite compositions.

This double peak resistivity behavior and the dependence of double peak character

on the processing conditions are also studied. By a comparison of double peak char-

acter with the magnetic properties of the compositions, it has been concluded that,

the origin of the double peak resistivity behavior is small scale phase separation, a
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scenario which is an inherent feature of these mixed oxides. It is found that when

the concentration of Ca ions in La1−xCaxMnO3 increases from 0.316 to 0.46, the sec-

ond peak becomes gradually prominent and finally results in a broad resistivity peak

which does not correspond to the FM-PM transition. This is, in fact, due to the very

large contribution of the second peak which effectively hides the M-I transition at the

ferromagnetic transition temperature.
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